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Bone-forming tumours of the skeleton: clinical presentation, histology and 
molecular pathology 
 
Bone-forming tumours of the skeleton comprise a group of tumours of mesenchymal origin. 
These tumours are characterized by bone deposition and include osteoma, osteoid osteoma, 
osteoblastoma and osteosarcoma. The current knowledge of the clinical presentation, 
histology and molecular pathology of these tumours is reviewed in detail in chapter 2. In 
general, the group of bone tumours can be divided into two groups based on the molecular 
pathology (1). There are tumours with a simple or a complex karyotype. Simple karyotype 
tumours are driven by specific gene mutations or translocations. In contrast, complex 
karyotype tumours typically do not harbor specific genetic alterations, but instead show many 
chromosomal alterations, copy number alterations and aneuploidy. Based on these criteria, 
osteoma, osteoid osteoma and osteoblastoma are tumours with a simple karyotype, whereas 
osteosarcoma is an example of a tumour with a complex karyotype. 
 
Osteoid osteoma and osteoblastoma are bone forming tumours with an indistinguishable 
histology (2, 3). In both entities, trabeculae with woven bone are present, which are lined by 
active osteoblasts (4, 5). Both tumours are not malignant, but osteoblastomas can be locally 
aggressive. The distinction between osteoid osteoma and osteoblastoma is mostly based on 
size, where osteoid osteoma is smaller than 2 cm and osteoblastoma is larger (2). Osteoid 
osteoma and osteoblastoma are tumours with a simple karyotype, with frequent 
translocations in FOS (87%) and to a lesser extent FOSB (2%) (6). The translocation of FOS 
leads to a truncation of the FOS protein. This rearrangement has previously been discovered 
in epithelioid hemangioma (7, 8), and more recently also in cementoblastoma (9). The 
identification of FOS rearrangements in osteoid osteoma and osteoblastoma has led to the 
discovery of a novel diagnostic tool, where FOS immunohistochemical expression can be 
detected and osteoid osteoma and osteoblastoma can be more easily distinguished from 
other bone-forming lesions (10, 11). FOS and FOS B can form a heterodimer with JUN proteins 
to form the AP-1 transcription factor, regulating proliferation and differentiation (12, 13). The 
exact role of FOS or FOS B in the pathogenesis of osteoid osteoma or osteoblastoma is not 
completely understood.  
 
Osteosarcoma is a malignant tumour of the bone, and typically diagnosed in children and 
adolescents (2). Histologically, it is characterized by osteoid production. Different histological 
subtypes are recognized, including the most common high-grade conventional osteosarcoma 
and low-grade osteosarcoma such as parosteal osteosarcoma (2). Tumours usually arise in 
the long bones. Osteosarcoma is a tumour with a complex karyotype: it is characterized by 
massive chromosomal abnormalities, copy number alterations and aneuploidy. 
Chromoanagenesis, including chromothripsis where chromosomes shatter into fragments 
and are randomly stitched together, is relatively frequent compared to other cancer types 
(14, 15). Given the molecular complexity of osteosarcoma, recurrent alterations are not often 
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identified. Among the most commonly altered genes are TP53 and RB1, and genes involved 
in cell cycle regulation and genome stability, such as MDM2, CDK4, and ATRX (15-19).  
 

Therapeutic strategies for bone-forming tumours: current strategies and 
advancements 
 

Osteoid osteoma and osteoblastoma 
 
Patients with osteoid osteoma typically present with nocturnal pain, which can be relieved by 
salicylates or NSAIDs (20). Some tumours spontaneously regress within 6 years (21). Removal 
of the tumour is necessary when symptoms of pain persist. Where removal of the tumour in 
the past has mostly involved open excision, in recent years techniques have become less 
invasive, for example using image-guided techniques such as radiofrequency ablation (22). 
For osteoblastoma, patients also present with pain, although NSAIDS usually do not relief pain 
(23). Instead, osteoblastoma requires surgical removal (24).   
 
Osteosarcoma 
 
The current standard therapeutic strategy for high-grade conventional osteosarcoma is a 
combination of surgery and (neo)adjuvant chemotherapy. Currently used chemotherapeutic 
agents include doxorubicin, cisplatin, methotrexate and ifosfamide (25). Although the 
introduction of chemotherapy in the 1970s has greatly improved the outcome for 
osteosarcoma patients, the last five decades have not shown improvements in overall survival 
(26, 27). Since high-grade conventional osteosarcoma is mainly diagnosed in children and 
young adolescents, with an incidence of almost 15 per 100,000 in the United States, the 
burden of  highly toxic chemotherapy for this vulnerable patient group is high (28). This 
emphasizes the need for novel therapeutic strategies, in particular for patients with 
metastasis or resistance to chemotherapy. In recent years an exponential increase in 
publications of osteosarcoma could be observed, in particular in vitro studies (29). A large 
part of these studies explore traditional Chinese medicine as novel therapeutic options, but 
also drugs targeting recurrent genetic alterations have been described. An overview of 
currently ongoing clinical trials where novel therapeutic targets are being tested in 
osteosarcoma is shown in Table 1. 
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Table 1. Overview of currently ongoing registered clinical trials for novel therapeutic options in 
osteosarcoma patients.   
 

Category Target Drug Clinical Trial 
Number 

Clinical Trial Phase 

Therapies 
targeting cell cycle 
/ genome 
maintenance 

CDK4/CDK6 Palbociclib NCT03526250 
NCT03709680 

2 
1 

Abemaciclib 
 

NCT02389244 
NCT02644460 

2 
1 

PARP Talazoparib NCT04901702 2 
Olaparib NCT03233204 1 

Therapies 
targeting receptor 
tyrosine kinases 

RTK Lenvatinib NCT04154189 
NCT02432274 
NCT03742193 
NCT04690231 
NCT04824352 

1 
1 
1 
1 
1 

Sunitinib NCT03900793 
NCT03277924 

1 
1 

Regorafenib NCT04698785 
NCT04055220 
NCT04803877 
NCT02389244 
NCT02048371 
 

1 
2 
2 
2 
2 
 

Apatinib NCT03742193 
NCT04690231 
NCT04824352 

2 
2 
2 

Cabozantinib 
 

NCT05019703 
NCT04661852 
NCT02867592 

2 
2 
2 

Therapies 
targeting the 
mTOR pathway 

PI3K (mTOR) Samotolisib NCT03213678 2 

Immunotherapy PDL-1/PD-1 ZKAB001 NCT03676985 
NCT04359550 
 

2 
3 
 

Avelumab NCT03006848 2 
Camreluzimab NCT04294511 

 
2 

Nivolumab NCT03628209 
NCT02500797 

1 
2 

Durvalumab NCT04668300 2 
GD2 Dinutuximab NCT02484443 2 
HER2 Trastuzumab NCT04616560 2 
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Therapies targeting cell cycle and genome maintenance  

 
The most common alterations include TP53 and RB1. TP53 and RB1 are key players in genome 
maintenance and controlling cell cycle. Drugs that target recurrent alterations should be 
based on a distinction between cancerous and normal cells. Although mutations that lead to 
overexpression of TP53 can be used to distinguish between cancerous and normal cells, the 
nuclear localization and lack of enzymatic activity of p53 makes it a rather difficult target for 
drugs (30). However, drugs that can reactivate the wild-type state of p53 mutant forms by 
induction of conformational changes, such as APR-246, seem promising and have progressed 
to clinical trials (31-33), although not in osteosarcoma.  
RB1, when dephosphorylated and activated, blocks cell cycle progression by blocking cells 
from entering S-phase of the cell cycle (34). Proteins within the Rb-pathway are often affected 
in osteosarcoma patients, which include alterations in CDK4, CDK6, CDKN2A and CDKN2B. 
Drugs that prevent the phosphorylation, and thus inactivation of Rb, are currently strategies 
for targeting the Rb-pathway. CDK4 inhibitors block Rb phosphorylation and thereby cell 
proliferation. Currently clinical trials are ongoing to test CDK4 inhibitors in sarcomas, including 
osteosarcoma, with altered CDK4 expression (35, 36).   
Recently, whole exome sequencing revealed that osteosarcoma shows a mutational profile 
that is reminiscent of tumours that are deficient in BRCA1/2, genes that are involved in the 
DNA homologous repair pathway (19). Osteosarcoma shows features of BRCAness, which is a 
mutational profile consisting of loss-of-heterozygosity, a specific combination of single 
nucleotide alterations and genomic instability. BRCAness could suggest sensitivity to PARP 
inhibitors such as talazoparib (19). Talazoparib has shown success in vitro where it reduced 
osteosarcoma cell viability, although this effect was less compared to BRCA negative breast 
cancer cell lines for which PARP inhibitor treatment is already the standard therapeutic option 
(37, 38). Clinical trials are currently ongoing to test PARP inhibitors olaparib and talazoparib 
in osteosarcoma (39, 40) (NCT04901702; NCT03233204).  

 
Therapies targeting receptor tyrosine kinases (RTKs) 
 
Tyrosine kinase inhibitors (TKIs) are a class of drugs that target molecules essential for cell 
signaling pathways. Tyrosine kinases that have been reported to be affected in osteosarcoma, 
include EGFR, VEGFR, PDGFR and IGF1R, (41). In particular, the genomic region 4q12 that 
contains tyrosine kinases KIT, KDR and PDGFRA showed amplification in 20% of osteosarcoma 
patients, indicating that broad spectrum TKIs could be a promising candidate drug for 
osteosarcoma patients (42). Previous clinical trials in which TKIs were administered have 
already shown promise in osteosarcoma patients, and currently 13 more registered clinical 
trials are ongoing (43). Insulin growth factor receptor 1  (IGF1R) is also considered a receptor 
tyrosine kinase. The IGF signaling pathway, that plays a role in bone homeostasis, was shown 
to be overexpressed in osteosarcoma (15, 44). Although a clinical trial that included 
osteosarcoma patients did not show significant benefit of treatment with IGF 1R inhibitor 
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Robatumumab (45), selecting patients based on IGF1R expression levels was hypothesized to 
increase the response (46).  

 
Therapies targeting the mTOR pathway 
 
The mTOR pathway plays a key role in energy metabolism, which is highly active in cancer 
cells (47), often through PI3K and Akt signaling. Activation of the mTOR pathway leads to 
increased  cell proliferation and cell cycle progression, and a decrease in autophagy, thereby 
promoting tumour growth. In osteosarcoma, recurrent alterations have been identified in the 
mTOR/PI3K/Akt pathway (18). It was discovered that inhibiting mTOR, in combination with 3-
phosphoglycerate dehydrogenase (PHGDH) inhibition, attenuated cell proliferation in 
osteosarcoma cells and could serve as a novel therapeutic target (48). Rapamycin, an inhibitor 
of the mTOR signaling pathway, was found to inhibit osteosarcoma cell proliferation in an in 
vitro model, and decreased tumour growth in a mouse model (49). Combination therapies 
with chemotherapeutics have also been investigated for osteosarcoma: in osteosarcoma 
cells, the combination of cisplatin together with rapamycin increased apoptosis and 
autophagy activity (50). mTOR inhibition has also been tested in a clinical trial for 
osteosarcoma patients, in which the mTOR inhibitor temsirolimus was administered together 
with IGF1R inhibitor cixutumumab, but this did not  improve outcome (51).   
  
Immunotherapy 

In recent years immunotherapy has shown success in various cancer types. Immunotherapy 
is mainly aimed at stimulating the activity of the immune system or inhibiting the anti-
immune activity of cancer cells. Many studies have been published in which immunotherapy 
was investigated in osteosarcoma and several attempts have been made to test 
immunotherapies in clinical trials in osteosarcoma, but until now with limited success (52, 
53). For example, in the EURAMOS-1 clinical trial in which immunostimulatory IFN-α2b was 
tested, this did not lead to improvement in overall survival (54). However, a phase 3 clinical 
study in osteosarcoma was successful in which muramyl tripeptide (MTP), a drug that 
activates monocytes and macrophages, was tested in osteosarcoma patients. MTP in 
combination with conventional chemotherapy improved overall survival (53). One method to 
inhibit the anti-immune response of cancer cells is to inhibit the immune checkpoint 
response, in which the immune system is prevented to target cancerous cells. PD-1 and PD-
L1 are immune checkpoint molecules, and are often the target of immune checkpoint 
inhibitors. PD-L1 is expressed in osteosarcomas, which suggests sensitivity to immune 
checkpoint inhibitors (55). Immune checkpoint inhibitors targeting PD-1 and PD-L1 include 
ZKAB001, avelumab, camreluzimab, nivolumab and durvalumab and are currently being 
tested in clinical trials (Table 1). Other checkpoints may also be active in osteosarcoma, e.g. 
TIM3 which is overexpressed in osteosarcoma tissue (56), and thereby potential targets for 
therapy. 
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Immunotherapy may also involve the use of antibodies targeting cell surface proteins that are 
overexpressed in cancer cells. The binding of antibodies to cell surface proteins can recruit 
immune cells leading to cytotoxicity of cancer cells. An example is GD2, which is 
overexpressed in osteosarcoma (57). Dinutuximab, a monoclonal antibody targeting GD2 that 
induces immune cell-mediated cytotoxicity, is currently being tested in a phase 2 clinical trial 
for osteosarcoma patients (NCT02484443). Another example is trastuzumab, a monoclonal 
antibody targeting HER2, which is currently also being tested in a phase 2 clinical trial 
(NCT04616560). 
 
 Chimeric Antigen Receptor (CAR) T-cell therapy is a type of immunotherapy in which the 
receptors of T-cells, derived from the patient or from a healthy donor, are genetically 
engineered to target cell surface proteins of cancer cells. CAR T-cell therapy has delivered 
promising results in leukemia, and could also be a novel therapeutic strategy for 
osteosarcoma patients (58).  
 
In vitro models of bone-forming tumours 
 

Good representative in vitro models are essential for pre-clinical testing of novel targeted 
treatments. There is a plethora of cell models available for osteosarcoma,  including cell-of-
origin based models, cell models derived from patient material, or from xenografts (59). 
Typically cell models involve the culture of cells, either directly derived from patient material 
or from animal tumor tissue, onto a plastic surface. The cells are cultured as a monolayer onto 
a two-dimensional surface and as such lack the three-dimensional environment the cells have 
originated from. Since the three-dimensional environment is lacking, it could be less 
representative for the in vivo situation. This could influence results obtained from drug testing 
in these cell models. In recent years an increase in studies was seen in which cells are instead 
cultured in a three-dimensional environment, where cells do have the interaction with other 
cells and the microenvironment (60).  
 
Cell of origin 
 
Osteoid osteoma, osteoblastoma and osteosarcoma are tumours of mesenchymal origin. For 
osteoid osteoma and osteoblastoma no cell models have been described. The presence of 
trabeculae of woven bone surrounding active osteoblasts, could indicate that it arises from 
osteoblast, or its progenitor the mesenchymal stem cell (61). Mesenchymal stem cells are 
undifferentiated cells but have the capacity to differentiate into osteoblasts, adipocytes, 
chondrocytes or myocytes. For osteosarcoma the proposed cell of origin is a topic of debate 
(62). There are studies that suggest osteoblasts are the cell of origin, or that osteosarcoma 
originates from mesenchymal stem cells.  
The evidence from studies that suggest that osteoblasts are the cell of origin of osteosarcoma 
is mostly based on mouse models. Studies have shown that mice develop osteosarcoma when 
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Trp53 is deleted in osteoblast cells, throughout different stages of differentiation, by utilizing 
promotors that are specific to cells of the osteoblast lineage (63, 64). 
Other studies have been published that mesenchymal stem cells rather than osteoblast are 
the cell-of-origin. Since mesenchymal stem cells are the progenitor cells of bone-forming 
osteoblasts, it is likely that bone-forming tumours arise during the differentiation process of 
mesenchymal stem cells. An overview of the differentiation of mesenchymal stem cells 
towards the osteogenic lineage is shown in Figure 1. Mesenchymal stem cells originating from 
mice are reported to spontaneously transform in vitro, which showed aneuploidy and loss of 
Cdkn2a similar to human osteosarcoma (65, 66). Furthermore, mice injected with 
transformed murine mesenchymal stem cells formed undifferentiated pleomorphic sarcoma 
or osteosarcoma (65, 67, 68). In human mesenchymal stem cells in vitro spontaneous 
transformation towards osteosarcoma has not been reported, but genetic manipulation of 
these cells by deletion of TP53 or RB1 has led to malignant transformation (69). In mouse 
studies, injection of mesenchymal stem cells carrying a deletion of TP53 and RB1, or a 
combination of MYC overexpression and CDKN2A loss led to the formation of osteosarcoma 
(70, 71). 
 
Figure 1. Mesenchymal stem cells differentiate towards osteoblast. During each stage of osteogenic 
differentiation different transcription factors and osteogenic markers play a role. Figure is adapted 
from reference (72). Templates adapted from Servier Medical Art, licensed under a Creative Commons 
attribution 3.0 Unported License. 
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Cell lines 
 
Among the most often used cell models are cultured cell lines, which have originated from 
patient material. Osteosarcoma cell lines are widely used not only to study osteosarcoma but 
also for general cell biology research applications, as osteosarcoma cell lines are among the 
human cell lines that are easily transfected (59). The ease of culture and high growth speed 
of osteosarcoma cell lines could also explain the exponential rise in publications using 
osteosarcoma cell lines (29). Among the most commonly used osteosarcoma cell lines there 
is high heterogeneity in metastatic potential, differentiation capacity and in vivo 
tumorigenicity, which also reflects the heterogeneity observed in osteosarcoma patients (73).  
 
Cell lines can either be derived from human osteosarcoma or from animals. One animal model 
in particular is of great interest for studying human osteosarcoma: dogs. The incidence of 
osteosarcoma in dogs is 10 times higher compared to humans, and most often occur in large 
dog breeds (74). Since osteosarcoma is a rare bone tumour in humans, this makes dogs an 
attractive alternative model to study pathogenesis and for pre-clinical drug testing. Previous 
studies have already shown that osteosarcoma cell lines and tumours derived from dogs show 
similar genetic alterations compared to human osteosarcoma, including alterations in TP53 
(75, 76). 
 
3D models for mesenchymal tumours 
 
3D models are cell models in which cultured cells are not in direct contact with a plastic 
culture surface. The cells are not cultured in monolayer, and therefore cells can interact with 
other cells and produce extra-cellular matrix, which characterizes mesenchymal tumours and 
distinguishes them from epithelial tumours. It was previously shown that response to drugs 
also heavily relies on these interactions (77), illustrating the importance of 3D models. 
Moreover, larger 3D cultures show oxygen and nutrient gradients which resemble the oxygen 
and nutrient gradients found in tumours.  
 
Many different types of 3D cell models for tumour cells have been developed. In general, 3D 
tumour models can be grown as organoids or as spheroids, also called multicellular tumour 
spheroids (MCTS) (78) or in scaffolds. Tumour organoids are clusters of different cell types 
that are present in the original tumour, for example cancer associated fibroblasts and tumour 
cells, whereas tumour spheroids only consist of tumour cells. Although tumour organoid 
models have gained popularity as a 3D model, in the case of mesenchymal tumours the 
tumour cells are mostly surrounded by self-produced extra-cellular matrix, which makes the 
organoid model less suitable. Instead, the spheroid model in which tumour cells can be grown 
on their own is most often used (60). Multicellular tumour spheroids have successfully been 
generated for osteosarcoma cells, and shown response to chemotherapeutic drugs, such as 
doxorubicin, although they were more resistant compared to 2D cultures (79). The transition 



 

10 
 

of 2D cultured cells into 3D by generating multicellular tumour spheroids, in which cells form 
aggregates without touching the culture plastic, can be done with different methods. An 
overview is shown in Figure 2, and can be divided by scaffold-free models or scaffold-based 
models. Scaffold-free models include liquid overlay culture or hanging droplet culture (80). 
With liquid overlay cultures, cells are seeded onto a non-adherent surface and form 
spheroids. The hanging droplet method involves the generation of droplets of cells on a 
surface that is placed upside-down, resulting in the formation of spheroids by gravitational 
forces. In 3D cultures that make use of a scaffold, the scaffolds are generated from 
biomaterials and typically contain elements that are also found in the extra-cellular matrix. 
Studies have been published where scaffolds have successfully been generated based on 
collagen, alginate, hyaluronic acid, hydroxyapatite or a combination of aforementioned 
materials (81, 82).  
 
Not only is the 3D culture method important, the type of cell to use for 3D culture is of equal 
importance. Typically, in 3D culture studies cells that have been previously cultured in 2D are 
transitioned into a 3D environment. However, cell lines can change over time after extensive  
culturing in 2D, including chromosomal rearrangement or mutations (83). To overcome this 
problem, cells can also be cultured into 3D straight from the source material, such as a 
primary tumour, and therefore has not come into contact with a plastic culture surface. Since 
many different types of 3D culture exist, it remains challenging to identify the best and most 
representative culture method for a complex and heterogenous tumour such as 
osteosarcoma (84).  
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Figure 2. Overview of different types of 3D culture. Cells can be cultured in 3D either with or without 
a scaffold. Scaffold-free models can be generated by the hanging droplet method, in which cells are 
dropped onto a surface and placed upside down to form spheroids, or by the liquid overlay method, 
where cells are seeded onto a non-adherent surface to form spheroids. In scaffold-based models, cells 
are cultured inside structures made from biomaterials, for example collagen. For each method, 
advantages and disadvantages are described. Figure adapted from 
https://cytosmart.com/resources/spheroids 
 

 
 
 
 
 
 
  

https://cytosmart.com/resources/spheroids
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Aim and outline of this thesis 
 
The aim of this thesis is to study the pathogenesis of osteoid osteoma, osteoblastoma and 
osteosarcoma by generating in vitro models, and utilize these models to understand 
tumorigenesis and to discover novel therapeutic options for osteosarcoma. In chapter 2 all 
novel insights within the molecular pathology, clinical presentation and histology of osteoid 
osteoma, osteoblastoma and osteosarcoma are summarized and reviewed.  
 
In the first part of this thesis, the development of in vitro models to study the pathogenesis 
of bone-forming tumours of the skeleton is described. In chapter 3 a mesenchymal stem cell-
based model for osteoid osteoma and osteoblastoma has been generated. In this model, 
mesenchymal stem cells overexpress a truncated form of FOS protein, which is a recurrent 
alteration in osteoid osteoma and osteoblastoma. The proliferation rate and osteogenic 
differentiation capacity of these cells have been determined, in order to investigate the role 
of FOS in the pathogenesis of osteoid osteoma and osteoblastoma. In chapter 4 another 
mesenchymal stem cell-based model is described, in which spontaneously transformed 
murine and canine mesenchymal stem cells show similarities to sarcomas with complex 
genomics, with many copy number alterations and aneuploidy. Furthermore, these 
transformed cells formed (osteo) sarcoma after subcutaneous injection in a mouse model. 
This model has been used to identify the driver events in sarcoma with complex genomics.  
 
In the second part of this thesis, different in vitro models of osteosarcoma are used to identify 
novel therapeutic strategies. In chapter 5 the murine mesenchymal stem cell model for 
osteosarcoma from chapter 4 is used in which loss of CDKN2A and/or CDKN2B has been 
discovered. In this chapter it was investigated whether loss of CDKN2A and/or CDKN2B is an 
early event in osteosarcoma genesis. Furthermore, since loss of this locus can indicate that 
cells are sensitive to CDK4/CDK6 inhibition, the sensitivity of osteosarcoma cells to 
CDK4/CDK6 inhibitor palbociclib was investigated, which could be used in osteosarcoma 
patients with intact Rb and that show loss of p16 or overexpression of  CDK4/CDK6. Chapter 
6 describes a potential novel therapeutic strategy for osteosarcoma patients with low NAPRT 
expression. Using both 2D and 3D cultured osteosarcoma cell line models, the sensitivity of 
cells to NAMPT inhibitor FK866 was tested, which targets the NAD salvage synthesis pathway. 
Chapter 7 shows the development of osteosarcoma patient-derived 3D cultures, which have 
been used to test genome-informed targeted therapy for osteosarcoma. Finally, the thesis is 
summarized and discussed in chapter 8.   
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Abstract 
 
Bone tumours are difficult to diagnose and treat, as they are rare and over 60 different 
subtypes are recognized. The emergence of next-generation sequencing has partly elucidated 
the molecular mechanisms behind these tumours, including the group of bone forming 
tumours (osteoma, osteoid osteoma, osteoblastoma and osteosarcoma). Increased 
knowledge on the molecular mechanism could help to identify novel diagnostic markers 
and/or treatment options. 
Osteoid osteoma and osteoblastoma are bone forming tumours without malignant potential 
that have overlapping morphology. They were recently shown to carry FOS and – to a lesser 
extent - FOSB rearrangements suggesting that these tumours are closely related. The 
presence of these rearrangements could help discriminate these entities from other lesions 
with woven bone deposition. Osteosarcoma is a malignant bone forming tumour for which 
different histological subtypes are recognized. High grade osteosarcoma is the prototype of a 
complex karyotype tumour, and extensive research exploring its molecular background has 
identified phenomena like chromothripsis and kataegis, and some recurrent alterations. Due 
to lack of specificity, this has not led to a valuable novel diagnostic marker so far. 
Nevertheless, these studies have also pointed towards potential targetable drivers of which 
the therapeutic merit remains to be further explored. 
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Introduction 
 
Bone tumours are rare and therefore considered difficult to diagnose and treat. They 
comprise a heterogeneous group of tumours, where most subtypes have a distinct clinical 
and histological presentation.  
Histologically, over 60 different bone tumours are recognized. Some are difficult to separate 
as there can be extensive morphological and even immunohistochemical overlap. Distinction 
is important as these tumours differ in clinical behaviour and thus in required treatment. In 
recent years, many papers have been published unravelling the molecular background of 
several bone tumours, mostly using deep sequencing techniques. From the molecular point 
of view, these tumours can be roughly divided in two main groups, as a conceptual framework 
(1): tumours can either have a simple or complex karyotype. The group of tumours with a 
simple karyotype are usually monomorphic, and driven by a specific mutation or 
translocation. The tumours with complex karyotype are more often pleomorphic, show 
aneuploidy, with many copy number alterations and (random) translocations and mutations.  
The group of skeletal tumours that are characterized by bone deposition contains osteoma, 
osteoid osteoma, osteoblastoma and osteosarcoma (Table 1). Osteoma is benign and 
composed of mature lamellar bone, has a simple karyotype, occurs in patients with Gardner’s 
syndrome and as a consequence is caused by a germline mutation in the APC gene. Osteoid 
osteoma and osteoblastoma are histologically identical, have a simple karyotype and deep 
sequencing studies have recently unravelled a recurrent translocation (2). This is in contrast 
with high grade osteosarcoma, for which a complex karyotype showing aneuploidy, multiple 
copy number alterations, (random) translocations and mutations is the hallmark (3). This 
review will focus on osteoid osteoma/osteoblastoma and high grade osteosarcoma, as 
examples for simple karyotype, translocation driven, versus complex karyotype tumours, 
respectively.  
 
Osteoid osteoma and osteoblastoma 

Novel FOS and FOSB rearrangements were recently found in osteoid osteoma and 
osteoblastoma (2). These tumours account for 3% and 1% of all primary bone tumours, 
respectively (4). These two entities are histologically similar, and only slightly differ in their 
clinical presentation. At present they are arbitrarily divided by tumour size below or above 2 
cm in diameter, although the recent finding that they share the same molecular alteration 
might suggest that they represent the same disease (4-7).  
 

Clinical presentation 
Osteoid osteoma and osteoblastoma typically present during the second decade of life, with 
men being overrepresented (male to female ratio 2:1) (4). Osteoid osteoma is usually 
located at the long bones in the lower extremity, but other commonly described sites 
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involve the spine, upper extremity, hands, feet, and pelvis (4, 5, 7, 8). The most prominent 
clinical symptom of osteoid osteoma is frequent and severe night pain that responds 
adequately to nonsteroidal anti-inflammatory drugs (NSAIDs) (4, 5). Osteoblastoma is larger 
in size, and the majority are localized in the posterior column of the spine (4, 5, 9), resulting 
in neurologic symptoms as a recurring sign (4). Pain is frequently present, but in contrast to 
osteoid osteoma does not respond to administration of NSAIDs (4, 5). Both osteoid osteoma 
and osteoblastomas have no malignant potential, although osteoblastoma can behave as a 
locally aggressive tumour (4). For radiologists, the diagnosis of osteoid osteoma is usually 
straight forward, showing a characteristic oval radiolucency (nidus) with surrounding 
sclerosis, while osteoblastoma can be accompanied by a more broad differential diagnosis 
depending on its location, including aneurysmal bone cyst, giant cell tumour of bone, and 
osteosarcoma (4, 10).  

 
Table 1. Clinical features, radiology, karyotype, and molecular pathology of osteoma, osteoid 

osteoma, osteoblastoma and conventional osteosarcoma. 

 OSTEOMA OSTEOID OSTEOMA OSTEOBLASTOMA CONVENTIONAL 

OSTEOSARCOMA 

CLINICAL FEATURES ● Benign 

● Mostly 

found 

incidentally 

● Located at 

bone 

surface 

● Benign 

● <2 cm in 

size 

● Located 

in long 

bones 

● Locally 

aggressive  

● >2 cm in 

size 

● Located in 

posterior 

column of 

spine 

● Malignant 

● Located at 

metaphysis 

of long 

bones 

RADIOLOGY Homogenous and 

sharply demarcated 

tumour 

Oval radiolucency 

(nidus) with 

surrounding 

sclerosis 

Often lytic lesion , 

may be alike 

aneurysmal bone 

cyst 

Lytic, sclerotic or 

mixed lesion, often 

expanding into 

surrounding soft 

tissue  

KARYOTYPE Simple karyotype Simple karyotype Simple karyotype Complex karyotype 

MOLECULAR 

PATHOLOGY 

Associated with 

Gardner’s 

syndrome: germline 

APC mutation 

FOS - and to a 

lesser extent FOSB 

- translocations 

FOS - and to a lesser 

extent FOSB - 

translocations 

Chromothripsis and 

kateagis with most 

often alterations in 

TP53 
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Histology 
Osteoid osteoma and osteoblastoma are histologically indistinguishable (11) (Fig. 1A, B). Both 
tumours are composed of irregular trabeculae of woven bone, lined with active osteoblasts. 
In osteoid osteoma, the central area of the lesion (nidus) is sharply demarcated, and 
surrounded by hyper-vascularized sclerotic bone. In between the trabeculae there is loose 
vascularized stroma (7, 8). Osteoblastoma can show slightly more haphazardly arranged 
trabeculae (6).  
 

 
 
Fig. 1 Osteoid osteoma and osteoblastoma. A. Osteoid osteoma, and  B. Osteoblastoma show identical 

morphology at hematoxylin and eosin staining, with deposition of woven bone by osteoblast-like tumor cells. 

C. Fluorescence in-situ hybridization (FISH) showing FOS rearrangement in osteoblastoma. D. 

Immunohistochemical staining for FOS in osteoblastoma showing nuclear overexpression in the tumor cells. 

Scale bar is 50 µm 
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Molecular pathology 

Before the elucidation of the genetic background of osteoid osteoma and osteoblastoma, 
clonal chromosome aberrations were reported in two osteoblastomas, with structural 
alterations involving 22q13.1 (12), and only non-recurrent rearrangements were found using 
cytogenic studies (13). In 2018, in a quiet genomic background with paucity of somatic 
alterations, recurrent FOS and – to a lesser extent - FOSB rearrangements were found in both 
osteoid osteoma and osteoblastoma using RNA sequencing, demonstrating that both 
tumours were similar at the molecular level. In 5 out of 6 cases, FOS rearrangements were 
present, while the remaining case showed rearrangements involving its paralogue, FOSB. All 
FOS breakpoints were exonic, and involved exon 4. Rearrangement partners were both 
introns of others genes (ANKH, KIAA1199, MYO1B), or intergenic regions (2). Equivalent to 
FOS rearranged epithelioid hemangioma (14, 15), stop codons were encountered at, or early 
after the break points, leading to truncation of the protein with retention of the leucine 
zipper, and therefore its function as a transcription factor. Functional studies in epithelioid 
hemangioma demonstrated that the truncated protein was more resistant to degradation 
(16). In the FOSB rearranged osteoblastoma, rearrangement resulted in an in frame fusion 
connecting PPP1R10 to FOSB, leading to altered signalling, due to promotor swapping (2). 
Strikingly, FOSB fusions were also involved in pseudomyogenic hemangioendothelioma and 
atypical epithelioid hemangioma, resulting in promoter swapping (17, 18). As genetic 
alterations in these vascular tumours are identical to those found in osteoid osteoma and 
osteoblastoma, one can speculate that a comparable molecular mechanism of tumorigenesis 
is operable in osteoid osteoma and osteoblastoma.  
These novel molecular findings have provided new tools to improve diagnostic accuracy, as 
both fluorescence in-situ hybridization (FISH) and immunohistochemical staining can detect 
FOS rearrangements (Fig. 1C, D). Fluorescence in-situ hybridization (FISH) was performed in 
an independent cohort and showed in the majority of cases rearrangements involving FOS 
and to a lesser extent FOSB (2). In a follow-up study immunohistochemistry showed strong 
and diffuse nuclear staining in the majority (79%) of osteoid osteomas and osteoblastomas, 
using a FOS antibody against the N-terminus (19). However, a previously published small 
study cohort demonstrated that osteoid osteoma and osteoblastoma lacked strong nuclear 
expression of FOS, indicating variability in sensitivity between different antibodies (20). In 
terms of specificity, strong nuclear expression of FOS has been detected in a subset of other 
bone forming tumours, and was only rarely present in osteosarcoma (2, 20). Notably, in 
mouse models the c-fos oncogene caused osteosarcoma, when fused with a highly active 
promotor and the v-fos 3’ untranslated region (21). This is intriguing as in human tumours 
FOS and FOSB rearrangements have so far only been identified in vascular and bone forming 
tumours lacking malignant potential (14, 15, 17, 18). 
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Osteosarcoma 
 
Osteosarcoma is the most common primary malignant tumour of the bone (22). The 5-year 
overall survival for osteosarcoma patients is 71% and has not improved in the last decades, 
clearly indicating that novel therapeutic strategies are needed (23). Fortunately, many papers 
have been published gradually unravelling the pathogenesis of osteosarcoma, which might 
help develop new therapeutic targets.  
 
Clinical presentation  
Primary high grade osteosarcoma occurs most often in young children and adolescents, but 
there is a second peak at a later age, often secondary to radiation or Paget’s disease (24). 
Osteosarcoma has a slight male predominance (25). Patients with osteosarcoma often show 
signs of localized deep pain, especially manifest at night, developed over a longer period of a 
few weeks to months. This could also be in combination with limited mobility, or localized 
warmth. A small palpable mass can be present, which is tender during physical examination 
(26). 
For diagnosis of conventional osteosarcoma, a radiograph is made in two planes, in which the 
lesion appears as lytic, sclerotic or mixed lytic and sclerotic. This lesion often expands into the 
surrounding soft tissue, with periosteal reaction and destruction of cortical bone (27). MRI- 
or CT-imaging may provide additional information, guiding the subsequent biopsy of the 
lesion (27). 
 
Histology 
The presence of osteoid, the unmineralized extracellular matrix produced by the tumour cells, 
is a hallmark of osteosarcoma and visible as a pink dense structure in hematoxylin and eosin 
stained sections (Fig. 2A). Mineralization can occur. Osteosarcoma can arise in the medulla 
(central) or at the bone surface. Different osteosarcoma subtypes are recognized, based on 
their clinical presentation in combination with histological and molecular features (Table 2) 
(25). High grade central osteosarcoma is the most common subtype, and most papers 
published over the last decade, as well as this review, focus on this subtype.  
 
Germline predisposition to osteosarcoma 
Certain hereditary syndromes predispose to osteosarcoma, such as Li-Fraumeni syndrome 
(mutations in TP53 or, less frequently, CHEK2), Retinoblastoma (mutations in RB1), and 
Rothmund-Thomson syndrome (mutations in RECQL4) (28-30). Other hereditary syndromes 
with germline mutations in RecQ Like Helicases, including RAPADILINO syndrome, Baller-
Gerold syndrome, Werner syndrome and Bloom syndrome, also have an increased risk for 
osteosarcoma (31, 32). Another hereditary syndrome in which a helicase is mutated is ATR-X 
syndrome (Alpha-thalassemia mental retardation syndrome). Patients with ATR-X syndrome 
show intellectual disability and skeletal abnormalities. Recently, two patients have been 
reported with ATR-X syndrome that developed osteosarcoma (33, 34).  
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Fig. 2 High grade osteosarcoma. A. Conventional osteoblastic osteosarcoma showing atypical cells with 

abundant deposition of osteoid (hematoxylin and eosin staining).  Scale bar is 50 µm.  B. Combined binary ratio 

fluorescence in-situ hybridization (COBRA-FISH) (35) showing complex numerical and structural changes which 

is characteristic of high grade osteosarcoma. 

 
Molecular alterations in osteosarcoma 
High grade osteosarcoma is characterized by a complex karyotype with many amplifications, 
deletions and (random) translocations (Fig. 2B) . This complex genome hampers identification 
of the driver genes causing genome instability: very few recurrent alterations have been 
identified in osteosarcoma.  
One mechanism explaining the genomic instability in osteosarcoma is chromothripsis, the 
shattering of one or a few chromosomes into small fragments that are stitched together in a 
random order and orientation. Chromothripsis occurs in 3% of all cancers and in 30% of 
osteosarcomas (36). It was first discovered by Stephens et al in chronic lymphocytic leukemia, 
chordoma and osteosarcoma (36) and later studies have confirmed chromothripsis in 
osteosarcoma (3, 37, 38). Exome sequencing shows a relatively low mutational burden in 
osteosarcoma ranging from 0.3-1.2 mutations per mega base, however there is a pattern of 
localized hypermutation called kataegis in 50% of the tumours (3, 39). These point mutations 
are non-recurrent, haphazard and cannot be considered as driver genes. Further hampering 
the identification of driver genes is that no benign precursor of osteosarcoma is known. This 
is in contrast with for instance colorectal cancer, in which a benign precursor can be used to 
investigate multi-step progression behind tumorigenesis. 
Nevertheless, recent next-generation sequencing studies have revealed known and novel 
recurrent genetic alterations in osteosarcoma (Table 3). Most genes that were found to be 
altered are involved in maintaining genomic stability. Among the most commonly altered 
genes in osteosarcoma are the main players in maintaining genome stability: TP53 and RB1.  
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Table 2. Osteosarcoma subtypes 

SUBTYPE LOCATION GRADE HISTOLOGY 

LOW GRADE CENTRAL 

OSTEOSARCOMA 

Medulla Low grade Spindle cells with low-

grade nuclear atypia and 

well-formed neoplastic 

woven bone trabeculae, 

and 12q13 amplification  

PAROSTEAL OSTEOSARCOMA Surface Low grade spindle cell proliferation, 

often with cartilaginous 

differentiation, and 

12q13 amplification 

PERIOSTEAL OSTEOSARCOMA Surface (typically 

underneath the 

periosteum) 

Intermediate grade Predominantly 

chondroblastic bone-

forming sarcoma 

CONVENTIONAL 

OSTEOSARCOMA 

-FIBROBLASTIC 

-CHONDROBLASTIC 

-OSTEOBLASTIC 

Medulla  High-grade High grade sarcoma in 

which the tumour cells 

produce bone. Tumour 

cells can be fibroblastic, 

chondroblast- or 

osteoblast-like 

SMALL CELL OSTEOSARCOMA Medulla High-grade Small cells with scant 

cytoplasm, associated 

with variable osteoid 

formation; may resemble 

Ewing sarcoma  

TELANGIECTATIC 

OSTEOSARCOMA 

Medulla  High-grade Osteosarcoma composed 

of blood-filled or empty 

cystic spaces closely 

simulating aneurysmal 

bone cyst 

HIGH GRADE SURFACE 

OSTEOSARCOMA 

Surface High grade  Similar to conventional 

osteosarcoma 
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Table 3. Overview of recurrent alterations found in conventional osteosarcoma 

GENE TYPE OF ALTERATION SOMATIC/GERMLINE FUNCTION FREQUENCY IN 

SPORADIC OS 

LITERATURE 

TP53 Translocation; 

Deletion; Mutation 

Germline (Li-fraumeni 

syndrome) and 

somatic 

Genome 

stability; cell 

cycle control 

47% – 90% (3, 37, 39, 40) 

RB1 Mutation; Deletion Germline 

(retinoblastoma) and 

somatic 

Genome 

stability; cell 

cycle control 

29% – 47% (3, 39, 40) 

MYC Amplification Somatic Cell 

proliferation 

39% (41) 

CCNE1 Amplification Somatic Cell cycle 

control 

33% (41) 

DLG2 Deletion Somatic Cell signaling  29% - 52% (3, 42) 

COPS3 Amplification Somatic Signal 

transduction 

20% - 39% (37, 39) 

AURKB Amplification Somatic Cell cycle 13% (41) 

PTEN Mutation; Deletion; 

Copy number 

alteration 

Somatic Cell cycle 

control 

12% - 50% (37, 39, 40) 

CDKN2A Deletion Somatic Cell cycle 

control 

15% (40) 

ATRX Mutation; Deletion Germline (ATR-X 

syndrome) and 

somatic 

Genome 

stability; 

chromatin 

remodeling; 

ALT 

10% - 29% (3, 33, 34, 37, 

39, 40) 

CDKN2A Mutation; Deletion Somatic Cell cycle 

control 

10% (37) 

CDK4 Amplification Somatic Regulates RB 

activity 

9% - 11% (41, 43)  

MDM2 Amplification Somatic Regulates P53 

activity 

5% - 12% (39, 43) 

IGF1R Mutation; 

Amplification 

Somatic Bone growth 

and 

development 

5% (37) 

AKT Amplification  Somatic Cell 

proliferation; 

apoptosis 

5% (41, 44, 45) 

RECQL4 Mutation Germline (Rothmund-

Thomson syndrome) 

Genome 

stability 

0% (31) 
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TP53 and RB1  

Mutations in TP53 can be found in germline or can be sporadic. Previously, using 
immunohistochemistry or sequencing of the DNA binding domain of TP53, mutations were 
detected in only 20% of osteosarcomas (46). Interestingly, whole genome sequencing studies 
reveal a much higher percentage (47-90%) of osteosarcomas harbouring TP53 alterations (3, 
37, 39, 40). This difference can be explained by the notion that most TP53 alterations involve 
structural alterations, which most often consist of translocations in the first intronic region of 
TP53, which is 10 kb in length. These alterations can only be detected with whole genome 
sequencing (47). 
The second most frequently altered gene in osteosarcoma is RB1 (Retinoblastoma 1), involved 
in blocking cells from entering S-phase of the cell cycle (48). Loss of Rb function in 
osteosarcoma therefore leads to a loss in Rb blockade of cell division. In addition to germline 
mutations, somatic mutations in RB1 were identified in 29-47% of osteosarcomas (3, 40).  
 
The importance of TP53 and RB1 in osteosarcoma genesis is illustrated by the fact that 
patients with germline mutations in TP53 and RB1 are highly susceptible to cancer and 
frequently develop sarcomas. Different in vitro and in vivo studies confirm the important role 
of TP53 and RB1 mutations in sarcoma genesis (49-51). For example, homozygous deletion of 
TP53 and RB1 in osteogenic differentiated murine MSCs gives rise to osteosarcoma when 
injected into mice (50), while heterozygous deletion of TP53 is sufficient to induce 
osteosarcoma in a mouse model (49).  
 
Regulators of p53 and Rb activity  
MDM2 (mouse double minute 2 homolog) regulates p53 activity by ubiquitinating p53 protein 
leading to proteasomal degradation of p53 (52). Up to 12% of high grade osteosarcomas have 
amplification of the MDM2-gene at 12q13-15, but this is much higher (67%) in low-grade 
central osteosarcoma and parosteal osteosarcoma (43, 53) (Table 2). The CDK4-gene (cyclin 
dependent kinase 4) is located within the same region at 12q13-15 (54) and regulates Rb 
activity by phosphorylating Rb, resulting in deactivation of Rb. CDK4 and MDM2 are often co-
amplified and overexpressed in osteosarcoma. CDK4 is amplified in 67-100% of low-grade 
osteosarcomas, but rarely in high grade osteosarcoma (9%)(43, 53, 55). As the percentage of 
CDK4 and MDM2 amplifications in low grade central osteosarcoma and parosteal 
osteosarcoma are much higher than in high grade osteosarcoma, most likely the CDK4/MDM2 
positive high grade tumours represent progression from low grade osteosarcoma (55). 
Rb activity is also regulated by p16, which normally inhibits both CDK4 and CDK6. P16 is 
encoded by the CDKN2A gene at chromosome 9p21.3, that also encodes for p14. Homozygous 
deletion of the CDKN2A locus, which is associated with poor prognosis in osteosarcoma, 
eradicates both expression of p16Ink4A and p14ARF, of which the latter is a negative regulator 
of MDM2 (40, 56-58). Therefore, deletion of p16 and p14, similar to co-amplification of CDK4 
and MDM2, leads to inactivation of both the p53 and Rb pathway.  
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Other genome maintenance pathways 
In addition to the p53 and Rb pathway, also other pathways involved in maintaining genome 
stability can be affected by mutations, both in sporadic as well as hereditary osteosarcoma. 
For instance, ATRX mutations can be found both as germline or somatic mutations (59), which 
is in contrast to mutations in RecQ Like Helicases where only germline mutations have been 
identified. Around 29% of osteosarcomas harbor somatic mutations in ATRX (3). The role of 
ATRX mutations in osteosarcoma genesis is largely unknown. ATRX is involved in chromatin 
remodelling and plays an important role in maintenance of chromosome stability (60). Loss-
of-function mutations in ATRX can lead to activation of the alternative lengthening of 
telomeres (ALT) pathway, maintaining the length of chromosome-ends (61). ALT is found in 
59% of osteosarcomas, which is much higher as compared to other cancers such as 
carcinomas (5-15%) (62). 
DNA repair is essential in maintaining genome stability. For instance, homologous 
recombination, the DNA repair pathway in which BRCA plays an important role, is crucial in 
maintaining genome stability. A recent whole exome sequencing (WES) study revealed that a 
subset of osteosarcomas resemble features of BRCA mutant tumours (40). These tumours 
show loss of heterozygosity, genomic instability and a mutation signature of substitutions and 
deletions that is also found in breast cancers with BRCA1/2 mutations. Around 80% of 
osteosarcomas show this BRCAness signature (40). As this signature is linked to defects in 
homologous recombination, this vulnerability might be exploited with PARP inhibitors based 
on the principle of synthetic lethality. Indeed, different in vitro studies with osteosarcoma cell 
lines show that osteosarcoma cells are sensitive to PARP inhibitors (63, 64). These results are 
promising, suggesting a possible new therapeutic strategy for osteosarcoma. However, 
further investigation on homologous recombination deficiency and PARP inhibitor sensitivity 
in osteosarcoma is needed.  
 
Hormonal pathways 
Although the genes that play a role in genome stability are among the most frequently 
mutated genes in osteosarcoma (RB1, TP53, CDK4, MDM2, ATRX), these genes function in 
essential cell survival pathways. Therefore these genes are difficult to specifically target in the 
treatment of osteosarcoma. Fortunately, also mutations in other genes are frequently found 
that are easier to target as they are involved in hormonal pathways. For example, mutations 
in genes involved in IGF (insulin-like growth factor) signaling, including the IGF1 receptor 
(IGF1R), were identified in around 7-14% of osteosarcomas, with many of these genes having 
altered activity compared to normal human osteoblasts or mesenchymal stem cells (37, 65). 
The IGF signaling pathway is known to be important in normal bone growth, bone 
development, and bone metabolism and it is therefore not surprising that it might also play a 
role in osteosarcoma pathogenesis (66, 67). These findings provide a rationale to explore anti-
IGFR therapy as a treatment strategy for a subset of osteosarcomas.  
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The estrogen hormonal pathway is also altered in osteosarcoma. Healthy osteoblasts 
normally express estrogen receptor alpha (ERα), but this is lacking in osteosarcoma (68). Until 
recently the mechanism behind the inactivation of estrogen receptor in osteosarcoma was 
not known. In a recent study it was found that ERα was hypermethylated in osteosarcoma, 
which can be ameliorated by the DNA methyltransferase inhibitor DAC (69). DAC could re-
express ERα and subsequently restored defective osteogenic differentiation and inhibited 
proliferation in osteosarcoma cells. This study illustrates that epigenetic alterations such as 
hypermethylation of genes are also important in osteosarcoma genesis.  
 
Conclusion 
 
There is an ongoing shift from traditional cancer classification based solely on histopathology 
towards incorporation of molecular pathology in routine diagnostics, which ultimately can aid 
diagnostic decision making. Among the group of bone forming tumours of the skeleton, the 
use of deep sequencing has unravelled the molecular background of osteoid osteoma and 
osteoblastoma. The discovery of FOS and FOSB rearrangements found in osteoid osteoma 
and osteoblastoma have not only given insight in tumorigenesis, but have also provided the 
bone tumour pathologist with a novel diagnostic tool to improve diagnostic accuracy.  
For high grade osteosarcoma, due to its complex genomic background, no specific, recurrent 
genetic alteration has been found that can explain tumorigenesis, or can be used for diagnosis 
or treatment. Even though the number of publications on drugs that allegedly inhibit 
osteosarcoma growth has exponentially increased over the past few years, these claims are 
often based on in vitro studies including one single cell line (70). Most of these publications 
are from Chinese institutes and often consist of investigations on the effect of traditional 
medicine on osteosarcoma. The remarkable increase of these studies is most probably the 
corollary of the convenient tissue culture properties of osteosarcoma cell lines and obscures 
findings of real significance.  
 
Nevertheless, in the last years several deep sequencing studies have been published that 
contribute towards the understanding of osteosarcoma pathogenesis. These next-generation 
sequencing studies have revealed underlying mechanisms, such as chromothripsis and 
kataegis, as well as a number of genes and pathways associated with osteosarcoma, especially 
those involved in genome maintainance (TP53, RB1, ATRX and homologous recombination) 
or hormonal signalling (IGF and ER signalling). The results from these studies could be the 
stepping stone towards the development of novel diagnostics/prognostic markers or 
treatment options. Since most of the alterations that were identified are not recurrent and 
involved in crucial processes in the cell such as genome stability, cell cycle, and DNA repair, it 
will be a huge challenge for the coming decade to translate these findings into novel 
treatment options. In contrast to targeting genes involved in maintaining genome stability, 
such as TP53 and RB1, targeting the hormonal pathways, especially IGF and estrogen, seems 
more promising.  
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Abstract 
 
Osteoid osteoma and osteoblastoma are non-malignant bone-forming tumours of the 
skeleton, characterized by the presence of irregular trabeculae of woven bone. 
Rearrangements in FOS, and less frequently FOSB, have recently been identified in osteoid 
osteoma and osteoblastoma. Identical rearrangements in FOS were previously detected in 
epithelioid hemangioma, where this leads to truncation of the FOS protein in the C-terminal 
domain causing increased protein stability due to impaired degradation. Since FOS plays a 
role in osteogenic differentiation, we investigated the effect of FOS truncation on osteogenic 
differentiation and proliferation in an in vitro model for osteoid osteoma and osteoblastoma. 
In this model, fetal mesenchymal stem cells have been transduced to overexpress truncated 
(FOSΔ) or full-length FOS as a comparison. Osteogenic differentiation - assessed by measuring 
mineralization, ALP expression and ALP activity - and proliferation rate were reduced in cells 
overexpressing truncated FOS (FOSΔ), or FOS with a deletion (FOSΔ376-377) or mutation 
(FOSL376N) in the C-terminal domain, compared to wild-type mesenchymal stem cells. In 
contrast, cells overexpressing full-length FOS showed increased proliferation and almost 
completely lost mineralization. These results demonstrate that the balance between 
differentiation and proliferation can be disrupted by changes in FOS expression, which may 
explain the indolent growth and formation of woven bone observed in osteoid osteoma and 
osteoblastoma.  
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Introduction 
 
Osteoid osteoma and osteoblastoma are bone-forming tumours of the skeleton. Whereas 
osteoid osteomas are small in size (<2 cm) and benign, osteoblastomas are larger and can be 
locally aggressive (1). Despite differences in clinical presentation, the histology of these 
entities is identical. Both osteoid osteoma and osteoblastoma are composed of trabeculae of 
woven bone, which can show various degrees of mineralization of the matrix (1). These 
trabeculae are lined by plump osteoblast-like cells. Another benign tumour that shows 
morphological similarities to osteoid osteoma and osteoblastoma, but differs in clinical 
presentation, is cementoblastoma (2). This odontogenic tumour is characterized by the 
presence of immature cementum-like matrix containing activated cementoblasts, that are 
indistinguishable from osteoblasts.    
 
Recently it was discovered that osteoid osteoma and osteoblastoma show overexpression of 
FOS or FOSB due to frequent rearrangements in FOS (87%) and – less frequent – FOSB (2%) 
(3). In cementoblastoma, rearrangements in FOS and overexpression of FOS have also been 
identified (2).  For osteoid osteoma and osteoblastoma, the rearrangements in FOS involve 
exon 4, leading to a truncation of the FOS protein, as stop-codons are introduced near the 
breakpoints (Figure 1A). Rearrangements leading to truncation of FOS at the same exon in 
the gene have been previously identified in epithelioid haemangioma (4). Under normal 
conditions, FOS is a short-lived protein and its levels and stability are highly regulated by 
different mechanisms both on the RNA stability and post-translational level, including control 
via the 3’-UTR region, ubiquitin-dependent or ubiquitin-independent proteasomal 
degradation, and phosphorylation (5-11).  
In epithelioid haemangioma, it was shown that truncated FOS was more resistant to 
proteasomal degradation, caused by the absence of a highly conserved destabilizing element 
(LLAL region) within the last four amino acids in the C-terminus of FOS in cells expressing 
truncated FOS (FOSΔ). The LLAL region acted as a signal for proteasomal degradation, causing 
cells carrying a mutation (FOSL376N) or deletion (FOSΔ376-377) within the LLAL region to 
sustain expression of FOS protein (4, 12).  
Therefore the truncation of FOS found in osteoid osteoma, osteoblastoma and 
cementoblastoma lead to stabilization and thus sustained expression of FOS protein. Similar 
to epithelioid hemangioma, these tumours show strong nuclear expression of FOS in the 
tumour cells, and therefore overexpression of FOS can be used as a diagnostic tool (13, 
14)(Figure 1B).  
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Figure 1. FOS is truncated and overexpressed in osteoid osteoma, osteoblastoma and 
cementoblastoma. (A) Schematic overview of full-length FOS protein (380 amino acids), and the 
truncated FOS (FOSΔ, 285 amino acids) protein found in osteoid osteoma, osteoblastoma, 
cementoblastoma and epithelioid haemangioma. Basic-region Leucine Zipper (bZIP) domain, DEF 
domain (binding site for MAPK) and the LLAL region within the C-terminus of FOS are indicated. The 
LLAL region is closely located to the phosphorylation sites Ser362 and Ser374. Figure adapted from (4) 
and (15). (B) Haematoxylin and eosin staining demonstrating immature woven bone deposited by 
osteoblasts (left panel) and FOS immunohistochemical staining (right) depicting overexpression of FOS 
in osteoid osteoma. Scale bar represents 50 µm. 
 
FOS can form a heterodimer with JUN family proteins, to form the AP-1 complex, and act as 
a transcription factor. The AP-1 complex is involved in cell growth control and cell 
transformation, and a plethora of other essential cellular processes (16-18). Sustained FOS 
expression is sufficient for the transformation of cells (19). Interestingly, transgenic mice 
overexpressing FOS in bone develop osteosarcoma, although FOS overexpression itself is 
rarely identified in human osteosarcoma  (13, 14, 20-22). The AP-1 complex and FOS also play 
a role in osteogenic differentiation. During osteogenic differentiation, the expression of FOS 
increases, which in turn further upregulates other genes involved in osteogenic 
differentiation (23, 24). For example, the promotors of key osteogenic genes such as alkaline 
phosphatase, collagen I and osteocalcin all have an AP-1 site (24). AP-1 has previously been 
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identified as a driver of tumorigenesis in vascular tumours epithelioid hemangioma and 
pseudomyogenic haemangioendothelioma, that contain similar FOS, or FOSB, 
rearrangements (4). It was found that HUVECs expressing truncated FOS displayed increased 
endothelial sprouting without changing proliferation. These results suggest AP-1 could be 
driving tumorigenesis both in the vascular as well as in the osteogenic lineage. 
 
This study aims to investigate how alterations in FOS affect osteogenic differentiation and 
proliferation in osteoid osteoma and osteoblastoma. We hypothesized that truncation of FOS 
deregulates osteogenic differentiation and/or maturation and possibly proliferation leading 
to the characteristic presence of immature woven bone in these tumours. Since mesenchymal 
stem cells are the most likely progenitor cells of osteogenic tumours (25), fetal mesenchymal 
stem cells (fMSCs) were transduced to overexpress truncated FOS, or full-length FOS as a 
comparison. We carried out functional analysis of these fMSCs to assess osteogenic 
differentiation and proliferation. fMSCs overexpressing full-length FOS almost completely lost 
osteogenic differentiation capacity, whereas osteogenic differentiation was mildly impaired 
in fMSCs expressing truncated FOS. Furthermore, the proliferation of fMSCs expressing 
truncated FOS was decreased, whereas fMSCs expressing full-length FOS showed increased 
proliferation. These differences in osteogenic differentiation and proliferation appeared to be 
caused specifically by the LLAL region in the C-terminal domain of FOS, as fMSCs expressing 
FOS protein without the C-terminal proteasomal degradation signal showed similar 
impairment of proliferation and differentiation as fMSCs expressing FOS with larger truncated 
regions. Thus, these results demonstrate that the C-terminal domain of FOS protein plays an 
important role in the balance between osteogenic differentiation and proliferation and that 
its loss may explain the presence of woven bone and the indolent growth of osteoid osteoma 
and osteoblastoma.  
 
Materials and Methods 
 
Cell culture 
Fetal mesenchymal stem cells (fMSCs) were derived from the femurs of a 22-week-old 
deceased fetus (abortion with unknown medical cause). fMSCs were collected based on 
individual written (parental) informed consent after approval by the Medical Ethics 
Committee of the Leiden University Medical Center (reference number: P08-087). The 
experiments involving human materials were performed in accordance with the principles 
outlined in the Declaration of Helsinki (World Medical Association). fMSCs (passage number 
between 5 and 13) were cultured in αMEM (Gibco) supplemented with 10% FBS, 1% non-
essential amino acids (Gibco) and 1% pen/strep (Gibco) in a humidified incubator, with 5% 
CO2 and at 37 °C. Cells were tested for mycoplasma. 
 
 
 



 

44 
 

Lentiviral transduction 
FOS constructs have been generated as described previously (4). Briefly, four human FOS 
cDNAs were used, either containing full-length FOS (FOS FL), a FOS isoform lacking the C-
terminal 95 amino acids but including the bZIP domain (FOSΔ, Figure 1A), a FOS isoform with 
a mutation (FOSL376N) or a deletion (FOSΔ376-377) within the C terminal four amino acids 
(LLAL) containing helical region. These cDNAs were C-terminally fused in-frame with a FLAG 
tag and cloned into the pLV lentiviral vector, under control of a CMV promotor. For 
transfection, lentivirus together with polybrene (8 µg/ml) was added to fMSCs. The next day, 
a medium containing lentivirus was removed and transduced cells were selected with 
puromycin (5 ng/ml). 
 
Osteogenic differentiation 
Cells were seeded at 5000 cells/cm2 for osteogenic differentiation. One day after seeding, 
cells were treated with osteogenic compounds: β-glycerophosphate (5 mM, Sigma-Aldrich), 
dexamethasone (0.1 µM, Sigma-Aldrich), and ascorbate-2-phosphate (0.15 mM, Sigma-
Aldrich). Medium with osteogenic compounds was refreshed twice a week. As a negative 
control, cells were cultured without any osteogenic compounds. Osteogenic differentiation 
was performed at least three times in independent experiments, by three independent 
researchers.  
 
Alkaline phosphatase activity assay 
After ten days of osteogenic differentiation, cells were lysed with PBS/Triton 0.1% and 
incubated with pNPP (P7998, Sigma-Aldrich) for 4 minutes. The reaction was stopped with 
NaOH. Absorption at 405 nm was measured using a microplate reader (Infinite M Plex, Tecan 
Group Ltd., Zürich, Switzerland). Experiments were performed in triplicate at least three 
times.  
 
RT-PCR 
After one, two or three weeks of osteogenic differentiation, RNA was isolated using Trizol 
according to the manufacturer’s instructions. cDNA synthesis was performed using iScript 
cDNA Synthesis Kit (1708890, Bio-rad) according to the manufacturer’s instructions. For RT-
qPCR, iQ SYBR Green Supermix (1708880, Bio-rad) and a Thermal Cycler (Bio-rad) were used, 
with primers for osteogenic markers ALPL, COL1A1, SPARC, RUNX2, SPP1 and BGLAP. GAPDH 
was used as a reference gene. A list of primers used can be found in Table 1. Relative gene 
expression levels to reference genes were determined with the following formula: 2Ct value 

reference gene – Ct value gene of interest. Experiments were performed at least two times in duplicate. 
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Table 1. List of primers  
Gene Forward primer Reverse primer 
ALPL TCACTCTCCGAGATGGTGGT GCCTGCTTGGCTTTTCCTTC 
COL1A1 AAGACGAAGACATCCCACCAAT GTCACAGATCACGTCATCGCA 
SPARC CTGGACTACATCGGGCCTTG CAGGACGTTCTTGAGCCAGT 
RUNX2 CCCTGAACTCTGCACCAAGT GGCTCAGGTAGGAGGGGTAA 
SPP1 TTCGCAGACCTGACATCCAG ACGGCTGTCCCAATCAGAAG 
BGLAP CCTCACACTCCTCGCCCTAT GCTTGGACACAAAGGCTGCAC 

GAPDH TTCCAGGAGCGAGATCCCT CACCCATGACGAACATGGG 
FOS GAGAAAAGGAGAATCCGAAGG GTCAGAGGAAGGCTCATTGC 

 
Alizarin Red staining  
After three weeks of osteogenic differentiation, mineralization was determined by Alizarin 
Red staining. Cells were fixed for 1 hour in cold ethanol and incubated with Alizarin Red S 
staining solution (2 g Alizarin Red S (02100375, MP Biomedicals, Thermo Fisher Scientific, 
Waltham, MA, USA) in 60 mL water, pH 4.2) for 5 minutes. For quantification, Alizarin Red 
staining was rinsed with water and 10% acetic acid was added to each well for 30 minutes. 
Acetic acid solution containing cells was transferred to a microcentrifuge tube and vortexed. 
Samples were heated at 85 °C for 10 minutes and centrifuged at 12000 rpm for 15 minutes. 
The supernatant of each sample was transferred to a  96-well plate and 10% ammonium 
hydroxide was added to each well to neutralize the acid. Absorbance at 405 nm was measured 
using a microplate reader (Infinite M Plex, Tecan Group Ltd.). Experiments were performed in 
triplicate at least three times. 
 
Proliferation assays 
To determine proliferation, cells were seeded at 1500 cells per well of a 96-well plate. One, 
two, three, four or five days after seeding, cells were washed with PBS and incubated with 
Presto Blue cell viability reagent (Invitrogen, Thermo Fisher Scientific) for 60 minutes and 
measured using a microplate reader (Infinite M Plex, Tecan Group Ltd.). After read-out, cells 
were fixed with 4% formaldehyde and stained with 2 µg/mL Hoechst (Invitrogen, Thermo 
Fisher Scientific). Nuclei were counted using the Cellomics ArrayScan VTI HCS 700 and HCS 
Studio Cell Analysis Software (Thermo Fisher Scientific). Experiments were performed at least 
three times in triplicate. 
 
Statistical analysis 
All statistical analyses were performed using GraphPad Prism V.9. For multiple comparisons 
between groups, a Kruskal–Wallis test was used. Groups were compared to pLV. Comparisons 
were considered statistically significant using a significance level of 5%. 
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Results 
 
Mesenchymal stem cells expressing truncated FOS have reduced osteogenic differentiation 
capacity 
Fetal mesenchymal stem cells (fMSCs) transduced with constructs containing full-length FOS 
or truncated FOS (FOSΔ), both showed overexpression of FOS at mRNA level (Figure 2A). 
These cells were used to determine the effect of FOS truncation on osteogenic differentiation. 
After culture in osteogenic medium, Alizarin Red staining revealed that fMSCs expressing 
truncated FOS showed a reduction of mineralization (P = 0.02), whereas fMSCs expressing 
full-length FOS lost osteogenic differentiation capacity, almost completely lacking 
mineralization (P ≤ 0.0001) (Figure 2B). The expression levels of osteogenic markers during 
three weeks of osteogenic differentiation were variable. Osteogenic markers BGLAP, OPN and 
RUNX2 showed hardly any expression in fMSCs and therefore no difference between the 
different constructs could be determined (Figure S1). Gene expression of SPARC and COL1A1 
was induced upon osteogenic differentiation but with no marked difference between wild-
type fMSCs and fMSCs overexpressing FOS (full length or truncated) (Figure S1). ALPL RNA 
expression and ALP activity showed a trend towards reduction in fMSCs overexpressing 
truncated FOS compared to wild-type fMSCs (pLV), although this was not statistically 
significant (P = 0.2 for ALPL expression and P = 0.1 for ALP activity) (Figure 2C, 2D). fMSCs 
overexpressing full length FOS further reduced ALPL expression (although not significant, P = 
0.2) and ALP activity (P ≤ 0.0001) compared to wild-type fMSCs (pLV) (Figure 2C, 2D).  
 
Mesenchymal stem cells expressing truncated FOS show decreased proliferation  
Since sustained expression of FOS is known to induce transformation of cells (19, 26), the 
proliferation rate of fMSCs expressing full length or truncated FOS was determined. Cell 
viability, as well as nuclei count, was assessed over a period of five days (Figure 3A, 3B). fMSCs 
expressing truncated FOS (FOSΔ) showed lower proliferation rates compared to wild-type 
fMSCs (P ≤ 0.05), whereas fMSCs expressing full-length FOS showed an increase in 
proliferation rate (P ≤ 0.05). 
 
Mutations or deletions in the C-terminal region of  FOS protein impair osteogenic 
differentiation capacity similar to truncated FOS 
Proliferation rate and osteogenic differentiation capacity were determined for additional FOS 
constructs to explore whether disruption of the C-terminal region of FOS protein can explain 
the changes in proliferation and osteogenic differentiation in fMSCs expressing truncated 
FOS. fMSCs expressing FOSL376N or FOSΔ376-377, which are both alterations located within 
the LLAL region of the C-terminus of FOS, showed similarly diminished proliferation rate 
(Figure 4A) and osteogenic differentiation capacity as fMSCs expressing truncated FOS 
(FOSΔ), as measured by mineralization content (Figure 4B) and alkaline phosphatase activity 
(Figure 4C). These results indicate that disruption of the helical region within the C-terminus 
of FOS impairs osteogenic differentiation capacity. 
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Figure 2. Osteogenic differentiation is reduced upon overexpression of truncated FOS. (A) FOS mRNA was 
overexpressed in fMSCs transduced with full-length FOS (FOS) or truncated FOS (FOSΔ). Each bar represents the 
mean of two experiments performed in duplicate ± standard deviation. (B) fMSCs expressing truncated FOS 
(FOSΔ) show reduced mineralization, while mineralization is almost completely absent in fMSCs expressing full-
length FOS (FOS). For each condition, one representative image is shown. Mineralization was quantified relative 
to empty vector transduced fMSCs (pLV) and each bar represents the mean of three experiments performed in 
triplicate ± standard deviation. Groups were compared to pLV, using the Kruskal – Wallis test. * = P ≤ 0.05; **** 
= P ≤ 0.0001. (C) Expression of osteogenic marker ALPL is induced during osteogenic differentiation. 
Representative data from one experiment is shown. Statistical analysis was performed based on the mean of 
three experiments performed by two independent researchers in duplicate that all showed a similar trend as to 
the data shown. (D) Alkaline phosphatase activity was determined in fMSCs, relative to empty vector transduced 
fMSC (pLV). Each bar represents the mean of four experiments performed in triplicate ± standard deviation. 
Groups were compared to pLV, using the Kruskal – Wallis test. * = P ≤ 0.05 ; **** = P ≤ 0.0001; n.s. = not 
statistically significant, p > 0.05 



 

48 
 

 
Figure 3. The proliferation rate of fMSCs with the various constructs. Both cell viability (A) and nuclei count (B) 
was reduced in fMSCs expressing truncated FOS (FOSΔ) compared to untransduced (fMSC) and empty vector 
transduced (pLV) fMSCs, whereas this was increased in cells expressing full-length FOS Each data point 
represents the mean of three experiments performed in triplicate ± standard deviation. Groups were compared 
to pLV. * = P ≤ 0.05   
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Figure 4. Osteogenic differentiation capacity and proliferation of fMSCs expressing FOS harbouring alterations 
in LLAL region. (A) Cell viability and nuclei count showed a similar proliferation rate in fMSCs expressing 
truncated FOS (FOSΔ), FOS with a deletion (FOSΔ376-377) or mutation (FOSL376N) in the LLAL region of the C-
terminal domain. (B) Mineralization, as measured by Alizarin Red staining of FOSL376N or FOSΔ376-377, is 
similar to truncated FOS (FOSΔ). One representative image per condition is shown. Mineralization was quantified 
relative to empty vector transduced fMSCs (pLV) and each bar represents the mean of three experiments 
performed in triplicate ± standard deviation. (C) Alkaline phosphatase activity was determined in fMSCs, relative 
to empty vector transduced fMSCs (pLV), which was comparable among fMSCs expressing truncated FOS (FOSΔ), 
FOS with a deletion (FOSΔ376-377) or mutation (FOSL376N) in the LLAL region of the C-terminal domain. Each 
bar represents the mean of three experiments performed in triplicate ± standard deviation. Groups were 
compared to pLV using the Kruskal – Wallis test. ** = P ≤ 0.01; * = P ≤ 0.05; n.s. = not statistically significant, p > 
0.05 



 

50 
 

Discussion 
 
Osteoid osteoma, osteoblastoma and cementoblastoma show frequent rearrangements of 
the FOS- gene with various fusion partners that lead to truncation of the FOS protein. The 
truncation was previously identified in epithelioid hemangioma and was shown to cause 
resistance to protein degradation resulting in overexpression of the truncated FOS protein 
(4).  
 
In this study, we investigated how truncated FOS affects osteogenic differentiation, since 
osteoid osteoma, osteoblastoma and cementoblastoma are characterized by the presence of  
immature woven bone. To investigate this, fMSCs transduced with lentiviral vectors driving 
expression of truncated FOS were compared to wild-type fMSCs and fMSCs overexpressing 
full-length FOS. In fMSCs expressing truncated FOS, mineralization was reduced, and alkaline 
phosphatase expression and activity showed a trend towards reduction, compared to wild-
type fMSCs. Not only fMSCs expressing truncated FOS, but also fMSCs expressing FOS with a 
disrupted helical region of the C-terminus (FOSL376N and FOSΔ376-377) show similar results. 
As the helical region of FOS contains a signal for proteasomal degradation, these results 
suggest that the disruption of the helical region impairs osteogenic differentiation.  
 
It was previously shown that cells expressing FOS constructs with a disrupted helical region 
of the C-terminus (FOSL376N and FOSΔ376-377) have impaired proteasomal degradation (4). 
Combined with our results, this suggests that sustained expression of FOS, either by 
truncation of FOS or disruption of the helical region in the C-terminus of FOS, causes the 
impairment of osteogenic differentiation and proliferation. 
Interestingly, fMSCs that overexpress full-length FOS completely lost osteogenic 
differentiation capacity, which is in line with previous results that showed that human 
mesenchymal stem cells expressing FOS lost both osteogenic and adipogenic differentiation 
(27). The difference in osteogenic differentiation and proliferation as a result of 
overexpression of full-length FOS or truncated FOS in fMSCs is interesting. It is known that 
sustained expression of full-length FOS leads to the transformation of cells (19, 26). In line 
with this, we observed that fMSCs expressing full-length FOS increased proliferation 
compared to fMSCs expressing truncated FOS and wildtype cells, which is in line with a 
previous study using MSCs (27). As differentiation and proliferation are carefully balanced 
cellular processes (28), it is not surprising that the same fast-growing cells lose osteogenic 
differentiation capacity. The difference in proliferation and differentiation observed in fMSCs 
expressing truncated or full-length FOS is in line with the phenotypical difference between 
osteosarcoma, a malignant bone tumour, and the non-malignant bone-forming tumours 
osteoid osteoma and osteoblastoma (1). Osteoid osteoma and osteoblastoma have a limited 
growth capacity with reduced proliferation as compared to osteosarcoma and can show non-
mineralized and mineralized woven bone (1). In fMSCs expressing truncated FOS, we 
observed slower proliferation rates compared to full-length FOS, and reduced osteogenic 
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differentiation capacity. Thus, fMSCs overexpressing truncated FOS can explain the more 
indolent growth with the presence of organized, immature woven bone observed in osteoid 
osteoma and osteoblastoma. These data suggest that the definitive phenotype is a careful 
balance between differentiation and proliferation.  
A small subset of osteoid osteoma and osteoblastoma lack alterations in FOS (29). Instead, 
there is a subgroup that shows FOSB rearrangements, or loss of NF2 (3, 29). Truncation of 
FOSB would likely lead to similar changes in osteogenic differentiation since both FOS and 
FOSB can form parts of the A.P1 complex. However, further research is needed to elucidate 
how FOSB and NF2 contribute to the formation of osteoid osteoma and osteoblastoma. 
 
Another open question remains how (truncation of) FOS is able to confer these cellular 
changes in osteoid osteoma and osteoblastoma. FOS protein levels and protein stability are 
tightly regulated, and one of these regulatory processes involve phosphorylation of FOS. 
Phosphorylation of FOS leads to increased stability, and several phosphorylation sites at the 
C-terminus of FOS are binding sites for kinases of the RSK or the MAPK protein family such as 
ERK, JNK and p38 (30, 31). A previous study has shown that phosphorylation of FOS by RSK or 
MAPK usually start at Ser362 and Ser374 in the C-terminus which facilitates further 
phosphorylation of FOS (32). In this study we have used fetal MSCs overexpressing truncated 
FOS lacking the phosphorylation sites near the C-terminus. It is possible that changes in the 
phosphorylation status can confer changes in RSK or MAPK signalling, which alters cellular 
processes and ultimately leads to osteoid osteoma and osteoblastoma. Unfortunately, it was 
not possible to further explore this in the current study due to the lack of reliable antibodies 
detecting phosphorylated FOS. 
 
In conclusion, we have demonstrated that overexpression of truncated FOS reduces 
osteogenic differentiation and proliferation in fMSCs. This may explain the indolent growth 
of osteoid osteoma and osteoblastoma and the presence of immature woven bone in these 
tumours.  
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Supplementary Figures 
 

 

Figure S1. Gene expression of osteogenic markers BGLAP, OPN and RUNX2 showed nearly undetectable levels 
in fMSCs. Gene expression of COL1A1 and SPARC was highly variable. 
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Abstract  

Sarcomas are rare mesenchymal tumors with a broad histological spectrum, but they can be 
divided into two groups based on molecular pathology: sarcomas with simple or complex 
genomics. Tumors with complex genomics can have aneuploidy and copy number gains and 
losses, which hampers the detection of early, initiating events in tumorigenesis. Often, no 
benign precursors are known, which is why good models are essential. The mesenchymal 
stem cell (MSC) is the presumed cell of origin of sarcoma. In this study, MSCs of murine and 
canine origin are used as a model to identify driver events for sarcomas with complex genomic 
alterations as they transform spontaneously after long-term culture. All transformed murine 
but not canine MSCs formed sarcomas after subcutaneous injection in mice. Using whole 
genome sequencing, spontaneously transformed murine and canine MSCs displayed a 
complex karyotype with aneuploidy, point mutations, structural variants, inter-chromosomal 
translocations, and copy number gains and losses. Cross-species analysis revealed that point 
mutations in Tp53/Trp53 are common in transformed murine and canine MSCs. Murine MSCs 
with a cre-recombinase induced deletion of exon 2-10 of Trp53 transformed earlier compared 
to wild-type murine MSCs, confirming the contribution of loss of p53 to spontaneous 
transformation. Our comparative approach using transformed murine and canine MSCs 
points to a crucial role for p53 loss in the formation of sarcomas with complex genomics. 
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Introduction 
 
Sarcomas represent a large group of mesenchymal tumors with a diverse histological 
spectrum. Based on histology, ~70 subtypes are recognized (1). However, based on their 
molecular alterations, sarcomas can be roughly divided into two groups, where tumors either 
have simple or complex genomics (2). Sarcomas with simple genomics are mutation or 
translocation driven, whereas sarcomas with complex genomics often have multiple 
alterations such as mutations, translocations, and copy number alterations.  
For many sarcoma subtypes, in particular sarcomas with simple genomics, the molecular 
pathology has been unraveled in more detail over the last years, which has led to the 
identification of diagnostic as well as prognostic and predictive biomarkers (2). In contrast, in 
tumors with complex genomics, such as osteosarcoma or undifferentiated (pleomorphic) 
sarcoma, the identification of relevant markers is more difficult. They often have few 
recurrent alterations, and as a consequence no specific molecular diagnostic markers or 
targets for therapy are currently available (2-4). 
Osteosarcoma is a high-grade bone-forming neoplasm that often shows chromoanagenesis 
(chromothripsis and chromoplexy), in which a single catastrophic event results in 
fragmentation of chromosomes that are randomly rearranged (1, 5-7). Therefore, recurrent 
alterations in sporadic osteosarcoma are not frequently identified. However, in recent years 
many next-generation sequencing (NGS) studies have been published showing that 
alterations in genes such as TP53 and RB1 are most common, followed by alterations in MYC, 
CCNE1, DLG2, COPS3, PTEN, ATRX, and MDM2 (3, 5, 8-15).  
Undifferentiated (pleomorphic) sarcoma is a heterogenous high-grade sarcoma that can 
occur in soft tissue as well as bone, lacking any line of differentiation (1). It is a diagnosis of 
exclusion (1). In undifferentiated (pleomorphic) sarcoma in soft tissue, recent NGS studies 
identified recurrently altered genes such as ATRX, RB1, ATM, KDR and PIK3CA, but most often 
TP53 (16-19). 
 
We and others have shown previously that murine MSCs transform spontaneously after long-
term culturing, and form sarcoma when injected in mice (20-23). These transformed murine 
MSCs showed many similarities with sarcomas with complex genomics, such as extensive 
aneuploidy. Unlike murine MSCs, human bone marrow derived MSCs do not transform 
spontaneously in vitro after long-term culture (24). 
In the current study, an alternative approach was used to investigate the initiation of 
sarcomas with complex genomics by employing not only murine but also canine MSCs. 
Canines too develop osteosarcoma, with a similar clinical and biological presentation as 
human osteosarcoma (25, 26) and we show here for the first time that canine MSCs can 
undergo spontaneous transformation. 
Using this cross-species approach, the aim was to identify driver genes among the plethora 
of genetic alterations in sarcoma with complex genomics. Whole genome sequencing was 
applied to identify single nucleotide variants, structural variants, and copy number 
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alterations. Cross-species analysis revealed that TP53/Trp53 point mutations are common in 
late passage canine and murine MSCs, indicating a crucial role for loss of p53 in the initiation 
of sarcomas with complex genomics. 
 

Materials and Methods 
 
Mesenchymal Stem Cell Isolation and Cell Culture 
Murine bone-marrow-derived mesenchymal stem cells (MSCs) were isolated by collecting 
the femurs and tibia from surplus C57BL/6J (n = 6), NMRI (n = 3), FVB mice (n = 1) (kindly 
gifted by Dr. Paul Krimpenfort), or Kcre/P53f (FVB) (n = 4) (27) mice between 24–27 weeks 
old (B6_4, B6_7, B6_10, NMRI_2, NMRI_3, NMRI_9, FVB WT, P53_1, P53_2). Bones were 
flushed with MSC-medium (αMEM (BE12-169F, Lonza, Switzerland) supplemented with 15% 
Performance plus Fetal Bovine Serum (16000044, Gibco, Invitrogen Life-Technologies, 
Scotland, UK), 1% Penicllin-Streptromycin (15140122, Gibco), and 1% Glutamax (35050061, 
Gibco) and bone marrow cells were resuspended in 75 µL of DNAse (1.33 mg/mL, 
11284932001, Sigma-Aldrich, Saint Louis, MO, USA). Cells were washed in 10 mL erythrocyte 
lysis buffer (NH4Cl (8.4 g/L), KHCO3 (1 g/L); pH = 7.4, in-house hospital pharmacy). All bone 
marrow cells per mouse were seeded in one T75 flask, and the medium was refreshed twice 
per week to wash away non-adherent cells. After 10 days, cells were trypsinized to collect all 
adherent cells.  
Early passage (P0 or P1) bone-marrow derived MSCs from dogs (canine MSCs) were isolated 
as described previously (28). These cells were isolated from the proximal humerus of a 
Rottweiler (n = 1) (OSBMSC1), diagnosed with metastatic conventional osteosarcoma in the 
distal radius and treated by amputation and chemotherapy, or Labrador Retrievers (n = 5) 
(MSC_492, MSC_490, MSC_447, MSC_446, MSC_405), that were euthanized for unrelated 
experiments between the age of 2–4 months (29), which was approved by the Ethics 
Committee of the Utrecht University (DEC 2009.III.06.050). Canine MSCs from Labrador 
Retrievers were selected based on having positive tri-lineage differentiation capacity, as 
published elsewhere (manuscript under submission). Canine MSCs were also cultured in MSC-
medium. 
All MSCs were cultured at 37 °C with 5% CO2 in a humidified incubator, and were tested 
regularly for mycoplasm. Once cells reached near-confluence (80–90%), cells were passaged 
with a ratio of 1:3. Every passage, cells were counted with a Bürker-Türk counting chamber 
to determine cumulative population doublings and any residual cells were frozen. 
 
Transformation Analysis of Mesenchymal Stem Cells 
To verify transformation of late passage MSCs karyotyping, soft agar anchorage independent 
growth assay, Multicolour Combined binary ratio labelling (COBRA) FISH and DNA content 
analysis were performed. 
For karyotyping, late passage canine or murine MSCs were seeded at 6000 cells/cm2 in 6-well 
plates. After cells reached 70–80% confluence, cells were washed twice with serum-free MSC-
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medium and incubated for 25 min at 37 °C with 1 mL Calyculin A (80 nM, C-3987, LC 
Laboratories, Woburn, MA, USA). All cells were incubated with 7.5 mL KCl (0.075 M, P9541, 
Sigma-Aldrich) for 12 min at 37 °C. Cells were then centrifuged 3× for 8 min at 120 rcf. After 
each centrifugation, the pellet was fixed by adding 8 mL of methanol: acetic acid in a ratio of 
4:1. Finally, 12 µL of cell suspension was added on a glass slide inside a humidified chamber 
(55% humidity at 25 °C). Slides were air-dried and stained with DAPI for microscopic counting 
of metaphase chromosomes.  
For COBRA FISH, metaphase chromosomes harvested from bone-marrow-derived MSCs 
(passage 9, during crisis, and passage 10, after transformation) from one C57BL/6J mouse 
were hybridized using a mouse whole chromosome painting probe set as described in detail 
previously (30). Images were collected and analyzed using ColorProc software tool, as 
described previously (30). 
For soft agar anchorage independent growth assay, non-tissue culture treated 6-well plates 
(351146, Corning, New York, NY, USA) were coated with a bottom layer of 0.7% agarose 
(dissolved in medium) (16520050, Invitrogen). Late passage canine or murine MSCs were 
seeded at 20,000 cells per well in 0.35% agarose (dissolved in medium) on top of the bottom 
layer. Plates were incubated at 37 °C for 3–4 weeks and imaged with GelCount (Oxford 
Optronix, Milton, United Kingdom). 
For DNA content analysis, late passage (P34) and early passage (P1) canine MSCs of the 
transformed canine MSC culture (OSBMSC1) were analyzed using a standard LSRII (BD 
Biosciences, San Jose, CA, USA) flow cytometer according to the Vindelov method, without 
the use of chicken or trout reference nuclei, using the blue 488 nm laser for excitation and a 
610/20 nm bandpass filter for collecting propidium iodide (PI) fluorescence. At least 10,000 
single cell events were collected using the DNA PI area versus width signals (31). 
 
Whole Genome Sequencing and Data Analysis of Early Passage and Transformed Late 
Passage MSCs 
For whole genome sequencing (WGS), early (OSBMSC1, passage 5 and 6) and transformed 
late (OSBMSC1, passage 34 and 42) passage canine MSCs, and normal tissue from the 
Rottweiler were collected for DNA isolation. For murine MSCs, early (B6_4 passage 2, B6_7 
passage 2, B6_10 passage 3) and late (B6_4 passage 10, B6_7 passage 15, B6_10 passage 13) 
passage MSCs from three different C57BL/6J mice were collected for DNA isolation. For DNA 
isolation, the Wizard Genomic DNA purification kit (A1125, Promega, Madison, WI, USA) was 
used according to the manufacturer’s instructions. DNA samples were checked for 
degradation by gel electrophoresis. Whole genome sequencing was performed by BGI Europe 
using the BGISEQ-500 platform, with 150 bp paired-end reads and 30× coverage.  
Adapters were trimmed from the raw sequencing reads, using cutadapt v1.10 (32) followed 
by quality trimming with sickle 1.33 (33) with default parameters. The cleaned reads were 
aligned to the mouse reference genome, GRCm38 (GCA_000001305.2), or to the dog 
reference genome, CanFam 3.1 (GCA_000002285.2), with bwa mem 0.7.15-r1140 (34) with 
default parameters. Duplicates were marked with Picard tools 2.9.0 and base quality score 
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recalibration and indel realignment were performed with GenomeAnalysisTK 3.7.0q following 
GATK Best Practices recommendations (35-37). 
Somatic SNVs and small Indels for the murine MSCs were identified by comparing the early 
passage samples for each individual with their respective late passage samples. For the canine 
MSCs, early passage samples and late passage samples were matched with the normal tissue 
sample. Three variant callers were applied: Mutect2 v4.0.11.0 (35), Strelka v2.9.10-0 (38) and 
Varscan v2.4.3 (39), all with default settings, removing those that did not pass the quality 
filters of the respective callers. The variants were annotated using ANNOVAR (version: 2018-
04-16) (40) and filtered for non-synonymous exonic variants with an allele frequency ≥ 0.2. 
Human orthologs for M. musculus or C.I. familiaris genes with variants retrieved from Ensembl 
Genes 97 using biomaRt v2.38.0 (41). The human orthologs for each identified variant were 
called using COBALT (42, 43). Pathogenicity of a variant was determined by ClinVar (44). For 
TP53 analysis, transcript variant 1 was used (NM_000546.5). 
Copy number variations were identified through Varscan v.2.4.3 copynumber with a minimal 
segment size of 1000 and maximum segment size of 10,000. Segments were adjusted for GC 
content by Varscan v.2.4.3 copycaller. Segments were assembled into larger regions of equal 
log2 ratio using circular binary segmentation with the DNAcopy 1.56.0 (45) package in R 3.5.2 
(46). For canine MSCs, copy ratios were determined by comparing late passage or early 
passage canine MSCs to normal tissue. For murine MSCs, late passage MSCs were compared 
to early passage MSCs. Genes spanning multiple segments were assigned the average log2 
ratio of the segments. For structural variant calling, we used three different structural variant 
discovery tools: Delly v0.8.1 (47), manta v2.9.10-0 (48) and lumpy-sv v0.3.0-2 (49). Structural 
variants called in the three callers were merged with SURVIVOR v1.0.6 (50), keeping those 
that were shared by at least two SV callers with a breakpoint window of 1000 bp. The SVs 
were annotated with SURVIVOR_ant 0.1.0. 
Sanger sequencing was used to evaluate the presence or absence of TP53/Trp53 mutations 
in DNA samples from all transformed murine MSCs, OSBMSC1 MSCs passage 34, passage 42, 
and tumor tissue from the same dog. Forward and reverse primers were designed to flank the 
identified mutation in TP53 or exons 4, 5, 6, 7 and 8 (Table S4 available online).  
 
Trilineage Differentiation 
Early and late canine or murine MSCs were seeded at 5000 cells/cm2 or 15,000 cells/cm2 for 
osteogenic or adipogenic differentiation, respectively. Cells were refreshed with medium 
twice per week for three weeks. Medium was supplemented with osteogenic differentiation 
compounds: β-glycerophosphate (5 mM, G6251, Sigma-Aldrich), dexamethasone (0.1 µM, 
D8893, Sigma-Aldrich), and ascorbate-2-phosphate (0.15 mM, A8960, Sigma-Aldrich), or with 
adipogenic differentiation compounds: dexamethasone (0.25 µM), ascorbate-2-phosphate 
(0.15 mM), indomethacin (50 µM, I7378, Sigma-Aldrich), and 1-methyl-3-isobtylxantine (0.5 
mM, I5879, Sigma-Aldrich). After three weeks, cells were harvested for RNA isolation or fixed 
with cold ethanol for 1 h. Alizarin Red S staining solution (2 g Alizarin Red S (02100375, MP 
Biomedicals, Thermo Fisher Scientific, MA, USA) in 60 mL water, pH 4.2) or Oil Red O staining 
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solution (0.3 g Oil Red (105230, Merck Millipore, Burlington, MA, USA) in 60 mL isopropanol) 
for osteogenic or adipogenic differentiation, respectively, was added for 5 min and washed 
with water until solution was clear for imaging.  
For chondrogenic differentiation, late passage canine or murine MSCs were seeded as pellets 
in a U-shaped 96-well plate (0.5 × 106 cells per well) and cultured in DMEM high glucose 
(31966, Gibco), supplemented with proline (40 µg/mL, P5607, Sigma-Aldrich), 1% Penicllin-
Streptromycin, ITS+ premix (5 µg/mL insulin, 5 µg/mL transferrin, 5 ng/mL selenious acid, 
354351, Corning), ascorbate-2-phosphate (0.15 mM), dexamethasone (0.1 µM), TGFb3 (10 
ng/mL, 243B3, R&D Systems, Minneapolis, MN, USA), refreshed twice per week. After 4 
weeks, cell pellets were fixed with 4% PFA for 30 min, paraffin embedded, and sections were 
stained with toluidine blue staining solution (0.5 g Azur B (A4043, Sigma Aldrich) in 50 mL MQ, 
0.5 g toluidine blue (115930, Merck Millipore) in 25 mL MQ, 0.5 g sodium tetraborate 
(1330434, Merck Millipore) in 25 mL). 
 
Reverse Transcriptase Quantitative PCR (RT-qPCR) 
RNA isolation was done using Trizol (15596026, Invitrogen) according to the manufacturer’s 
instructions, followed by cDNA synthesis using iScript cDNA Synthesis Kit (1708890, Bio-rad, 
Hercules, CA, USA) according to the manufacturer’s instructions. Species specific primers for 
osteogenic markers (RUNX2, SPARC, SPP1, BGLAP) and housekeeping genes (RPL8, B2MG) 
were used (Table S4 available online). RT-qPCR was performed using iQ SYBR Green Supermix 
(1708880, Bio-rad) and a Bio-rad Thermal Cycler according to the manufacturer’s instructions. 
Relative gene expression levels to housekeeping genes RPL8 and B2MG were determined with 
the following formula: 2 (Ct value housekeeping genes−Ct value gene of interest). 
 
Cre-Mediated KO of Trp53 Exon 2-10 in Murine MSCs 
Passage 1 MSCs from Kcre/P53f (FVB) mice were seeded with 500,000 cells per T25 flask. The 
next day, cells were washed twice with PBS and cre-recombinase (3 or 6 µM) (SCR508, Merck-
Milipore) was added and incubated for 1 h at 37 °C. Hereafter, cells were washed twice with 
PBS and replaced with normal MSC-medium. After 2 weeks, DNA was isolated using the 
Wizard Genomic DNA purification Kit (A1125, Promega) according to the manufacturer’s 
instructions. PCR was performed using primers flanking the loxP sites in Trp53 (Table S4). PCR 
product size was checked by DNA gel electrophoresis. In DNA samples where Trp53 exons 2-
10 are excised, the expected PCR product size is 612 bp, whereas Trp53 wild-type DNA 
samples should yield no PCR product. 
 
Western Blotting 
Whole cell lysates were made by scraping cells with Hot SDS buffer (1% SDS, 10 mM EDTA, 10 
mM Tris pH 7.4) containing protease inhibitor cocktail (11697498001, Roche, Basel, 
Switzerland) and phosphatase inhibitor cocktail (04906837001, Roche, Basel Switzerland) and 
incubating lysates for 5 min at 100 °C. Protein concentration of lysates was measured using a 
microplate reader (Infinite M Plex, Tecan, Switzerland). 
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Samples (10 µg protein per lane) were loaded on 10% acrylamide gels, and blotted using the 
Trans-blot Turbo Transfer System (Bio-rad). Blots were blocked in 5% non-fat dry milk in 0.1% 
Tween-20/PBS for 1 h at RT. Primary antibodies (GAPDH (5174, Cell Signaling, Leiden, The 
Netherlands), Histon H3 (4499, Cell Signaling), P53 (2524, Cell Signaling)) were incubated 
overnight at 4 °C. After washing blots with 0.1% Tween/PBS, blots were incubated with 
secondary antibodies, anti-mouse (7076, Cell Signaling) and anti-rabbit (7074, Cell Signaling), 
for 1 h at RT. Blots were developed with SuperSignal West Pico PLUS Chemiluminescent 
Substrate (34579, Thermo Fisher Scientific) using the ChemiDoc Touch Imaging System (Bio-
rad). Band intensity was calculated using ImageLab software. Protein expression was 
determined relative to GAPDH.  
 
In Vivo Tumour Formation 
Athymic mice, 6-weeks old, (BALB/c nu/nu) were purchased (n = 15) from Jackson (Janvier-
labs, France), and housed at the animal facility of the Leiden University Medical Center. 
BALB/c nu/nu mice (n = 3 per MSC-line) were injected subcutaneously with 50 µL of 0.5 × 106 
cells (transformed B6_4, B6_7, B6_10 or OSBMSC1 MSCs) resuspended in PBS/Cultrex BME 
(1:1 mix) (3433010R1, R&D Systems, Minneapolis MN, USA), under isoflurane anesthetics. 
Tumor size was measured bi-weekly by calliper. Tumor volume was determined with the 
following formula: ½ (length × width2)(51).  
Luciferase transduced transformed canine MSCs (OSBMSC1), were injected intratibially with 
5 × 105 cells in 10 µL PBS/Cultrex BME (1:1 mix) under isoflurane anesthetics. Every week, 
tumor growth was measured by non-invasive bioluminescent imaging (BLI) on the IVIS 
Spectrum Xenogen (Perkin Elmer, Waltham, MA, USA) and quantified In photons/sec/cm2/sr 
after intraperitoneal injection of D-luciferin (150 mg/kg, Synchem UG&CO, Felsberg, 
Germany). Before the end of the experiment, under injection of anesthetics, microCT (Skyscan 
1076 Micro CT scanner, Bruker, Billerica, MA, USA) was performed. Mice were sacrificed by 
CO2 before tumor size reached 1 cm3 or after 12 weeks. Tumors, lung, and liver tissues were 
excised and a half was processed for embedding in paraffin, the other half was fresh frozen. 
Sections were made of formalin-fixed paraffin-embedded tissue and stained with H&E. 
 
Statistical Analysis 
Survival plots were generated using GraphPad Prism 7 software by performing a Kaplan–
Meyer analysis. A t-test was used to analyze differences in gene expression in samples treated 
with normal medium or osteogenic medium. To compare densitometry readings of Western 
blot samples treated with or without cisplatin (3 or 10 µM), an ANOVA test followed by a 
Dunnett’s test was performed. Comparisons were considered statistically significant using a 
significance level of 5%.  
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Results 
 
All Murine MSCs Transform Spontaneously after Long-Term In Vitro Culture 
Bone-marrow derived MSCs were isolated from two strains (C57BL/6J and NMRI) and 
differentiation capacity towards the osteogenic and adipogenic lineage was evaluated. There 
were two out of three MSC cultures that showed both osteogenic and adipogenic 
differentiation capacity, while the third (B6_4) only showed osteogenic differentiation (Figure 
S1 available online). Due to the limited amount of early passage untransformed cells, not all 
differentiation assays could be performed for all cultures. Long-term cultured MSCs 
underwent spontaneous transformation after 57–74 days, which was accompanied by an 
increased growth rate (Figure 1A) and morphological changes: late passage murine MSCs 
have an increased nuclear to cytoplasm ratio compared to early passage murine MSCs (Figure 
1B). We could confirm the transformation by karyotyping of all late passage murine MSCs, as 
most late passage cells harbored typically between 74–216 chromosomes, whereas early 
passage cells mostly have the normal amount of 40 chromosomes (Figure 1B). Soft agar assay 
demonstrated anchorage independent growth in three out of six late passage murine MSC 
cultures (Figure S2 available online). 
 
Infrequent Spontaneous Transformation of Canine MSCs after Long-Term In Vitro Culture 
Not only murine MSCs, but also one MSC culture derived from the seven-year-old Rottweiler 
(OSBMSC1) escaped a crisis phase after long-term in vitro culture, followed by rapid cell 
growth (Figure 1C). However, the spontaneous transformation of canine MSCs seemed to be 
a rare event, as we did not observe transformation in the five other canine MSC cultures 
isolated from the Labrador Retrievers (Figure S3 available online). Similar to the murine MSC 
late passage cultures, late passage MSCs of OSBMSC1 showed an abnormal chromosome 
number between 91–100 chromosomes, whereas normal chromosome number should be 78 
(Figure 1B). Morphological changes in transformed canine MSCs were less evident compared 
to transformed murine MSCs (Figure 1B). Aneuploidy in the late passage canine MSCs from 
OSBMSC1 was also evident from DNA content analysis by DNA flow cytometry (Figure 1D).  
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Figure 1. Mesenchymal stem cells (MSCs) from dogs and mice transform spontaneously after long-
term culture. (A) MSCs isolated from NMRI or C57BL/6J mice undergo spontaneous transformation 
after long-term in vitro culture based on cumulative population doubling (Cum. PD). Example of 
transformation event in B6_10 is indicated by an arrow. (B) Representative images of murine and 
canine MSCs. Late passage murine MSCs show a higher nuclear to cytoplasm ratio, as evident from 
the nuclear enlargement, compared to early passage MSCs. Scalebar represents 100 µm. Karyotyping 
showed late passage MSCs have an increased number of chromosomes per cell after DAPI staining, as 
murine and canine cells normally have 40 or 78 chromosomes, respectively. (C) MSCs isolated from a 
7-year-old Rottweiler transform spontaneously after long-term ex vivo culture (OSBMSC1), indicated 
with an arrow, at each data point, cells were trypsinized and passaged. (D) DNA content analysis by 
flow cytometry shows that late passage canine MSCs OSBMSC1 have become aneuploid. 
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Clonal Expansion of Murine MSCs Prior to Transformation Event 

The transformation event likely occurred during a period where no expansion of cells was 
observed, (lag-phase of Figure 1A). MSCs derived from bone marrow of one C57BL/6J mouse 
were harvested and molecular karyotyped by COBRA-FISH at the crisis phase at passage 9. 
There were 19 cells suitable for analysis and showed a ploidy of 3n (Figure 2 A–C). Eighteen 
of the nineteen cells showed structural chromosomal rearrangements, deletions and/or 
translocations and the presence of centromeric fragments. Random structural changes 
involving deletion and translocations were observed in all chromosomes except for 17, 19, 
and X, with alterations in chromosomes 3, 7, 6, and 4 being the most frequent. One cell 
showed the karyotype: 3n, XXX, der(18)t(4;18)x2, del(3), der(7)t(3;7) (Figure 2C). This 
karyotype was also seen in the next passage (passage 10) after crisis, in which 15/22 cells 
showed clonal expansion of a dominantly 3n cell population carrying 
der(18)t(4;18),der(7)t(3;7) (Figure 2 D–F). From these 15 cells, 7 had additional alterations, 
indicating the formation of subclones. Within the non-clonal cells, one cell was identified with 
a complex chromosome break, chromosome rearrangement, and acentric fragment, 
indicating the presence of genomic instability (Figure 2F). 
 
Transformed Murine and Canine MSCs Display Variable Mesenchymal Differentiation 
Capacity  
The trilineage differentiation capacity of transformed late passage murine MSCs was highly 
variable: four out of six murine MSC cultures (B6_4, B6_10, NMRI_2, NMRI_3) could 
differentiate towards the osteogenic lineage, three out of six cultures (B6_7, B6_10, NMRI_3) 
could differentiate towards the adipogenic lineage, and two out of six cultures (B6_4 and 
B6_7) showed chondrogenic differentiation (Figure 3A). The transformed canine MSCs did 
not show any trilineage differentiation capacity under the conditions studied (Figure 3B), but 
by RT-qPCR analysis, most osteogenic markers (BGLAP, RUNX2, and SPP1) were significantly 
upregulated (Figure 3C).  
 
Transformed Murine MSCs Form Tumours with Variable Growth Rate and Histology In 
Vivo 
To confirm tumorigenicity of transformed MSCs, we injected three (B6_4, B6_7, B6_10) 
transformed murine MSCs and the transformed canine MSCs (OSBMSC1) subcutaneously in 
mice, in triplicate. Within 21–82 days, eight out of nine mice that were injected with 
transformed murine MSCs developed tumors (Figure 4A–C). No metastases were found in 
liver or lung tissue. All mice injected with MSCs from B6_7 and B6_10 had to be sacrificed due 
to tumor formation, but mice injected with MSCs from B6_4 were only sacrificed at the end 
of the study (81 days). However, numbers were too small to conduct meaningful statistical 
analysis. (Figure 4B). The growth rate, tumor size, and histological spectrum of tumors was 
variable between the lines. A total of two out of three mice injected with murine MSCs B6_4 
developed very slow growing and small tumors (0.005 cm3). 
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Figure 2. Murine MSC derived from bone marrow of a C57BL/6J mouse was harvested and molecular 
karyotyped at crisis phase at passage 9 (A–C) and the next passage (P10) after transformation (D–F) 
using COBRA-FISH. In all panels, both numerical and structural chromosomal alterations are visible. 
Arrows indicate involved chromosomes and rearranged chromosomes are listed per panel from top 
to bottom and from left to right: (A) Centromeric fragment, der(4)t(4;7), der(7)t(3;7), (B) 
der(16)t(13;16), del(3), centromeric fragment, del(13), der(3)t(3;12), (C) der(18)t(4;18), 
der(18)t(4;18), del(3), der(7)t(3;7), (D) centromeric fragment, der(7)t(3;7), der(18)t(4;18), 
der(18)t(4;18), (E) der(7)t(3;7), der(18)t(4;18), ace(17), der(18)t(4;18), dic(17;17), (F) centromeric 
fragment, acentric chromosome from chromosome 2-3-2 fusion, der(3)t(2;3), acentric chromosome 
from chromosome 2-3-2 fusion, fragment of chromosome 3, centromeric fragment, centromeric 
fragment, dic(5;11), centromeric fragment. COBRA-RGB-color images were superimposed with DAPI 
(grey) to visualize chromosome centromeric regions. Magnification 630x.  
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Figure 3. Trilineage differentiation of late passage murine and canine MSCs. Osteogenic, adipogenic and 
chondrogenic differentiation of (A) late passage murine MSCs (Please add scale bar or magnification.) and (B) 
late passage canine MSCs of OSBMSC1 was assessed by Alizarin Red (Magnification 100x), Oil Red O 
(Magnification 100x), and Toluidine Blue staining, respectively, and was highly variable among donors. For 
Toluidine Blue staining, arrows indicate metachromatic staining, indicative for cartilaginous matrix. Scale bar 
represents 40 µm. (C) Osteogenic gene expression markers (BGLAP, RUNX2, SPP1) were significantly upregulated 
in late passage OSBMSC1 treated with osteogenic stimuli for 3 weeks (OSTEO), compared to non-treated MSCs 
(CTRL). Bars represent the mean of one experiment performed in triplicate ± standard deviation. 
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Figure 4. Subcutaneous injection of transformed murine MSCs result in tumor formation with 
variable histology. (A) H&E staining of tumors formed after subcutaneous injection of 
transformed murine MSCs (B6_4, B6_7, B6_10). Tumor B6_4 displayed a moderately cellular and 
pleomorphic tumor with deposition of amorphous eosinophilic extracellular matrix, suggestive of 
osteoid (indicated with asterisks). In contrast, tumors B6_7 and B6_10 were more cellular, 
pleomorphic, with a high number of mitoses, and morphologically lack any differentiation. 
Atypical mitosis were present, indicated with an arrow in B6_10. Tumor volumes for B6_4, B6_7 
and B6_10 were 0.005 cm3 (n = 2), 0.4–1.1 cm3 (n = 3) and 0.3–0.6 cm3 (n = 3), respectively. 
Scalebar represents 50 µm. (B) Number of days after subcutaneous injection when mice were 
sacrificed due to an increase in tumor volume. (C) Tumor size measured by calliper of each mouse 
after subcutaneous injection of transformed murine MSCs (t = 0). 
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Both tumors were moderately cellular, pleomorphic, with deposition of an amorphous 
eosinophilic matrix strongly suggestive of osteoid, thereby resembling human osteosarcoma 
(Figure 4A). Interestingly, this MSC culture did not show any colonies with the soft agar assay 
(Figure S2 available online). On the contrary, all mice injected with murine MSCs B6_7 
developed the fastest growing and largest tumors (0.4–1.1 cm3) after 12–21 days and showed 
colonies with the soft agar assay. All mice injected with MSCs from B6_10 developed tumors 
after 27–74 days, and all tumors were similar in size (0.4–0.6 cm3) and histology as the tumors 
from B6_7. Histologically, all six tumors from B6_7 and B6_10 showed a highly cellular, 
pleomorphic and mitotically active proliferation of large undifferentiated cells, suggesting 
resemblance to human undifferentiated (pleomorphic) sarcoma. Mice that were injected with 
transformed canine MSCs, either subcutaneously or intratibially, did not develop any tumors. 
We did observe luciferase activity after intratibial injection, supporting initial engraftment, 
but this signal decreased over time. 
 
Transformed Murine and Canine MSCs Have Numerous Structural Variants and Copy 
Number Alterations 
To study the complex genomics in transformed murine and canine MSCs in more detail, copy 
number alterations and structural variants were determined for three murine MSC cultures 
(B6_4, B6_7 and B6_10), by comparing late passage MSCs with early passage MSCs, and the 
canine MSC culture (OSBMSC1), by comparing canine MSCs with normal tissue from the same 
dog, using WGS. For murine MSCs, all transformed late passage samples show numerous copy 
number alterations across the entire genome (Figure 5A). Although late passage MSCs from 
B6_7 harbored a large deletion in chromosome 4, including the Cdkn2a and Cdkn2b gene 
(Table S1 available online), no recurrent copy number alterations were found. Furthermore, 
no deviations in whole chromosomes were identified in early passage murine MSCs (Figure 
S4 available online). 
 
For canine MSCs, in the early passage MSCs there were two apparent copy number 
alterations: a duplication of chromosome 20, and a small regional duplication in chromosome 
4 (Figure 5B). After transformation, aneuploidy was apparent in the copy ratio plots. The copy 
ratios for P34 show that the abnormalities in chromosomes 4 and 20 were retained, but in 
addition a myriad of other chromosomes showed changes in copy ratio (Figure 5B).  
For murine MSCs, the number of structural variants was limited (Figure 5C). No recurrent 
structural variants were identified between the different mice. Furthermore, the number of 
variants varied between the different samples. This was apparent in the number of inter 
chromosomal translocations in the samples, with no translocations detected in B6_4, only 
one translocation in B6_7 between chromosome 9 and X, and translocations between 
chromosome 1 and 5 and chromosome 3 and 7 in B6_10 (Figure S5A available online). 
  
For canine MSCs, the overall number of structural variants increased dramatically after MSC 
transformation (Figure 5D). Whereas the structural variations in the early passages were 
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limited to two deletions and two inversions, in the late passage, samples a progression in the 
number of structural variants was observed. The increase in structural variations like 
translocations highlight the emergence of a complex karyotype upon MSC transformation 
(Figure S5B available online). However, structural variants found in transformed canine MSCs 
were not observed in the orthologous genomic regions in transformed murine MSCs.  
 
 

 
 

Figure 5. Late passage murine and canine MSCs show a complex molecular karyotype after whole-
genome sequencing. Segmented copy ratios are shown for (A) late passage murine MSCs and (B) 
early and late passage canine MSCs. Positive copy ratios indicate a gain of genomic materials, 
whereas negative ratios indicate losses. The total number of structural variants in (C) late passage 
murine MSCs and (D) early and late passage canine MSCs. 
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Cross-Species Analysis Reveal TP53/Trp53 Mutation as a Common Single-Nucleotide 
Variant in Transformed Murine and Canine MSCs 
To search for common driver alterations (SNVs) that may play a role in the initiation of 
sarcomas with a complex genome, whole genome sequences from three murine and one 
canine MSC line, before and after spontaneous transformation, were compared.  
The SNV with the highest allele frequency in late passage murine MSCs of mouse B6_4 and 
B6_10, and the only SNV overlapping between different mice (Figure 6A, Table S2 available 
online), was a non-synonymous point mutation in Trp53. This point mutation in murine MSCs 
was a T > A/L191H and a T > G/L191R variant in mouse B6_4 and B6_10, respectively (Figure 
6B). This mutation was confirmed by Sanger sequencing in B6_4 and B6_10 transformed MSCs 
(Figure S6 available online), which was not present in B6_7. No other mutations in Trp53 in 
the same exon or in the most commonly mutated (52) exons, 4, 5, 7, and 8 were identified in 
other transformed murine MSCs (NMRI_2, NMRI_3, NMRI_9) (Figure S6 available online). 
Using COBALT (42), the identified variants were shown to be orthologous to the human TP53 
variant L194H or L194R, both reported to be likely pathogenic according to ClinVar. As 
cisplatin treatment causes DNA damage and activates the p53 pathway, functionality of p53 
was assessed by treating murine MSCs with PBS or cisplatin (3 or 10 µM). MSCs from B6_4 
and B6_10 treated with cisplatin only slightly increased p53 expression (1.2–2.1 fold). This 
was in contrast with MSCs from B6_7, where cisplatin treatment increased the expression of 
p53 over 3-fold (Figure 6C), although this was not statistically significant.  
In late passage canine MSCs, we identified more SNVs and small indels compared to early 
passage MSCs (Figure 6A). In the transformed MSCs, the variant with the highest allele 
frequency was in TP53, with an allele frequency of almost 1, indicating loss of the WT allele 
(Figure 6B; Table S3 available online). This was an A668T/C230S variant. C230 is located in 
the TP53 DNA-binding domain and as the amino acid introduces a cysteine it is likely that the 
variant has a negative impact on the functioning of p53. Using COBALT, this variant is 
orthologous to the human TP53 variant C242S and reported to be likely pathogenic according 
to ClinVar (rs1057519982). As the canine MSCs have been isolated from a dog with 
osteosarcoma, the question remained whether the transformed cells could originate from a 
micrometastasis from the original tumor. The TP53 mutation we identified in the 
transformed/late passage MSCs was absent in the tumor and in the healthy tissue of the dog 
(Figure S7 available online) and has not been identified previously in NGS studies of 
osteosarcoma in canine patients (53, 54).  
Aside from TP53, the only gene with a variant that was present at an allele frequency over 
0.75 in both P34 and P42 OSBMSC1 is UNC80 C1145G/P382R. The protein encoded by UNC80 
is part of the sodium leak ion channel (NALCN) (55). Variants in NALCN and UNC80 have been 
linked to many diseases, including several types of cancer (55, 56). However, the P382R 
variant is not located in any Pfam or InterPro annotated domains, therefore its impact on 
protein function is more difficult to assess.  
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Figure 6. Point mutations in TP53/Trp53 are a common single nucleotide variant (SNV) in transformed murine 
and canine MSCs. Venn diagrams depicting the total number of SNVs and small indels in (A) late passage 
murine MSCs and early and late passage canine MSCs. (B) Single nucleotide variant in Trp53 or TP53 was the 
SNV with the highest allele frequency in late passage murine and canine MSCs. (C) Western blot showing p53 
protein expression in late passage murine MSCs, treated with PBS or cisplatin (3 and 10 µM). Murine MSCS 
with WT p53 (B6_7) increase p53 expression over 3-fold, whereas murine MSCS with mutant p53 (B6_4 and 
B6_10) increase p53 expression only 1.2–2.1 fold, indicating p53 function is partially impaired in these cells. 
GAPDH was used as a loading control. Quantification of relative p53 protein expression to GAPDH is depicted 
on the bottom panel. Statistical analysis was performed based on three independent experiments, but here 
only one representative blot is shown. No changes in protein expression were statistically significant. Whole 
blots with densitometry readings can be found in Figure S9. (D) Murine MSCs from Kcre/p53f mice were 
treated with cre-recombinase (3 or 6 µM) at day 11 (indicated by black arrow) inducing immediate 
transformation, whereas non-treated MSCS transform later. At each data point, cells were trypsinized and 
counted to calculate cumulative population doubling (Cum. PD). 
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Murine MSCs with a KO of P53 Transform Earlier Compared to WT Murine MSCs 
As both murine and canine transformed MSCs had acquired TP53/Trp53 alterations upon 
transformation, we further investigated the role of TP53/Trp53 in spontaneous malignant 
transformation. We created a KO of Trp53 in murine MSCs, in which exon 2-10 are flanked by 
Lox-sites, by in vitro treatment with cre-recombinase. We observed that MSCs treated with 3 
or 6 µM cre-recombinase, transformed immediately after treatment, whereas non-treated 
murine MSCs transformed after 60 days, comparable with MSCs from mice of other WT 
strains (Figures 6D and 1A). KO of Trp53 was confirmed by Western blotting and PCR (Figure 
S8A,B available online). Transformed Trp53 KO MSCs showed a complex karyotype with 
aneuploidy (Figure S8C available online). To exclude that cre-recombinase treatment itself 
has an effect on cell expansion, we treated MSCs from FVB WT mice with cre-recombinase, 
which did not have an effect on expansion rate (Figure S8D available online). These results 
confirm that p53 plays an important role in the spontaneous transformation of MSCs and the 
generation of a complex genome. 
 
Discussion 

 
The pathogenesis of sarcomas with complex genomics is notoriously difficult to study, 
especially if no benign precursor is known, e.g., for osteosarcoma. Here we use MSCs from 
mice and a dog that spontaneously transform in vitro, to pinpoint, among the huge amount 
of genetic alterations, those genes, including TP53/Trp53, that are involved in the initiation 
of sarcomas with complex genomics.  
There is an interesting difference between species, where human MSCs never transform in 
vitro (24), canine MSCs occasionally transform, and murine MSCs always show a spontaneous 
transformation. We and others have shown that all bone-marrow-derived murine MSCs, 
independent of strain or age, eventually transform (20-23). For the first time, we now also 
observed spontaneous transformation in canine MSCs. In contrast to murine MSCs, the 
phenomenon is rarer in canine MSCs, as only one out of six canine MSC cultures transformed 
spontaneously, even though cultures were kept for over 150 days. Of note, the canine MSCs 
that transformed were isolated from an old Rottweiler (7 years) with osteosarcoma, whereas 
the other donors were Labrador Retrievers, much younger (4–5 months) and without 
osteosarcoma, so transformation of MSCs in dogs might be age and breed dependent. 
Furthermore, we excluded that the transformed MSC cultures from the Rottweiler originated 
from a micrometastasis from the osteosarcoma, as the TP53 mutation that was found in the 
transformed canine MSCs, was absent in the primary tumor, although we cannot completely 
rule out that Sanger sequencing missed a subclonal presence of the mutation in the tumor. 
The difference in transformation between species might also be explained by inbreeding. The 
mice used in this study were inbred mouse strains, resulting in a more homozygous genome, 
such that it could possibly cause more frequent spontaneous transformation compared to 
dogs or humans. 
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After subcutaneous injection of transformed murine MSCs, mice formed tumors with variable 
growth rate and histology. The tumors with a slower growth rate showed osteogenic 
differentiation, and are histologically identical to human high- grade osteosarcoma. The faster 
growing tumors were highly cellular and pleomorphic, morphologically lacking any line of 
differentiation, suggesting resemblance to human undifferentiated (pleomorphic) sarcoma, 
although immunohistochemical markers commonly used to rule out specific lines of 
differentiation, for instance myogenic differentiation, could not be applied on the mouse 
tissue because these antibodies are of mouse origin, rendering stainings non-specific. As the 
histology of the tumors is diverse after subcutaneous injection, it is possible that additional 
(epi)genetic factors determine the definitive histological subtype or that it is determined by 
the micro environment, which would have to be studied in an orthotopic model. In contrast 
to murine MSCs, the transformed canine MSCs did not form tumors in athymic mice, both 
subcutaneously and intratibially. It might be that canine cells have difficulty engrafting in a 
mouse microenvironment, however, previously published studies reported the successful 
growth of (adipose-derived) MSCs and osteosarcoma cell lines from canine origin in immune 
deficient mice, both subcutaneously and intratibially (57, 58).  
Transformed murine and canine MSCs show translocations, copy number alterations, and an 
increased number of single nucleotide variants and structural variants in later passages, 
resembling the genomic alterations in sarcomas with complex genomics. By COBRA-FISH 
karyotyping, we identified that prior to the transformation event, cells showed both 
numerical and structural changes with non-clonal random rearrangements and a strikingly 
high number of centromeric fragments indicating major loss of chromosomal material. After 
the crisis phase, a clonal expansion of a successor clone was seen with further 
rearrangements, but with non-clonal variants. In the non-clonal related cells, however, a great 
genomic instability was depicted by observing chromosomal breaks, chromosomal 
rearrangement, and acentric fragments that would be leading to further genomic 
rearrangement or could be lethal for the next cell generation.  
The cross-species approach, described in the present study, enabled us not only to investigate 
single cells during the crisis phase, but also to compare earlier non-transformed passages of 
the same mouse or dog with cells after transformation, creating the opportunity to identify 
genes and pathways involved in the formation of sarcomas with complex genomics. We 
identified point mutations in TP53/Trp53, with loss of heterozygosity in the late passages. The 
important role of p53 in spontaneous transformation is further evident from the murine MSCs 
that transformed immediately after the induction of a deletion of exon 2-10 of Trp53. Taken 
together, our unique cross species model has identified an important role for TP53 in the 
formation of sarcomas with complex genomics. The importance of TP53 for the malignant 
transformation process has been found in other cancer types (59-61). Our results are also in 
line with the hypothesis (62) that TP53 mutations are early events and selected for in 
ectodermal and mesodermal-derived tumors, such as sarcomas, in contrast to tumors from 
endodermal origin, such as colon cancer, in which TP53 mutations are the last to occur.  
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In sarcomas with complex genomics, such as undifferentiated sarcoma and osteosarcoma, 
alterations in TP53 and/or the p53 pathway are frequently found: 22–66% in UPS and 47–90% 
in sporadic osteosarcoma [5,9,10,17,18,63]. Previous studies have shown a link between TP53 
alterations and chromoanagenesis, characteristic for complex genomics sarcomas such as 
osteosarcoma, but the precise mechanism is unknown (7, 63-65). TP53 alterations are not the 
only causative factor for chromoanagenesis, since there are also tumors with 
chromoanagenesis with intact TP53, and tumors with aberrant TP53 that do not show 
chromoanagenesis (66, 67). In this study, we have confirmed an important role for TP53 in 
the initiation of sarcomas with complex genomics, as two out of three murine MSCs carried 
alterations in TP53. This indicates, however, that also other alterations besides TP53 can be 
involved. In a previous study (20), we have shown that transformed murine MSCs isolated 
from C57BL6/J or BALBC mice had a homozygous deletion in the locus containing Cdkn2a and 
Cdkn2b. These transformed murine MSCs formed osteosarcoma when injected 
subcutaneously into mice. In this study, we also identified a large deletion in the same gene 
in late passage MSCs from mouse B6_7. In osteosarcoma, alterations in RB1 are identified in 
29–47% of tumors (5, 8-10). RB1 activity is regulated by p16 and p15, proteins encoded by 
CDKN2A and CDKN2B, respectively. Moreover, mice with a conditional deletion of either Tp53 
or both Tp53 and Rb1 developed osteosarcomas (68). In our COBRA-FISH karyotyping data, 
we also observed frequent rearrangements in chromosome 4, carrying the Cdkn2a and 
Cdkn2b genes. This all further supports the involvement of different pathways besides p53 
towards the transformation of sarcoma with complex genomics.  
 
Conclusion 
 
In summary, we have shown that transformed murine and canine MSCs provide a unique 
cross-species model for the identification of driver events in sarcomas with complex 
genomics. Spontaneously transformed murine MSCs show a plethora of genomic alterations, 
including copy number alterations, structural variants and point mutations, and form 
sarcomas in mice after subcutaneous injection. A cross-species analysis revealed that loss of 
p53 is a driver event in the formation of sarcomas with complex genomics.  
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Abstract 
 
Osteosarcoma is a high-grade bone-forming neoplasm, with a complex genome. Tumours 
frequently show chromothripsis, many deletions, translocations and copy number 
alterations. Alterations in the p53 or Rb pathway are the most common genetic alterations 
identified in osteosarcoma. Using spontaneously transformed murine mesenchymal stem 
cells (MSCs) which formed sarcoma after subcutaneous injection into mice, it was previously 
demonstrated that p53 is most often involved in the transformation towards sarcomas with 
complex genomics, including osteosarcoma. In the current study, not only loss of p53 but also 
loss of p16Ink4a is shown to be a driver of osteosarcomagenesis: murine MSCs with deficient 
p15Ink4b, p16Ink4a, or p19Arf transform earlier compared to wild-type murine MSCs. 
Furthermore, in a panel of nine spontaneously transformed murine MSCs, alterations in 
p15Ink4b, p16Ink4a, or p19Arf were observed in eight out of nine cases. Alterations in the Rb/p16 
pathway could indicate that osteosarcoma cells are vulnerable to CDK4/CDK6 inhibitor 
treatment. Indeed, using two-dimensional (n=7) and three-dimensional (n=3) cultures of 
human osteosarcoma cell lines, it was shown that osteosarcoma cells with defective p16INK4A 
are sensitive to the CDK4/CDK6 inhibitor palbociclib after 72-hour treatment. A tissue 
microarray analysis of 109 primary tumour biopsies revealed a subset of patients (20-23%) 
with intact Rb, but defective p16 or overexpression of CDK4 and/or CDK6. These patients 
might benefit from CDK4/CDK6 inhibition, therefore our results are promising and might be 
translated to the clinic.  
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Introduction 
 
Osteosarcoma is the most common malignant mesenchymal tumour of the bone in children 
and adolescents and characterized by osteoid formation. Compared to other cancer types 
driven by a specific mutation , osteosarcomas show highly complex genomes with a relatively 
high occurrence of chromoanagenesis, such as chromothripsis (1-3). Recurrent alterations are 
rare, but most often osteosarcomas harbour loss-of-function alterations in TP53 (47-90%) (1, 
4, 5). The second most common alteration inactivates RB1 (29-47%) (4, 5), a tumour 
suppressor gene controlling cell cycle progression (6). Other regulators of the cell cycle 
pathway are also often affected in osteosarcoma. CDK4 is amplified in 10% of high-grade 
osteosarcomas, and together with CDK6 directly controls Rb activity by phosphorylation of Rb 
(7-9). Upstream of the Rb pathway, p15INK4B and p16INK4A can inhibit CDK4 and CDK6 activity 
(6). p15INK4b is transcribed from the CDKN2B gene, whereas p16INK4A, and its alternate reading 
frame p14ARF (p19Arf in mouse), is transcribed from the CDKN2A gene (a schematic overview 
of the locus is depicted in Supplementary Figure S1 available online). p14ARF / p19Arf is 
involved in activating p53-dependent growth arrest (10). CDKN2B and CDKN2A are adjacent 
loci on the genome and are often co-deleted. Somatic alterations in both genes have been 
identified in 14-19% of osteosarcomas and also often in other tumour types (11, 12). In 
particular, deletions of CDKN2A are clinically relevant, as loss of p16INK4A is correlated with 
poor overall survival and poor response to chemotherapy (13-18). 
We previously demonstrated that murine and canine mesenchymal stem cells (MSCs) 
spontaneously transform in vitro and can be used to model driver or initiating events involved 
in the development of sarcomas with complex genomics, including osteosarcoma (19). We 
showed that spontaneously transformed murine MSCs harbour point mutations in Trp53 
and/or copy number alterations in Cdkn2a and Cdkn2b. Upon inactivation of Trp53, murine 
MSCs transformed earlier compared to wild-type, confirming the contribution of loss of p53 
to spontaneous transformation and development of sarcomas with a complex genome. 
 
In the current study, we investigate the role of the Cdkn2a/Cdkn2b genes in the spontaneous 
transformation of murine MSCs towards osteosarcoma. We show that murine MSCs with 
deficient p15Ink4b, p16Ink4a, or p19Arf transform earlier compared to wild-type MSCs. 
Furthermore, we demonstrate that the defective cell cycle regulation pathway caused by 
p16INK4A inactivation can be therapeutically exploited using the selective CDK4/CDK6 inhibitor 
palbociclib in both 2D and 3D in vitro culture models of osteosarcoma cell lines. Our study 
demonstrates that 20-23% of primary osteosarcoma biopsies showed intact Rb, but defective 
p16 INK4A or overexpression of CDK4 and/or CDK6, indicating potential benefit from 
CDK4/CDK6 inhibition in almost one quarter of osteosarcoma patients.  
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Materials and Methods 

Cell culture 
Murine bone-marrow derived mesenchymal stem cells (MSCs) were isolated as described 
previously (19), from surplus C57BL/6J (B6_4, B6_5, B6_7, B6_10), surplus NMRI (NMRI_2, 
NMRI_3, NMRI_9) mice, or C57BL/6J mice kindly gifted by Dr. Melissa van Pel (BM42, BM91). 
Growth curves, differentiation capacity, in vivo growth capacity and a detailed genomic 
analysis using whole genome sequencing have been described elsewhere for B6_4, B6_7, 
B6_10 (19). Additional murine MSCs were isolated from surplus FVB mice and mice with 
deficient p15Ink4b (Ink4b -/-), p16Ink4a (Ink4a -/-), p15Ink4b and p16Ink4a (Ink4ab -/-), or p19Arf (Arf 
-/-) mice. Mice with deficient p15Ink4b- (Ink4b -/-) and p16Ink4a (Ink4a -/-) were generated as 
described previously (20) (Supplementary Figure S1 available online). Genetic knockout was 
confirmed at the protein level by Western blotting and for Ink4ab -/- mice also at the DNA 
level by PCR using 5’GCAGTGTTGCAGTTTGAACCC 3’ as a forward primer and 
5’TGTGGCAACTGATTCAGTTGG 3’ as a reverse primer (20). All murine MSCs were cultured in 
alpha MEM (Gibco, Invitrogen Life Technologies, Scotland, UK) supplemented with 15% 
Performance plus fetal bovine serum (FBS) (Gibco), 1% Pen/Strep (Gibco), and 1% Glutamax 
(Gibco) at 37 °C with 5% CO2 in a humidified incubator and were tested regularly for 
mycoplasma. Each passage cells were trypsinized and counted with a Bürker-Türk counting 
chamber to calculate population doublings.  
Human osteosarcoma cell lines 143B, MG63, MHM, SAOS2, ZK58, HAL and KPD were cultured 
in RPMI 1640 (Gibco), supplemented with 10% FBS, in a humidified incubator at 37 °C and 5% 
CO2. Human cell lines were retrieved from the EuroBoNet consortium (21) and were regularly 
STR profiled using the GenePrint 10 system kit (Promega, Madison, WI, USA) and tested for 
mycoplasma. For the generation of multi-cellular tumour spheroids (MCTS) of osteosarcoma 
cell lines (protocol adapted from (22)), cells were suspended in medium combined with 
methylcellulose (0.24% (w/v) dissolved in DMEM), and seeded into a 1% agarose coated 96-
well plate for seven days before the start of an experiment.  
 
Drug treatment 
For 2D cultures, human osteosarcoma cell lines or murine MSCs were seeded (between 3000 
– 6000 cells per well) into 96-well plates and after 24 hours treated with PBS or Palbociclib 
(dissolved in PBS, PD-0332991, Selleckchemicals, Houston, TX, USA) in concentrations ranging 
from 0.01 µM to 100 µM. Cells were fixed three days after treatment with 4% formaldehyde 
and stained with 2 µg/ml Hoechst (Invitrogen Life Technologies, Thermo Fisher Scientific, MA, 
USA) and nuclei were counted with the Cellomics ArrayScan VTI HCS 700 and HCS Studio Cell 
Analysis Software (Thermo Fisher Scientific). For MCTS, cells were treated with PBS or 
palbociclib in concentrations ranging from 0.1 µM to 100 µM. Cells were incubated three days 
after treatment with PrestoBlue cell viability reagent (Invitrogen Life Technologies) for 90 
minutes and fluorescence was measured using a microplate reader (Infinite M Plex, Tecan 
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Group Ltd., Zürich, Switzerland). After read-out, MCTS were fixed in 4% formaldehyde 
containing Alcian Blue (1:400) and paraffin embedded. To determine cell viability relative to 
PBS control, dose response curves were made using Graphpad Prism 8 software, after 
correcting for background reads and normalized growth rates of each cell line, as described 
previously (23). 
 
Transformation analysis of mesenchymal stem cells 
Late passage (> passage 8) murine MSCs were subjected to metaphase analysis and the soft 
agar anchorage independent growth assay as described previously (19). In short, for 
metaphase harvest murine MSCs were seeded and treated with Calyculin A (80 nM, LC 
Laboratories, Woburn, MA, USA). Hereafter, cells were washed, incubated with KCl (0.075 M) 
and fixed with methanol/glacial acetic acid in a ratio of 4:1. The cell suspension was dropped 
onto a slide and stained with DAPI for microscopic counting of metaphase chromosomes. For 
the soft agar anchorage independent growth assay, a cell suspension of 50,000 cells were 
seeded into a top layer of 0.35% agarose, on top of a bottom layer of 0.7% agarose in non-
tissue culture treated 6-well plates and incubated in a humidified incubator at 37 °C with 5% 
CO2 for 4 weeks, after which cells were imaged with GelCount (Oxford Optronix, Milton, UK). 
Previously transformed cells (B6_10) (19) were taken along as a positive control. 
 
Western blotting 
For p15, p16, Rb and GAPDH western blots, whole cell Hot-SDS lysates of murine MSCs or 
osteosarcoma cell lines were collected as described previously (19). For p19 and Histon H3 
western blots, nuclear lysates were made by washing cells twice with cold PBS, followed by 
the addition of PBS-Triton X (0.5%) for 10 minutes, while shaking on ice. Cells were centrifuged 
twice, washed with PBS-Triton X (0.5%) and the pellet was resuspended in Hot-SDS buffer (1% 
SDS, 10 mM EDTA, 10 mM Tris pH 7.4) containing protease inhibitor cocktail (Roche, Basel, 
Switzerland) and phosphatase inhibitor cocktail (Roche). Protein concentrations of lysates 
were determined with the Biorad DCTM protein assay kit (Bio-rad, Hercules, CA, USA) 
according to the manufacturer’s protocol, measured with a microplate reader (Infinite M Plex, 
Tecan Group Ltd.). 
Sample loading, blotting and quantification were performed as previously described (19). 
Blots were stained for p15 (1:500, Abcam, Cambridge, UK), p16 (1:1000, clone JC8, 
Immunologic, WellMed BV, Duiven, The Netherlands), p19 (1:5000, clone ab80, Abcam), Rb 
(1:500, clone G3-245, BD Pharmingen, San Diego, CA, USA), Histon H3 (1:1000, Cell Signalling, 
Leiden, The Netherlands), or GAPDH (1:3000, Cell Signalling). Blots were developed with 
SuperSignal 
West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific) using the 
ChemiDoc Touch Imaging System (Bio-rad).  
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Immunohistochemistry  
 
Tissue micro array construction 
For this study five osteosarcoma tissue micro arrays (TMA) were used, that contain FFPE 
samples of primary tumour biopsies, primary tumour resections, local relapses and 
metastases of 158 patients (not all sample types were available for each patient). 
Clinicopathological details can be found in Supplementary Table S1. Good histological 
response to chemotherapy was defined as ≥ 90% tumour necrosis after chemotherapy (24). 
The construction of one of the TMAs has been described previously (cohort 2) (25, 26). For 
the construction of TMAs for cohorts 1,3, and 4, punches (1.0 mm (cohort 3) or 1.5 mm 
(cohort 1and 4)) of FFPE samples were placed into an acceptor block using the TMA master 
(3DHISTECH, Budapest, Hungary). For each tumour, three tissue-cores were present in the 
same block. For cutting sections, the tape transfer system (39475205, Leica Biosystems, 
Wetzlar, Germany) was used. Each TMA also contained other tissue types as internal controls 
for immunohistochemistry.  
 
Immunohistochemical staining 
Slides of each TMA or slides containing sections (4 µm) of paraffin embedded MCTS were 
stained with haematoxylin and eosin (H&E) or used for immunohistochemical staining after 
deparaffinisation and rehydration. TMA sections were stained for CDK6 (151213, Abbiotec, 
San Diego, CA, USA), CDK4 (12790, clone D9G3E, Cell Signaling) or Rb (554136, clone G3245, 
BD Pharmingen). MCTS sections were stained for Rb, Ki67 (clone D2H10, Cell Signaling), 
cleaved caspase 3 (Cell Signaling), and SATB2 (clone CL0276, Sigma). For CDK6, SATB2, Ki67 
and cleaved caspase 3 staining, antigen retrieval was performed by incubation in 10 mM 
citrate buffer (pH 6) for 10 minutes and cooling down for 2 hours. For CDK4 and Rb staining, 
antigen retrieval was performed in Tris-EDTA (pH 9). Sections were incubated with primary 
antibody (Ki67, 1:1600; cleaved caspase 3, 1:800; CDK4, 1:4000; CDK6, 1:100; Rb, 1:2000, 
SATB2, 1:10) overnight at 4 °C. The next day, sections were incubated with BrightVision one 
step detection system poly-HRP anti-mouse/rabbit (VWRKDPVO110HRP, Immunologic) for 30 
minutes. Sections were then washed with PBS and DAB+ Chromogen (K3468, Dako, Agilent 
Technologies, CA, USA) was added to each slide for 10 minutes. Slides were counterstained 
with haematoxylin, dehydrated and mounted.  
 
Immunohistochemical scoring  
For TMAs two independent observers (N.F. and R.G.) scored each core semi-quantitatively 
based on the intensity of the staining and percentage of positive cells, as described previously 
(27). For intensity, a value of 1 (weak), 2 (moderate), or 3 (strong) was given, and for the 
percentage of positive cells, a value of 1 (0-24%), 2 (25-49%), 3 (50-74%), or 4 (75-100%). For 
CDK4 and Rb the staining was nuclear, but for CDK6 both nuclear and cytoplasmic staining 
was evaluated. Tumours were regarded as positive if the sum of scores for intensity and 
percentage of positive cells was ≥ 4 for CDK4 (27). Tumours were classified as CDK6 high when 
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the sum of cytoplasmic and nuclear scores for CDK6 was ≥ 7 (28). Tumours with a sum of 
scores equal to 0, yet with a positive internal control, were regarded as negative for Rb 
staining. In case of discrepancies between the two observers, slides were reviewed by a third 
observer (J.V.M.G.B.) to reach a consensus. For quantification of MCTS, the number of 
positive cells of cleaved caspase 3 and Ki67 stainings was determined using QuPath Software 
v.0.2.3 on three different sections on each slide (29).  
 
Statistical analysis 
For statistical comparisons between two groups, a student t-test was performed. Correlation 
analysis was performed using Spearman’s correlation. Comparisons between survival curves 
were performed using the Log-rank (Mantel-Cox) test. All statistical analyses were performed 
using GraphPad Prism v.8. Comparisons were considered statistically significant using a 
significance level of 5%. 
 

Results 
 
Loss of CDKN2A/CDKN2B is frequent in spontaneously transformed murine MSCs 
We previously identified a large deletion in the Cdkn2a/Cdkn2b locus in one of three 
transformed murine MSC cultures (B6_7), that formed sarcoma in vivo (19), for which the 
Cdkn2a/Cdkn2b locus is shown in Fig 1A. To evaluate the relevance of Cdkn2a and Cdkn2b 
loss we used a larger panel of nine spontaneously transformed murine MSCs, originating from 
different strains (C57BL/6J or NMRI), for expression of p15Ink4b, p16Ink4a and p19Arf at the 
protein level. Transformation of six out of nine murine MSC lines have been described 
elsewhere (B6_4, B6_7, B6_10, NMRI_2, NMRI_3, NMRI_9)(19). For the additional three lines, 
the transformation event was confirmed by karyotyping (B6_5, BM42, BM91; Supplementary 
Figure S2 available online). Transformed murine MSC line B6_7 indeed showed loss of protein 
expression of p15Ink4b , p16Ink4a and p19Arf. Furthermore, loss of p15Ink4b , p16Ink4a or p19Arf is a 
common event, as six out of nine MSCs have lost p15Ink4b expression, and six out of nine MSCs 
have lost p19Arf expression (Fig 1B). Eight out of nine MSCs show loss of p16Ink4a expression. 
However, in this western blot loss of p16Ink4a protein expression is not always indicative for 
p16Ink4a deletion on genomic level, illustrated for instance by murine MSC line B6_4 that has 
intact p16Ink4a based on whole-genome sequencing data (Fig 1B)(19), but does not show 
p16Ink4a protein expression.  
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Figure 1. Transformed murine MSCs of different mouse strains frequently show loss of protein 
expression of p15Ink4b , p16Ink4a and p19Arf . (A) IGV viewer showing a homozygous deletion including 
both Cdkn2a and Cdkn2b genes in transformed (late passage) murine MSC B6_7. Early passage cells 
(P2) were collected prior to the transformation event, whereas late passage cells (P15) were 
collected after spontaneous transformation. (B) Western blot depicting protein expression of p15Ink4b 
, p16Ink4a , p19Arf in transformed murine MSCs from C57BL/6J (B6_4, B6_7, B6_10, BM42, BM91) or 
NMRI mice (NMRI_2, NMRI_3, NMRI_9). GAPDH or Histon H3 was used as a loading control. The size 
of each band is indicated in kDa. The genomic status of genes Cdkn2a, Cdkn2b, and Trp53 is 
indicated for transformed murine MSCs as described previously (19). M = point mutation, W = 
wildtype, L = homozygous loss, u = no genomic status available. 
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Murine MSCs deficient for p16Ink4a and deficient for p15Ink4b transform earlier compared to 
wildtype MSCs 
To evaluate whether loss of p16Ink4a and p15Ink4b or both is important in the spontaneous 
transformation of murine MSCs, MSCs from mice with loss of p16Ink4a (Ink4a -/-), loss of 
p15Ink4b (Ink4b -/-), or both (Ink4ab -/-) were cultured long-term to observe when 
transformation would occur (for a schematic overview of the knockout mice used in this study 
see Supplementary Figure S1 available online). Murine MSCs from Ink4a -/-, Ink4b -/- or 
Ink4ab -/- mice transformed earlier (after 25-46 days) compared to wild-type murine MSCs 
(after 64-76 days) (Fig 2A). As the Cdkn2a gene also encodes an alternative reading frame, 
p19Arf, murine MSCs with a loss of p19Arf were cultured and also shown to transform earlier 
(after 23 days) compared to wildtype MSCs (after 61 days) (Fig 2B). For all knockout mice, the 
knockout was confirmed by western blotting and for mice with deficient p16Ink4a; p15Ink4b 

(Ink4ab -/-) mice also at the DNA level by PCR (Supplementary Figure S3 available online). 
Transformation of murine MSCs was confirmed by metaphase analysis (Fig 2C), as late 
passage MSCs had higher than the normal modal number of 40 chromosomes. However, none 
of the knockout MSCs showed soft agar anchorage independent growth (Fig 2D). These 
results show that loss of p16Ink4a and/or p15Ink4b enhanced proliferation and genomic 
alterations suggesting transformation.  
 
Transformed murine MSCs with loss of p16Ink4a and p15Ink4b are sensitive to palbociclib 
Within the Rb pathway, the Ink4 proteins inhibit CDK4/CDK6 activity, thereby inhibiting cell 
cycle progression. Therefore loss of p16Ink4a and p15Ink4b could make cells more vulnerable to 
CDK4/CDK6 inhibitors to decrease uncontrolled cell proliferation. To investigate this in our 
murine mesenchymal stem cell model, transformed murine MSCs, in which p16Ink4a and 
p15Ink4b loss was confirmed, were treated with the CDK4/CDK6 inhibitor palbociclib. Murine 
MSCs in which whole-genome sequencing previously confirmed loss of p16Ink4a and p15Ink4b 
(B6_7) (19) were more sensitive to palbociclib, with an IC50 of 0.5 µM compared to 
transformed MSCs that have intact p16Ink4a and p15Ink4b (B6_4 and B6_10), with IC50 values of 
3.6 and 10.3 µM, respectively (Fig 3A). To determine whether the increased sensitivity was 
caused by loss of p16Ink4a and p15Ink4b , murine MSCs isolated from Ink4ab-/- mice were treated 
with palbociclib (Fig 3B). MSCs from Ink4ab-/- mice showed the highest sensitivity to 
palbociclib, with IC50 values between 0.8 – 1.2 µM, compared to wild-type MSCs, with an IC50 
of 8.3 µM, suggesting that loss of p16Ink4a and p15Ink4b increases sensitivity to palbociclib.  
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Figure 2. Murine MSCs isolated from (A) Ink4a-/- (n=1), Ink4b-/- (n=1), Ink4ab-/- (n=4) (B) or Arf-/- (n=3) 
transform earlier compared to wild-type MSCs from FVB or C57BL/6J mice, based on cumulative 
population doublings (Cum. PD.). Each datapoint represents a passage of the cell culture. (C) 
Metaphase analysis of murine MSCs from Ink4a-/-, Ink4b-/-, Ink4ab-/-, or Arf-/- mice showed abnormal 
chromosome numbers, higher than the normal modal number of 40. (D) Soft agar anchorage 
independent growth assay of murine MSCs from Ink4a-/-, Ink4b-/-, Ink4ab-/-, or Arf-/- mice showed no 
colony formation. Transformed murine MSCs from B6_10 were used as a positive control. 
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Figure 3. Transformed murine MSCs are sensitive to CDK4/CDK6 inhibitor palbociclib. Murine MSCs 
(A) that have spontaneously transformed after long-term culture (B6_4, wildtype (WT) Ink4ab; B6_7, 
deletion (DEL) of Ink4ab; B6_10, wildtype (WT) Ink4ab) or (B) MSCs from Ink4ab-/- mice after 
transformation were treated with palbociclib for 72 hours after which relative cell viability and IC50 
values were determined. Wildtype MSCs were derived from FVB mice. Data points represent the 
mean of three experiments performed ± standard deviation. 

Human osteosarcoma cell lines are sensitive to palbociclib 

Osteosarcoma cell lines were treated with palbociclib in 2D cultures and IC50 values were 
determined (Fig 4A). A highly variable dose-dependent response to palbociclib in all 
osteosarcoma cell lines was observed. As the efficacy of CDK4/CDK6 inhibition relies on the 
presence of intact Rb, the Rb status of each osteosarcoma cell line was determined by western 
blot. All osteosarcoma cell lines (143B, MG63, MHM, HAL and KPD), except for SAOS2 and 
ZK58, showed Rb expression (Fig 4B). SAOS2 and ZK58, with loss of Rb, indeed showed the 
highest IC50 of palbociclib compared to other osteosarcoma cell lines. However, the difference 
in IC50 value between ZK58 and other osteosarcoma cell lines with intact Rb was smaller than 
for SAOS2. The expression status of other proteins involved in the p16-Rb pathway was 
investigated, including p16INK4A, CDK4 and CDK6. p16INK4A protein expression of each cell line 
was based on immunohistochemical expression published previously (21) (Fig 1B). The p16 
immunohistochemical status of each cell line was combined with the IC50 values from the 
current study. Although osteosarcoma cells with loss of p16INK4A showed on average a lower 
IC50 to palbociclib (1.4 µM) than cells with normal p16INK4A expression (4.1 µM), this difference 
was not statistically significant (p=0.3) (Fig 4C). CDK4 and CDK6 RNA expression levels were 
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derived from a previously published dataset (30), and correlation analysis was performed 
using IC50 values from the current study. There was no correlation between CDK4 and CDK6 
RNA expression and sensitivity to palbociclib in osteosarcoma cell lines (Fig 4D).  
 

 
Figure 4. 2D cultures of human osteosarcoma cell lines are sensitive to CDK4/CDK6 inhibitor 
palbociclib. (A) Osteosarcoma cell lines were treated with palbociclib for 72 hours after which 
relative cell viability and IC50 values were determined. Cell lines MG63 and 143BHOS (green) have 
loss of p16, whereas other OS cell lines have intact p16 (blue). Data points represent the mean of 
three experiments performed ± standard deviation. (B) Western blot showing expression levels of Rb 
in osteosarcoma cell lines. GAPDH was used as a loading control. (C) p16 protein expression status of 
each osteosarcoma cell line as published (21) was correlated with IC50 values from the current study. 
n.s. = not statistically significant. (D) CDK4 and CDK6 RNA expression levels as published elsewhere 
(30) of each cell line did not correlate with IC50 values from the current study. Each dot represents 
one cell line. 
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3D cultures of osteosarcoma are also sensitive to palbociclib  
Since 2D cultures might be less representative for the in vivo situation compared to 3D 
cultures, as demonstrated in previous studies (31-33), the response to palbociclib in 3D 
cultures of osteosarcoma cell lines was investigated. Multi-cellular tumour spheroids (MCTS) 
of three osteosarcoma cell lines were generated (MHM, SAOS2 and MG63) and histological 
analysis showed the morphological heterogeneity that is also seen in primary tumours (Fig 
5A). MCTS of SAOS2 and MHM show areas suggestive of extracellular matrix deposition and 
tumour cells were focally positive for SATB2, a marker for osteogenic differentiation (Fig 5A). 
MCTS of all osteosarcoma cell lines showed a dose-dependent decrease in cell viability after 
treatment with palbociclib (Fig 5B). The IC50 values of 3D cultures were higher compared to 
2D cultures (Fig 5B). In MCTS of osteosarcoma cell lines MHM and MG63, palbociclib 
treatment significantly reduced the percentage of proliferating cells and increased apoptosis 
as evident from Ki67 and cleaved caspase 3 staining, respectively (Fig 5C). 
 
Protein expression of Rb, CDK4 and CDK6 in osteosarcoma patient primary tumour tissue 
To estimate which percentage of osteosarcoma patients might be eligible for palbociclib 
treatment, the expression levels of proteins in the p16-Rb pathway, including Rb, CDK4, CDK6 
and p16, was determined in primary tumour tissue of 109 patients using TMA (Table 1; Fig 
6A). As Rb status determines the efficacy of CDK4/CDK6 inhibition (34, 35), first Rb expression 
was evaluated. 36.4% of the osteosarcomas have lost expression of Rb. As palbociclib directly 
inhibits CDK4 and CDK6, protein expression levels of CDK4 and CDK6 were determined. 23.7% 
of primary tumours were CDK4 positive and 44.8% were CDK6 high. p16 scores have been 
determined in a previous study in osteosarcoma patients (cohort 2), where 20.5 % of 
osteosarcoma patients showed loss of p16 (13). 
As a combination of Rb expression and CDK4/CDK6 expression or loss of p16 expression are 
expected to imply sensitivity to CDK4/CDK6 inhibition, the combination scores were 
determined (Table 1). Of the primary tumour biopsies, 22.7% of the tumours were positive 
for both Rb and CDK4, 52.9% were positive for Rb and CDK6, and 43.1% was positive for Rb, 
and CDK4 or CDK6. In cohort 2, 13.3% of the primary tumour biopsies were positive for Rb, 
but lost p16 expression. In total, between 20.0% and 23.3% of the tumours are 
Rbpositive/p16negative, Rbpositive/CDK4positive, or Rbpositive/CDK6high, which corresponds to the group 
of patients that might benefit from CDK4/CDK6 inhibitor treatment.  
A previous study showed that p16 loss was prognostic for poor overall survival in 
osteosarcoma patients (13). In the current study, CDK6 scores were found to be prognostic 
for overall survival, where patients with overexpression of CDK6 have a worse overall survival 
compared to those patients with low CDK6 expression (Fig 6B). For Rb and CDK4 expression 
there was no significant difference in survival (Supplementary Fig S4 available online). 
Neither Rb, CDK4, or CDK6 scores are prognostic for metastasis-free survival (Supplementary 
Fig S4 available online) or response to chemotherapy (not shown). 
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Figure 5. 3D cultured MCTS of osteosarcoma cell lines are also sensitive to palbociclib. (A) 
Hematoxylin and eosin staining of osteosarcoma MCTS treated with palbociclib for 72 hours. 
Scalebar represents 20 µm. Inset shows SATB2 staining. (B) Relative cell viability and IC50 values were 
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determined after treatment with palbociclib. (C) Cleaved caspase 3 and Ki67 staining and 
quantification of 3D cultured MCTS of OS cell lines treated with 10 µM palbociclib (Palb) or PBS. 
Scale bar represents 20 µm. n.s. = not statistically significant, ** = p ≤ 0.01, *** = p ≤ 0.001. 

 

Figure 6. Immunohistochemistry of osteosarcoma tissue micro array (A) Example of 
immunohistochemical staining of Rb, CDK4, or CDK6, scored as positive or negative in tissue micro-
arrays of osteosarcoma. Scale bar represents 50 µm. (B) Kaplan-Meier curves of overall survival in 
osteosarcoma patients, based on CDK6 scores.  
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Table 1. Overview of immunohistochemical expression of Rb, CDK4, and CDK6, combined with 
previously published (13) p16 protein expression results, in tissue micro-arrays of osteosarcoma 

 PRIMARY TUMOUR 
BIOPSY 

PRIMARY TUMOUR 
RESECTION 

LOCAL RECURRENCE METASTASIS 

     
RB Total (n=66) Total (n=68) Total (n=9) Total (n=38) 
POSITIVE  42 (63.6%) 42 (61.7%) 6 (66.7%) 32 (84.2%) 
NEGATIVE 24 (36.4%) 26 (38.2%) 3 (33.3%) 6 (15.8%) 
     
CDK4 Total (n=76) Total (n=77) Total (n=9) Total (n=38) 
POSITIVE 18 (23.7%) 15 (19.5%) 4 (44.4%) 7 (18.4%) 
NEGATIVE 58 (76.3%) 62 (80.5%) 5 (55.6%) 31 (81.6%) 
     
CDK6 Total (n=58) Total (n=56) Total (n=7) Total (n=26) 
HIGH 26 (44.8%) 32 (57.1%) 6 (85.7%) 12 (46.2%) 
LOW 32 (56.2%) 24 (42.8%) 1 (14.3%) 14 (53.8%) 
     
COMBINATION STATUS     
RBPOSITIVE AND CDK4POSITIVE 15/66 (22.7 %)    

RBPOSITIVE AND CDK6POSITIVE 27/51 (52.9%)    

RBPOSITIVE AND CDK4POSITIVE 
AND CDK6POSITIVE 

6/51 (11.8%)    

RBPOSITIVE AND CDK4POSITIVE 
OR CDK6POSITIVE 

22/51 (43.1%)    

     
P16 (COMBINATION) 
STATUS 

    

RBPOSITIVE AND P16NEGATIVE 4/30 (13.3%)    

RBPOSITIVE /P16NEGATIVE OR 
RBPOSITIVE /CDK4POSITIVE 

6/30 (20.0%)    

RBPOSITIVE /P16NEGATIVE OR 
RBPOSITIVE /CDK6POSITIVE 

7/30 (23.3%)    
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Discussion 

Transformed murine MSCs provide an excellent model to identify drivers of transformation 
in osteosarcoma. In addition to p53 alterations (19), transformed murine MSCs also 
frequently lose expression of p15Ink4b , p16Ink4a and p19Arf. However, the protein expression 
status did not always correspond to the genomic status, as is evident for MSC line B6_4 with 
loss of p16Ink4a protein expression without concomitant genomic alterations at the CDKN2A 
locus. Alternative mechanisms of p16Ink4a protein expression loss, such as promotor 
methylation may be active. Nevertheless, the loss of expression of p15Ink4b , p16Ink4a and p19Arf 
in murine MSCs, reflects the genomic status of human osteosarcoma where alterations in 
p15INK4B, p16INK4A, or p14ARF are also frequently found (4, 5, 7, 8, 25).  

This study shows that loss of either p15Ink4b, p16Ink4a, or p19Arf in the murine MSC model 
accelerates transformation. Using the same murine MSC model , we have previously 
published that these transformed murine MSCs, including those with loss of 
CDKN2A/CDKN2B, show hallmarks of osteosarcoma with a highly complex genome and many 
copy number alterations (19). Although chromothripsis could not be evaluated in the current 
study, not all human osteosarcomas show signs of chromothripsis either, since this only 
occurs in ~30% of cases (2). In another study, we have demonstrated that mice injected with 
transformed murine MSCs, all with loss of CDKN2A/CDKN2B, formed osteosarcoma, with 
evident osteoid formation by atypical tumour cells (13). Thus, our results combined with 
previously published results, suggest that loss of CDKN2A/CDKN2B is an early driver event in 
osteosarcoma. Loss of genes in the Rb-p16 pathway is indeed considered as an early event in 
the transformation towards osteosarcoma (7, 36, 37). The exact interplay with alterations in 
the p53 pathway is currently unknown, and since not all late passage murine MSCs with 
known loss of p16Ink4a or p53 could form colonies in soft agar, it is not yet known which 
combination of genomic alterations are required for transformation. This would warrant 
further investigation.  

Loss of p16INK4A protein expression as a result of homozygous loss of the CDKN2A genomic 
region has previously been shown to correlate with poor prognosis as well as a poor response 
to neoadjuvant chemotherapy in osteosarcoma patients (13-18, 25, 38). Thus, studying the 
loss of p16INK4A in osteosarcoma is clinically relevant and gives a rationale for exploring the 
Rb-p16 pathway as a novel therapeutic option. Cells with loss of p16INK4A are hypothesized to 
be more sensitive to CDK4/CDK6 inhibition. Therefore, we investigated the sensitivity to 
CDK4/CDK6 inhibitor palbociclib in osteosarcoma cells. We confirmed that both 2D and 3D 
cultures of osteosarcoma cells show a dose-dependent decrease in cell viability after 
palbociclib treatment. This is in line with other in vitro studies showing that pan-CDK or 
specific CDK4/CDK6 inhibition in osteosarcoma resulted in growth inhibition of cells and 
increased senescence and/or apoptosis (39, 40).  

In the current study, 2D cultures were more sensitive compared to 3D cultures. The difference 
in sensitivity is not surprising and could be explained by the formation of tight intercellular 
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contacts within MCTS which may hamper drug penetration (41). In general, the 
concentrations of palbociclib used in the current study, especially in 3D, are higher compared 
to concentrations used in the clinic for treatment of HER-2 negative breast cancer and in 
breast cancer cell lines in vitro (42). However, we have treated the cells with a single dose, 
whereas in the clinic multiple doses are administered. Moreover, the IC50 values determined 
in the current study are in a comparable concentration range when compared to other in vitro 
studies in osteosarcoma cells using palbociclib (39, 40). Thus, our data support previous 
findings that CDK4/CDK6 inhibition might be a new targeted treatment strategy for 
osteosarcoma patients (40, 43). However, more research is needed to investigate the efficacy 
of palbociclib for osteosarcoma patients, and whether there are any adverse effects. For the 
treatment of breast cancer, it was reported that the adverse effects of palbociclib include 
neutropenia, leukopenia or anaemia (42, 44). 

Currently, two phase 2 clinical trials are ongoing which include advanced cases of sarcoma 
that overexpress CDK4, including osteosarcoma, for palbociclib treatment or similar 
CDK4/CDK6 inhibitors (45, 46). One of these studies was also designed to test the utility of 
CDK4 expression in predicting tumour response to CDK inhibitors, but this study did not 
evaluate whether patients show loss of p16INK4A or intact Rb. In the current study sensitivity 
to palbociclib did not correlate with CDK4 expression in osteosarcoma cells.  

Not only CDK4, but also CDK6 was evaluated as a prognostic and predictive biomarker in our 
study. Interestingly, about half of the osteosarcoma patients (44.8%) showed overexpression 
of CDK6 which was associated with a worse overall survival. In this group of patients 
palbociclib could be beneficial to improve outcome. Palbociclib is most effective when Rb is 
intact, which was the case in approximately half (52.9%) of the patients with CDK6 
overexpression. The expression status of CDK4 and CDK6 is important to consider, since it was 
recently published that palbociclib selectively dissociates p21 from cyclin D1-CDK4-p21 
complexes and not of cyclin D1-CDK6-p21 complexes, which could affect drug sensitivity and 
resistance (47). 

Another subgroup of osteosarcoma patients that might benefit from CDK4/CDK6 inhibition, 
include patients with intact Rb, but loss of p16 expression. The in vitro study confirms that 
osteosarcoma cell lines with intact Rb and/or loss of p16 are more sensitive to palbociclib 
compared to osteosarcoma cell lines with loss of Rb and/or intact p16. Furthermore, 
osteosarcoma cell lines with loss of p16 staining by immunohistochemistry showed a trend 
towards higher sensitivity to palbociclib compared to cells without loss of p16. The 
immunohistochemical study on the tissue microarray indicates that 13.3% of the patients falls 
within this category of intact Rb and loss of p16 that may benefit from palbociclib treatment. 
Taken together, our results illustrate that there is a clear subset of osteosarcoma patients (20-
23%) for which CDK4/CDK6 inhibition might be promising and that loss of p16 protein 
expression or overexpression of CDK6, combined with intact Rb, may serve as a biomarker to 
select eligible patients.  
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In conclusion, this study demonstrated that our model of transformed murine MSCs provide 
a valuable tool to identify targets for therapy and the identification of biomarkers for 
osteosarcoma patients. Our results illustrate that loss of CDKN2A and/or CDKN2B are early 
events in the development of osteosarcoma, and that these events can be targeted by 
CDK4/CDK6 inhibition, which might be used as a novel therapeutic option in approximately 
20-23% of the patients.  
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Abstract 

For osteosarcoma (OS), the most common primary malignant bone tumor, overall survival has 
hardly improved over the last four decades. Especially for metastatic OS, novel therapeutic 
targets are urgently needed. A hallmark of cancer is aberrant metabolism, which justifies 
targeting metabolic pathways as a promising therapeutic strategy. One of these metabolic 
pathways, the NAD+ synthesis pathway, can be considered as a potential target for OS 
treatment. Nicotinamide phosphoribosyltransferase (NAMPT) is the rate-limiting enzyme in 
the classical salvage pathway for NAD+ synthesis, and NAMPT is overexpressed in OS. In this 
study, five OS cell lines were treated with the NAMPT inhibitor FK866, which was shown to 
decrease nuclei count in a 2D in vitro model without inducing caspase-driven apoptosis. The 
reduction in cell viability by FK866 was confirmed in a 3D model of OS cell lines (n = 3). 
Interestingly, only OS cells with low nicotinic acid phosphoribosyltransferase domain 
containing 1 (NAPRT1) RNA expression were sensitive to NAMPT inhibition. Using a publicly 
available (Therapeutically Applicable Research to Generate Effective Treatments (TARGET)) 
and a previously published dataset, it was shown that in OS cell lines and primary tumors, low 
NAPRT1 RNA expression correlated with NAPRT1 methylation around the transcription start 
site. These results suggest that targeting NAMPT in osteosarcoma could be considered as a 
novel therapeutic strategy, where low NAPRT expression can serve as a biomarker for the 
selection of eligible patients. 
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Introduction 
 
Osteosarcoma is the most common high-grade malignant tumor of the bone, primarily 
diagnosed in children and adolescents (1). Histologically, conventional osteosarcoma is 
characterized by the presence of osteoblast-like neoplastic cells that produce osteoid (1). The 
current treatment strategy consists of a combination of (neo)adjuvant chemotherapy and 
surgery, which has greatly improved the outcome for osteosarcoma patients since its 
introduction, with a 5-year overall survival rate of 71% (2). However, in the last four decades, 
the survival rates have not improved (2) despite the high number of in vitro studies using cell 
lines (3). Targeting the aberrant metabolism which hallmarks many tumors (4, 5) is a likely 
option for osteosarcoma. A previously published study illustrated the importance of 
metabolism in OS as metastatic OS cells were found to be highly metabolically active, and 
therefore targeting metabolism in OS can be a potential novel therapy (6). Furthermore, it 
was shown that both the inhibition of mTOR—a key regulator of metabolism, and the 
inhibition of 3-phosphoglycerate dehydrogenase (PHGDH)—the rate-limiting enzyme of 
serine biosynthesis, attenuated cell proliferation in OS cells and can therefore serve as a novel 
therapeutic target (7-9). The NAD+ synthesis pathway is a metabolic pathway often 
upregulated in tumors as cancer cells need to maintain a high level of NAD+ required for cell 
survival processes (10, 11). NAD+ is an essential co-enzyme central to many metabolic 
processes such as aerobic glycolysis, the citric acid cycle, oxidative phosphorylation, fatty acid 
metabolism, and anti-oxidant metabolism (12). NAD+ can be synthesized de novo, or via the 
alternative salvage or classical salvage pathway (12, 13) (Figure 1). In the alternative salvage 
pathway, NAD+ synthesis is catalyzed by the enzyme nicotinic acid phosphoribosyltransferase 
domain containing 1 (NAPRT1), whereas in the classical salvage pathway, it is catalyzed by the 
enzyme nicotinamide phosphoribosyltransferase (NAMPT). Cancer cells rely mostly on the 
classical NAD+ synthesis pathway as de novo synthesis from amino acids is inefficient and the 
alternative pathway is often inactive due to the lack of expression of NAPRT1 (13, 14). In 
osteosarcoma, NAMPT is overexpressed as compared to that found in normal bone (15). 
Targeting NAMPT could therefore potentially be a novel therapeutic option for osteosarcoma 
patients; consequently, the main aim of this study is to test the sensitivity of osteosarcoma 
cells to NAMPT inhibition. 
In a recent study, a connection between NAMPT and osteogenic differentiation was 
discovered (16), in which NAMPT expression increased during osteogenic differentiation in 
osteoblasts. As the hallmark of osteosarcoma is the production of the osteogenic matrix 
(osteoid) by tumor cells (1), we further investigated whether NAMPT inhibition would be 
affecting osteogenic differentiation and mineralization in osteosarcoma. 
In this study, it was discovered that cell viability of osteosarcoma cells decreased after 
treatment with the NAMPT inhibitor FK866, in both 2D cultured and 3D cultured cells. More 
importantly, only OS cells with a low expression of NAPRT1, and as such depending more on 
the classical salvage pathway for NAD+ synthesis, were sensitive to NAMPT inhibition. Low 
NAPRT1 expression in primary tumor samples of osteosarcoma correlated with the 
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methylation of the NAPRT1 promotor. Therefore, low NAPRT expression could serve as a 
potential biomarker for the selection of osteosarcoma patients who could benefit from 
treatments that inhibit NAMPT. 
 

 
Figure 1. Simplified overview of the NAD+ synthesis pathway. NAD+ is synthesized by de novo synthesis, the 
alternative salvage pathway, or the classical salvage pathway. NAMPT and NAPRT1 are the rate-limiting enzymes 
of the classical salvage and alternative salvage pathways, respectively. NMNAT = Nicotinamide mononucleotide 
adenylyltransferase 1 

 
Material and Methods 
 
Cell Culture 
For 2D cell culture, the osteosarcoma cell lines KPD, MHM, MG63, ZK58, SAOS2, U2OS, and 
143B were cultured in RPMI 1640 medium (Gibco, Invitrogen Life-Technologies, Scotland, UK), 
supplemented with 10% Fetal Bovine Serum (Gibco). Cell lines were retrieved from the 
EuroBoNet consortium (17). For 3D cell culture, osteosarcoma cell lines MHM, MG63, and 
ZK58 were cultured in αMEM (Gibco) supplemented with 10% FBS. To create multi-cellular 
tumor spheroids (MCTS) (protocol adapted from (18)), cells were suspended in a medium 
containing methylcellulose (0.24% (w/v)) dissolved in DMEM, and were seeded in 1% agarose 
coated 96-well plates for seven days before the start of an experiment. All cells were cultured 
in a humidified incubator, with 5% CO2 and at 37 °C. Cell lines were regularly STR-profiled 
using the GenePrint 10 system kit (Promega, Madison, WI, USA) and tested for mycoplasm. 
 
Drug Treatment 
Cells were seeded and treated after 24 h (2D cell culture) or after seven days (3D cell culture) 
with 0.1% DMSO as a non-treated sample or FK866 (F8557, Sigma-Aldrich, Saint Louis, MO, 
USA, dissolved in DMSO) in concentrations ranging from 0.1–1000 nM. For NAD+ rescue 
experiments, NAD+ (10127965001, Sigma-Aldrich, dissolved in RPMI 1640) was added at the 
same time as FK866 (10 nM for 2D culture experiments, 30 nM for 3D culture experiments), 
with a concentration of 10, 50, or 100 µM. Dose range was determined based on a previous 
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study (19). After 72 h of treatment, nuclear count or cell viability was determined. For nuclear 
count, cells were fixed with 4% formaldehyde, stained with 2 µg/mL Hoechst (H1399, 
Invitrogen Life Technologies), and nuclei were counted with the Cellomics ArrayScan VTI HCS 
700 and HCS Studio Cell Analysis Software (Thermo-Fisher Scientific, Waltham, MA, USA). For 
cell viability assays, MCTS or 2D cultured cells were incubated with the Presto Blue cell 
viability reagent (A13262, Invitrogen Life Technologies) for 90 min (MCTS) or 60 min (2D 
cultured cells) and measured using a microplate reader (Infinite M Plex, Tecan Group Ltd., 
Zürich, Switzerland). After a read-out of MCTS, pellets were fixed with 4% formaldehyde 
containing Alcian Blue (1:200) and paraffin embedded. Cell viability was determined relative 
to untreated control. Each datapoint was corrected for background reads and normalized to 
cell number at Day 0 (before treatment) to correct for growth rate in each cell line, as 
described in (20). Dose response curves were created using the GraphPad Prism version 8 
(GraphPad Software, La Jolla, CA, USA). Dose response studies were performed at least two 
times in triplicate. 
 
Cell Cycle Analysis 
MG63, SAOS2, and ZK58 cells were seeded in 6-well plates and treated for 48 h the next day 
with 5 (MG63 and SAOS2) or 60 nM (ZK58) of FK866, or 0.1% DMSO. Drug dose was defined 
as the IC75 determined in a 72 h exposure in 2D. Adherent cells were trypsinized and collected 
with supernatant. Cells were centrifuged, washed with PBS, and fixed in cold methanol for at 
least 20 min, as described in (21). Cells were stained for 30 min with DAPI in PBS/1% Bovine 
serum albumin/0.05% Tween and stored at 4 °C overnight. At least 10,000 single cell events 
were measured with the NucleoCounter NC-250 (Chemometec, Lillerød, Denmark), and 
analyzed using Winlist 3D Version 8, and Modfit Version 4.1.7 (Verity Software House, 
Topsham, ME, USA). 
 
Western Blotting 
Whole cell Hot-SDS lysates were obtained as described previously (22) for MG63, SAOS2, and 
ZK58. Cells were treated with 0.1% DMSO, FK866 (5 nM (MG63 and SAOS2), 60 nM (ZK58)), 
or ABT-737 (5 µM) and doxorubicin (1 µM) for 48 h, as a positive control for the induction of 
apoptosis (23). The supernatant of the treated cells was collected in the same lysate sample. 
Protein concentrations of lysates were determined with the Bio-rad DCTM protein assay kit 
(5000111, Bio-rad, Hercules, CA, USA) according to the manufacturer’s protocol and 
measured with a microplate reader (Infinite M Plex, Tecan Group Ltd., Zürich, Switzerland). 
Sample loading, blotting, and quantification were performed, as previously described (22). 
Blots were stained for PARP (1:1000, clone 46D11, Cell Signaling Technology, Leiden, The 
Netherlands), caspase 3 (1:1000, clone 8G10, Cell Signaling Technology), and gel-loading 
control α-tubulin (1:30,000, clone DM1A, Sigma-Aldrich). 
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Immunohistochemistry 
Sections (4µm) of paraffin-embedded multicellular tumor spheroids were made; after 
deparaffinization and rehydration, these were used for immunohistochemical staining for 
Ki67 (1:1600, clone D2H10, Cell Signaling) and cleaved caspase 3 (Cleaved caspase 3 (Asp175), 
1:800, Cell Signaling). Antigen retrieval was performed by incubating sections in citrate buffer 
(10 mM, pH 6) for 10 min and cooling down for 2 h. Sections were incubated with primary 
antibody overnight at 4 °C. The next day, sections were incubated with the BrightVision one 
step detection system poly-HRP anti-mouse/rabbit (VWRKDPVO110HRP, Immunologic, 
WellMed B.V., Duiven, The Netherlands) for 30 min at room temperature. Sections were 
washed with PBS and DAB+ Chromogen (K3468, Dako, Agilent Technologies, Carpinteria, CA, 
USA) was added to each slide for 10 min. Slides were counterstained with hematoxylin, 
dehydrated, and mounted. For quantification of the stained sections, the percentage of Ki67 
or cleaved caspase 3 positive cells was determined using QuPath Software v.0.2.3 on three 
different sections on each slide (24). 
 
Osteogenic Differentiation 
The OS cell line ZK58 was seeded at 5000 cells/cm2 for osteogenic differentiation. One day 
after seeding, αMEM medium supplemented with 10% FBS was added, containing either 0.1% 
DMSO or FK866 (25 nM), with or without osteogenic differentiation compounds (β-
glycerophosphate (5 mM, Sigma-Aldrich), dexamethasone (0.1 µM, Sigma-Aldrich), and 
ascorbate-2-phosphate (0.15 mM, Sigma-Aldrich)). Four or seven days after the addition of 
the osteogenic differentiation medium, cell viability was determined with Presto Blue. ALP 
activity was determined after four days of differentiation by lysing of cells with PBS/Triton 
0.1% and incubating with pNPP (P7998, Sigma-Aldrich) for 4 min. Absorption at 405 nm was 
measured using a microplate reader (Infinite M Plex, Tecan). ALP activity in mU was corrected 
for number of cells of each well. To assess mineralization, osteogenic differentiation was 
terminated after 21 days, and cells were stained with Alizarin Red S solution (2 g Alizarin Red 
S (02100375, MP Biomedicals, Thermo Fisher Scientific) in 60 mL water, pH 4.2) for 5 min. To 
determine the gene expression of osteogenic markers, RNA was harvested after four or seven 
days of differentiation using Trizol (15596026, Invitrogen Life Technologies) according to the 
manufacturer’s instructions, followed by cDNA synthesis and reverse transcriptase 
quantitative PCR, described in detail in the next section. 
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Reverse Transcriptase Quantitative PCR (RT-qPCR) 
RNA was isolated from OS cell lines KPD, MHM, MG63, ZK58, SAOS2, U2OS, and 143B using 
Trizol according to the manufacturer’s instructions. cDNA synthesis was performed using 
iScript cDNA Synthesis Kit (1708890, Bio-rad) according to the manufacturer’s instructions. 
For the RT-qPCR, iQ SYBR Green Supermix (1708880, Bio-rad) and a Thermal Cycler (Bio-rad) 
were used with primers for osteogenic markers (ALPL, COL1A1, SPARC, RUNX2, SPP1), 
NAMPT, NAPRT, or housekeeping genes that were found to show stable expression in 
mesenchymal tumors (CAPNS1, SRPR) (Table 1) (25). Gene expression levels’ relation to 
housekeeping genes were determined with the following formula: 2^ (Ct value housekeeping genes—Ct 

value gene of interest). 
 
Table 1. List of primer sequences used in this study. 
Gene Forward Primer Reverse Primer 
ALPL TCACTCTCCGAGATGGTGGT GCCTGCTTGGCTTTTCCTTC 
COL1A1 AAGACGAAGACATCCCACCAAT GTCACAGATCACGTCATCGCA 
SPARC CTGGACTACATCGGGCCTTG CAGGACGTTCTTGAGCCAGT 
RUNX2 CCCTGAACTCTGCACCAAGT GGCTCAGGTAGGAGGGGTAA 
SPP1 TTCGCAGACCTGACATCCAG ACGGCTGTCCCAATCAGAAG 
NAMPT GGAGCATCTGCTCACTTGGT TCATGGTCTTTCCCCCAAGC 
NAPRT GCTGGAGTCAGTCCTCATCG TATAGACGCCACCCAGGGAA 
CAPNS1 ATGGTTTTGGCATTGACACATG GCTTGCCTGTGGTGTCGC 
SRPR CATTGCTTTTGCACGTAACCAA ATTGTCTTGCATGCGGCC 
 
 
Expression and Methylation Analysis 
Methylation and gene expression data generated by the Therapeutically Applicable Research 
to Generate Effective Treatments (TARGET) (https://ocg.cancer.gov/programs/target 
(accessed on 22-02-2021) initiative, phs000468, which include 86 osteosarcoma samples, 
were used in this study. Methylation data was obtained from osteosarcomas using Infinium 
450 K Arrays. Probes within the complete genes, or 2000 bases around the transcription start 
site, of NAMPT and NAPRT1 were selected. For gene expression analysis, log2 (TPM) values 
of RNAseq data were used. All data used for this analysis are available on 
https://portal.gdc.cancer.gov/projects (accessed on 22-02-2021). For OS cell line methylation 
and gene expression analysis, methylation β-values and VSN-normalized gene expression data 
were obtained from a previously published dataset (GEO accession number GSE36002) (26). 
Correlation analysis between methylation levels and gene expression was performed using R. 
 
Statistical Analysis 
For statistical comparisons between two groups, a Student t-test was performed. For multiple 
comparisons between groups, a Kruskal–Wallis test was used. All statistical tests were 
performed on the GraphPad Prism 8. 

https://portal.gdc.cancer.gov/projects
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Results 

 
Osteosarcoma Cells Show Variable Sensitivity to NAMPT Inhibition 
To assess whether NAMPT inhibition affects nuclei count and cell viability in osteosarcoma, 
five OS cell lines—MG63, MHM, SAOS, 143B, and ZK58—were treated for 72 h with the 
NAMPT inhibitor FK866 (Figure 2A). There was no marked difference between nuclei count 
and cell viability (Figure S1A available online). All OS cell lines showed a dose-dependent 
decrease in nuclei count after NAMPT inhibitor treatment, with IC50 values ranging from 3.0 
to 26.7 nM, except for MHM which showed very limited sensitivity to NAMPT inhibition. There 
was marked variability in sensitivity to NAMPT inhibition: in order to define a biomarker for 
the NAMPT inhibitor sensitivity of OS cell lines, RNA expression levels of NAMPT and NAPRT1 
as well as the NAMPT/NAPRT1 ratio were analyzed in a panel of seven OS cell lines. NAMPT 
and NAPRT1 expressions were highly variable in OS cell lines, as were NAMPT/NAPRT1 
expression ratios (Figure 2B). Interestingly, MHM, the OS cell line which showed very limited 
sensitivity to NAMPT inhibition, showed the lowest NAMPT/NAPRT1 ratio and the highest 
NAPRT1 expression as compared to cell lines ZK58, SAOS2, 143B, and MG63. 
To assess whether the effect of NAMPT inhibition on nuclei count was specifically due to the 
targeting of the NAD+ classical salvage pathway, treatment with the NAMPT inhibitor FK866 
was supplemented with NAD+ in three OS cell lines with high (143B), medium (ZK58), or low 
(MHM) sensitivity to FK866. Although NAD+ itself reduced nuclei counts, NAD+ treatment 
rescued the inhibitory effect of the NAMPT inhibitor FK866 partially in OS cell lines 143B and 
ZK58 (Figure 2C). MHM cells showed limited sensitivity to FK866 treatment and an addition 
of NAD+ increased nuclei count in cells treated with FK866, although this was not statistically 
significant. To investigate whether FK866 reduced nuclei count by inducing apoptosis—as this 
was previously suggested to be how FK866 induced cell death (27)—OS cells that were 
sensitive to FK866 (MG63, SAOS2, ZK58) were treated with FK866. Apoptosis was 
subsequently measured by western blot of cleaved caspase 3 and cleaved PARP. OS cells 
treated for 48 h with FK866 showed decreased nuclei count (Figure 2D), but the same cells 
did not show any cleaved caspase 3 or cleaved PARP on western blot, indicating that FK866 
did not induce apoptosis in these cells (Figure 2E). To investigate if FK866 has an effect on cell 
cycle progression, OS cells were treated with FK866. Marked changes in cell cycle progression 
were observed after FK866 treatment in the OS cell line MG63 as the percentage of cells in 
the G2-phase decreased, while the percentage of cells in the S-phase and the G1-phase 
increased (Figure 2F). However, two other OS cell lines, SAOS2 (FK866 sensitive) and ZK58 
(relatively sensitive), did not show any changes in cell cycle progression after the FK866 
treatment. 
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Figure 2. NAMPT inhibitor FK866 decreases cell viability in 2D cultured osteosarcoma cell lines. (A) 
Osteosarcoma cell lines were treated for 72 hours with NAMPT inhibitor FK866 after which cell relative cell 
viability and IC50 values were determined. Data points represent the mean of two experiments performed in 
triplicate ± standard deviation. (B) Gene expression of NAMPT and NAPRT1 in osteosarcoma cell lines. (C) 
NAD+ rescues the inhibitory effect of NAMPT inhibitor FK866 on cell viability. Bars represent the mean of two 
experiments performed in triplicate ± standard deviation. * = p < 0.05 (D) OS cells treated for 48 hours with 
FK866 reduced cell viability. Cells treated with ABT-737 and doxorubicin were used as a positive control for 
induction of apoptosis (23). Bars represent the mean of two experiments performed in triplicate ± standard 
deviation. (E) Westernblot for cleaved PARP and cleaved caspase 3 after 48 hour treatment with FK866 (+), or 
0.1% DMSO (-). No increased apoptosis was observed in OS cell lines. OS cells treated with ABT-737 and 
doxorubicin (A) were used as a positive control for induction of apoptosis (23). Experiments were performed 
two times and one representative blot is shown. (F) Cell cycle analysis after 48 hour treatment with FK866 
showed that treatment induced changes in cell cycle progression in MG63 cells, but not in SAOS2 and ZK58. 
Bars represent the mean of two experiments ± standard deviation.  
 
3D Cultured Osteosarcoma Cells Are Also Sensitive to NAMPT Inhibition 

As 3D cultured cells are often more representative of the in vivo situation compared to 2D 
cultured cells, multi-cellular tumor spheroids (MCTS) of the OS cell lines MHM, MG63, SAOS2 
were generated and treated for 72 h with the NAMPT inhibitor FK866 to determine cell 
viability. 3D cultured OS cell lines were sensitive to the NAMPT inhibitor treatment (Figure 
3A). The MHM cell line, which did not show sensitivity to the NAMPT inhibitor in 2D, also 
showed limited sensitivity in our 3D model compared to the other OS cell lines, with an IC50 
of 292 nM (Figure 3B). In our 3D model of OS cell lines MG63 and SAOS2, NAD+ treatment 
also rescued the effect of FK866 treatment on cell viability (Figure 3C). Immunohistochemical 
staining of the multi-cellular tumor spheroids for Ki67 and Cleaved Caspase 3 showed no 
changes in apoptosis (Figure 3D,E), which was in line with the results obtained from the 
caspase 3 and PARP western blot in 2D (Figure 2E). However, a reduction of proliferating cells 
was observed in SAOS2 and MG63 after FK866 treatment (Figure 3D,E), whereas the 
insensitive MHM showed a slight increase of Ki67 positive cells. 
 
FK866 Showed a Variable and Time-Dependent Effect on Osteogenic Differentiation in the 
OS Cell Line ZK58 
A positive link between osteogenic differentiation in osteoblasts and NAMPT expression has 
recently been suggested (16). Therefore, to determine whether osteogenic differentiation is 
affected by NAMPT inhibition in OS, we used the OS cell line ZK58, the only cell line in our 
panel with a known osteogenic differentiation potential (28). ZK58 was treated for four or 
seven days with FK866 in an osteogenic differentiation medium. Only FK866 and not the 
osteogenic medium reduced cell viability in ZK58 (Figure 4A). Osteogenic differentiation was 
determined after four or seven days of treatment with FK866, by measuring ALP activity and 
the gene expression levels of a panel of osteogenic markers (COL1A1, ALPL, RUNX2, SPP1, 
SPARC). FK866 increased ALP activity, irrespective of the presence or absence of the 
osteogenic differentiation medium after four days of treatment (Figure 4B). The gene 
expression of several osteogenic markers was not affected by FK866 treatment after the four 
days; however, the in the case of SPP1, gene expression was increased by FK866 treatment 
irrespective of the culture medium (Figure 4C). After seven days of treatment with FK866, 
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changes in gene expression occurred. The osteogenic marker SPP1 was still upregulated after 
FK866 treatment, while other markers (COL1A1, ALPL, RUNX2) were downregulated (Figure 
4C). The downregulation of osteogenic markers (SPP1, RUNX2, SPARC) was also observed in 
MCTS of ZK58 treated for seven days with FK866 (Figure S1B available online). To investigate 
the effect of NAMPT inhibition on mineralization, OS cells were treated for 21 days with 
FK866, after which mineralization was assessed with an Alizarin Red staining. FK866-treated 
cells showed no visible Alizarin Red staining around the cell population that remained, 
indicating that no mineralization had occurred (Figure 4D). 
 
NAPRT Expression in Osteosarcomas Correlates Inversely with Methylation of the NAPRT 
Promotor 
OS cell lines with low NAPRT1 expression exhibited the highest sensitivity to NAMPT 
inhibition. In addition, the low expression of NAPRT1 was previously found to be correlated 
with NAPRT1 promotor hypermethylation in chondrosarcomas (19). Thus, the methylation 
levels of NAPRT in OS cell lines were compared with the gene expression of NAPRT1. In a 
previous study, methylation arrays have been performed in osteosarcoma cell lines (26). 
Using this dataset, NAPRT1 promotor methylation was shown to correlate with decreased 
NAPRT1 expression in OS cell lines (Figure 5A). 
NAPRT1/NAMPT expression and methylation were further investigated in a publicly available 
dataset of the Therapeutically Applicable Research to Generate Effective Treatments 
(TARGET) (https://ocg.cancer.gov/programs/target (accessed on 22-02-2021) initiative, 
comprising 86 osteosarcomas and includes data from whole genome RNA expression deep 
sequencing analyses and DNA methylation arrays. Methylation levels around the NAPRT1 
transcription start site were determined; osteosarcomas showed variable levels of 
methylation around the transcription start site (Figure 5B). These results demonstrate that 
NAPRT1 and NAMPT expression in primary tumors is variable. There was no correlation 
between NAMPT and NAPRT1 expression levels in primary tumors (Figure S1C available 
online). The methylation level of NAPRT1 correlated inversely with NAPRT1 expression levels 
(r2 = 0.317), but there was no correlation with parameters such as sex and the presence of 
metastasis (Figure 5C). In contrast, the NAMPT promotor was not methylated in any of the 
samples, and therefore no correlation between methylation and expression levels could be 
observed (r2 = 0.03) (Figure 5B,C). 
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Figure 3. NAMPT inhibitor FK866 decreases cell viability in 3D cultured osteosarcoma cell lines. (A) 
Osteosarcoma multi-cellular tumor spheroids were treated for 72 hours with NAMPT inhibitor FK866 after 
which  relative cell viability and (B) IC50 values were determined. Data points represent the mean of two 
experiments performed ± standard deviation. (C) NAD+ rescues the inhibitory effect of NAMPT inhibitor FK866 
(30 nM) on cell viability in MG63 and SAOS2. Bars represent the mean of one experiment performed in 
triplicate ± standard deviation. * = p < 0.05 (D) Quantification and (E) representative images of Cleaved 
caspase 3 and Ki67 stained sections of 3D cultured osteosarcoma cells treated with DMSO or FK866 (30 nM). 
Scale bar represents 50 µm. * = p < 0.05. 
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Figure 4. Effect of FK866 on osteogenic differentiation in OS cell line ZK58 is dependent on duration of 
treatment. All bars represent the mean of two experiments in triplicate ± standard deviation. * = p < 0.05. (A) 
Only FK866 treatment (25 nM) and not osteogenic medium affects cell viability. (B) ALP enzymatic activity 
increases after 4 days of FK866 treatment. (C) Osteogenic gene expression marker SPP1 is upregulated after 4 
or 7 days of FK866 treatment (25 nM), whereas markers ALPL, COL1A1, SPARC and RUNX2 are downregulated 
after 7 days of treatment. (D) Mineralization was inhibited in FK866 (25 nM) treated OS cells, after 21 days of 
osteogenic differentiation. Of each condition one representative image is shown. Scale bar represents 100 µm. 
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Figure 5. NAPRT promotor methylation correlates with low NAPRT1 expression in osteosarcoma. (A) In OS cell 
lines, methylation of NAPRT1 correlates with low expression of NAPRT1. (B) Transcription start site of NAPRT1, 
and not NAMPT, has areas of methylation in a subset of osteosarcoma tumours. (C) High methylation 
correlates with low expression of NAPRT1 in osteosarcomas. NAMPT gene expression does not correlate with 
methylation status. Red = male, blue = female, circle = non-metastatic, triangle = metastatic   
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Discussion 

 
Despite the large number of next-generation sequencing studies identifying targets in 
osteosarcoma (29-31) and the high volume of in vitro studies (3), no novel therapeutic options 
for osteosarcoma have been brought to the clinic since the introduction of conventional 
chemotherapy. In this study, we investigated whether targeting the NAD+ metabolic pathway 
in osteosarcoma could be a novel therapeutic strategy for osteosarcoma patients. It was 
shown that osteosarcoma cell lines, both in 2D and 3D cell culture models, are sensitive to 
NAMPT inhibition by FK866. 
We investigated whether NAMPT inhibition affected nuclear count and cell viability in 
osteosarcoma cell lines by inhibiting apoptosis, or by attenuating cell proliferation. In the 
current study, it was shown that apoptosis was not induced in OS cells after treatment with 
FK866. To investigate cell proliferation, cell cycle analysis and Ki67 staining was performed on 
FK866-treated OS cells. Ki67 staining showed that the number of proliferating cells was 
reduced by FK866 in two out of three OS cell lines, suggesting that FK866 inhibited cell 
proliferation. Cell cycle analysis showed that the percentage of MG63 cells in the G2 phase 
decreased after FK866 treatment, which could suggest a G2 arrest. The observed increased 
percentage of cells in the S-phase suggests an arrest in the S-phase in the middle of DNA 
duplication, given the decrease of nuclei count observed after FK866 treatment. Interestingly, 
only MG63 showed changes in cell cycle progression; the two other FK866-sensitive OS cell 
lines, SAOS2 and ZK58, did not exhibit such changes. So far, it remains unclear whether the 
changes in the cell cycle observed in MG63 are an exception. The effect of FK866 is variable 
among OS cell lines, which is in line with previous studies in literature that have investigated 
the mechanism of how FK866 reduces cell viability. Previous studies have shown that FK866 
does not have an effect on cell cycle distribution (27), or on the contrary, that FK866 inhibits 
cell cycle progression (32). Similarly, it was demonstrated that FK866 either induced apoptosis 
((27)) or that it did not induce caspase-driven apoptosis in cancer cell types with rapid ATP 
turnover (32, 33). Instead, these cells undergo oncosis-mediated cell death, characterized by 
cell swelling upon cell death (33, 34). Other mechanisms, such as autophagy, have also been 
suggested (35). Taken together, the current study underlines the fact that there is currently 
no consensus in the field on the exact mechanism of FK866 and that future studies should be 
performed to investigate this in more detail. 
Osteosarcoma is characterized by tumor cells that produce an osteogenic matrix. As earlier 
studies suggested that NAMPT inhibits osteogenic differentiation in murine osteoblast and 
bone marrow-derived mesenchymal stem cells (16, 36), we investigated whether NAMPT also 
affected osteogenic differentiation in osteosarcoma cells. We indeed found that FK866 
treatment inhibited mineralization in osteosarcoma cells, but this was not reflected in the 
RNA expression patterns and may also be attributed to the loss of cell viability. In contrast, 
the early osteogenic marker ALP was increased after a short-term FK866 treatment and may 
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indicate that inhibition of differentiation is mainly induced after a longer treatment with 
FK866. 
We showed here for the first time that osteosarcoma cell lines are sensitive to NAD+ depletion 
by using NAMPT inhibition. In the sarcoma field, previous studies suggest that NAMPT 
inhibition could also be a potential novel therapeutic strategy in chondrosarcoma and Ewing 
sarcoma (19, 32). In chondrosarcoma, it was reported that low NAPRT1 expression correlated 
with increased sensitivity (19). This is in line with the current study, where NAMPT inhibition 
was only effective in osteosarcoma cell lines with low NAPRT1 expression. These cancer cells 
solely depend on NAMPT for NAD+ supply and therefore NAMPT inhibition will cause 
synthetic lethality in these cells. As the balance between the NAD synthesis pathways (de 
novo, classical, or alternative) is different in cancer cells as compared to normal tissue, 
targeting NAMPT can hence be a novel therapeutic strategy. Not only osteosarcoma but also 
other types of cancer generally lack NAPRT1 expression (37-39). In line with our results, it was 
previously shown that in gastric cancer cells with low NAPRT expression, cells were the most 
sensitive to NAMPT inhibition (40). 
In the current study NAMPT inhibition was tested in both 2D and 3D cultured OS cells. It was 
demonstrated that multi-cellular tumor spheroids have a lower sensitivity to FK866 as 
compared to 2D cultured cells. It was previously shown that tight intercellular contacts can 
cause MCTS to have poor drug penetration (41), which could also explain the reduced 
sensitivity to FK866 in MCTS in the current study. An advantage of using MCTS as a model 
system is that these spheroids express features that occur in solid tumors, such as regions of 
hypoxia and necrosis (42). In a previously published study, an increase of apoptosis was 
observed in MCTS as compared to 2D cultured cells (41). Indeed, we observed apoptotic cells 
mainly in the core of spheroids, with a highly proliferative outer ring. Thus, it is suggested that 
MCTS are more representative, also in terms of metabolism (43), compared to 2D cultured 
cells. This makes OS MCTS an attractive model for further pre-clinical (metabolic) drug testing. 
Despite promising results from this study, early clinical trials that have used FK866 in the same 
concentration range as what we have used (1–10 ng/mL) (44), showed dose-limiting 
hematological toxicities in patients with other cancer types (39, 44). The toxic effects are not 
surprising, as healthy tissue expresses both NAMPT and NAPRT1. Therefore, future trials 
should investigate the possibility of the co-administration of a NAMPT inhibitor with nicotinic 
acid (NA) to maintain high NAD levels in healthy tissue, or focus on patients in which NAPRT1 
expression in the tumor is low in order to limit the dose of the NAMPT inhibitor needed. Pre-
clinical studies indeed showed that mice in which the NAMPT inhibitor was co-administrated 
with NA rescued mortality and limited toxicities. Moreover, this co-administration strategy 
did not affect anti-tumor activity in xenograft models (45-47). Likewise, a combination 
therapy including the currently used chemotherapeutic agents should be considered. 
The status of NAPRT1 expression could be a good biomarker to predict sensitivity to NAMPT 
inhibitor treatment. We identified that low NAPRT1 expression correlated with high promotor 
methylation. Our results are in line with a previous study, which concluded that low NAPRT1 
expression by promotor methylation could act as a predictive biomarker for NAMPT inhibition 
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(48). The current study demonstrated that in most OS cell lines, NAPRT1 RNA expression was 
low, whereas NAMPT expression was high. In primary tumor samples, the OS the expression 
of NAPRT1 and NAMPT is variable; however, a subset of patients demonstrates low NAPRT1 
in their tumors. With these results combined, it is highly likely that a subgroup of 
osteosarcoma patients that could benefit from NAMPT inhibition exists. However, future 
studies should explore co-administration with nicotinic acid or conventional chemotherapy. 
Furthermore, future studies should investigate if the use of lower doses of the NAMPT 
inhibitor in tumor tissue expressing low NAPRT1, by using in vivo models, could limit toxicities. 
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Abstract 

Osteosarcoma is the most common malignant bone sarcoma, characterized by a complex 
karyotype. Current treatment for osteosarcoma consists of (neo) adjuvant chemotherapy and 
surgery, which has not improved survival in the last decades. Therefore there is urgent need 
for novel therapeutic options for osteosarcoma patients, in particular personalized and 
targeted treatment options. Potential novel therapies are often tested pre-clinically in 2D in 
vitro models, however, these models do not completely recapitulate the in vivo situation, 
whereas 3D models are more representative. In this study, we have established for the first 
time long-term primary osteosarcoma 3D cultures, either cultured as hydrogels or microsarcs, 
for the purpose of pre-clinical drug testing. For seven patients, whole-exome sequencing was 
performed of corresponding primary tumour tissue to identify potential targets for drug 
treatment. Three out of seven of the established primary osteosarcoma 3D cultures 
harboured the same genetic alterations as the primary tumours, while for the remaining four 
cultures no driver mutations were found to confirm these were tumour-derived. For two 
patients, the primary osteosarcoma 3D cultures were suitable to evaluate personalized 
treatment, after which cell viability was assessed and cultures were analysed by histology and 
immunohistochemistry. One primary osteosarcoma 3D culture with a homozygous loss of 
CDKN2A was sensitive to CDK4/CDK6 inhibitor palbociclib, while the other carried a MYC 
amplification and was sensitive to MYC inhibitor 10058-F4, although control cultures 
indicated the response was not predicted by the genetic biomarker. To compare sensitivity to 
drugs of primary osteosarcoma 3D cultures (hydrogels and microsarcs) with 2D cultures or 2D 
cells propagated in a 3D environment, a panel of potential novel treatment options for 
osteosarcoma was used and histology and cell viability were assessed. Drug treated 
osteosarcoma hydrogels and microsarcs were less sensitive to drugs compared to 2D cultured 
cells, or 2D cells cultured as multi-cellular tumour spheroids. These results demonstrate that 
long-term primary osteosarcoma 3D cultures are suitable to include in a pre-clinical pipeline 
when testing novel therapeutic options for osteosarcoma. 
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Introduction 

 
Osteosarcoma, the most common bone sarcoma is most often diagnosed in children and 
young adults (<30 years), but also has a second peak of incidence in the elderly (1). 
Osteosarcoma patient five-year survival rates are as low as 30% in cases of recurrence or 
relapse. Treatment strategies have not significantly improved survival rates over the last 
decades. Current treatment consists of highly toxic neoadjuvant methotrexate-doxorubicin-
cisplatin (MAP) treatment and surgical resection as no new, improved treatment options have 
been identified (2). An improved multimodal treatment strategy is critical to improve 
outcomes for these patients. 
 
The rarity of recurring alterations in combination with the genomic complexity and inter-
tumour heterogeneity of osteosarcoma poses a challenge to overcome for future 
identification of novel treatment options and the development of clinical trials. By performing 
comprehensive analysis of clinically relevant targetable alterations and tailoring treatment 
strategies in patient-derived xenograft (PDX) models, Sayles and colleagues demonstrated the 
potential efficacy of genome informed targeted therapy (3). This approach can be applied to 
other representative osteosarcoma models, such as 3D cell cultures, in order to gain more 
information on personalized treatment strategies for the disease. 
 
In conventional osteosarcoma 3D culture methods, cells are initially cultured in monolayer on 
a treated plastic surface, and subsequently transferred to low attachment or scaffold-based 
3D culture. This method allows for the evaluation of treatment response that is more 
representative of the in vivo situation as compared to conventional 2D cell lines (4, 5). In vitro 
models can be further improved when derived straight from patients and by maintaining cells 
in extracellular matrix-based scaffolds, using methods such as organoid culture (6). In general, 
sarcoma cells cultured in 2D are morphologically very different from the in vivo situation due 
to a lack of cell-cell and cell-matrix attachment, and cells are prone to dedifferentiation over 
time (7). Continuous culturing to establish cell lines can select for specific cells and introduce 
additional mutations, alter gene and protein expression, and thus may alter drug response (8-
10). Recapitulating the in vivo environment as closely as possible ensures a more 
representative therapeutic outcome. Organoid-like long-term culture of metastatic 
osteosarcoma was previously established by adaptation of epithelial organoid culture 
methods to osteosarcoma samples (11). However, this method was not successful for 
generation of long-term primary osteosarcoma tumour patient-derived cultures.  
 
In the present study we describe culture methods tailored to the osteosarcoma 
microenvironment. We were able to establish long-term osteosarcoma primary 3D cultures, 
regardless of osteosarcoma subtype or pre-treatment. The culture was established without 
use of organoid culture methods commonly used for epithelial cancers, avoiding non-
representative cell behaviour and increasing cost effectiveness. Instead, collagen- based 
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hydrogels and osteogenic growth factors were used for osteosarcoma 3D cell culture 
propagation. Patient cells were propagated in hydrogels immediately after collection of 
patient material to prevent 2D culture-based dedifferentiation. Denser cell masses, termed 
microsarcs, were produced from hydrogel propagated cells in order to more sufficiently mimic 
in vivo osteosarcoma upon treatment. In addition, multi-cellular tumour spheroids (MCTS) 
were generated from 2D primary cultures of one patient to compare 3D models created after 
culture in 2D to the immediate 3D propagation models. The primary osteosarcoma 3D long-
term cultures were used in this study to investigate whether these models can be used for 
personalized targeted treatment. For this purpose, whole-exome sequencing (WES) was 
performed on tumour tissue of seven osteosarcoma patients to detect targetable alterations, 
after which the 3D primary osteosarcoma cultures of two patients were treated with drugs 
targeting the alterations. Furthermore, the sensitivity to drugs was compared between 
conventional 2D cultures, 2D cells propagated in a 3D environment, and straight-from-patient 
derived 3D cultures. We demonstrate use and relevance of these osteosarcoma 3D culture 
models in the context of precision medicine to obtain more representative pre-clinical data 
and improve clinical outcomes for osteosarcoma patients. 
 

Materials and Methods 

 
Patient samples 
All tumour tissue samples used for this study were derived from the bone and soft tissue 
tumour biobank of the Leiden University Medical Centre (BWD005/SH/sh) and obtained from 
patients undergoing surgical resection. The use of tumour tissue samples for this study was 
approved by the LUMC ethical review board (B.16.026). Written informed consent was 
obtained from all participants and the study was conducted according to the code for Proper 
Secondary Use of Human Tissue in the Netherlands. Relevant clinical information can be 
found in Table 1. 
 
2D primary line production 
Tissue samples were obtained directly from surgery and minced with razor blades and 
immersed in 3mL collagenase/dispase (1mg/mL) either at 37°C for two hours or at room 
temperature overnight. Once digested, the samples were washed twice with DMEM:F12 
(#10565018, Gibco, Waltham, USA). The remaining pieces of tissue were squeezed using a 
glass pipette in order to suspend the cells. After washing, the cells were transferred into 75 
ml culture flasks and cultured in αMEM (#LO BE12-169F, Lonza, Basel, Switzerland) 
supplemented with 10% foetal bovine serum (FBS), 100U/ml penicillin and 100μg/mL 
streptomycin (Life Technologies Limited) and 1% NEAAs (#11140050, Gibco, Waltham, USA). 
Cells were grown in a humidified incubator with 1% O2 and 5% CO2 and cultured until stably 
multiplying.  
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PATIENT ID L6558 L6565 L6581 L6620 L6621 L6647 L6727 

SUBTYPE CONVENT
IONAL, 
TELANGIE
CTATIC  

CONVENTIO
NAL  

CONVENT
IONAL 

CONVENTIO
NAL 

CONVENTIONAL 
CHONDRO 
BLASTIC 

CONVENTION
AL  

CONVENTIONAL, 
TELANGIECTATIC  

LOCATION FIBULA HUMERUS LUNG HUMERUS OS ILIUM ABDOMEN PELVIS 

AGE 36 57 29 51 21 25 67 

GENDER M F M F M M F 

TUMOUR 
SAMPLE 

PRIMARY PRIMARY METASTA
SIS 

PRIMARY PRIMARY METASTASIS PRIMARY 

NEO-
ADJUVANT 
TREATMENT 

YES NO YES, FOR 
TREATME
NT OF 
PRIMARY 
TUMOUR 

NO YES NO YES 

TUMOUR 
SPECIFIC 
ALTERATION 

EPHB1 
SNV 
EXON 7 
>CHR3: 
135162
098 
A>G; 
PES SNV 
EXON12 
>CHR22: 
305798
77 C>T 

KRAS SNV 
(C.35G>A; 
VAF: 
0.64), 
CDKN2A 
LOSS 

F13A1 
SNV 
EXON 4, 
>CHR6: 
626660
5 C>T  

MTRR SNV 
INTRON 13, 
>CHR5: 
7897041 
G>T 

MYC AMP 
INTRON 13, 
>CHR5: 
7897041 G>T 

TP53 SNV 
(C.775G>T; 
VAF: 0.74) 

TP53 SNV 
(C.406C>T; 
VAF: 0.45) 

CONFIRMED 
IN 3D 
CULTURE 
(ANALYSIS 
METHOD) 

NO 
(SANGER
SEQUENCI
NG) 

YES 
(CANCER 
HOT SPOT 
PANEL) 

NO 
(SANGER
SEQUENCI
NG) 

NO 
(SANGERSE
QUENCING) 

YES (MYC IHC 
STAINING) 

YES (P53 IHC 
STAINING) BUT 
STOPPED 
GROWING 

NO (CANCER HOT 
SPOT PANEL) 

TARGETABLE 
ALTERATION 

BRCANE
SS 
SIGNATU
RE 

CDKN2A 
LOSS 

NONE BRCANESS 
SIGNATURE 

MYC AMP 4Q12 AMP 
(KIT, 
PDGFRA, 
KDR) 

NONE 

TARGET 
SPECIFIC DRUG 

PARPI PALBOCICLI
B 

NA PARPI JQ1 OR 10058-
F4 

REGORAFENIB  NA 

  

Table 1. Overview of osteosarcoma patient samples used in this study. M = male; F = female; SNV = single 
nucleotide variant; amp = amplification; NA = not applicable 
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Osteosarcoma MCTS production from 2D culture 
Multicellular tumour spheroids (MCTS) were produced from conventionally cultured (2D) 
primary L6565 cells (OS MCTS). The cells were suspended in αMEM (#LO BE12-169F, Lonza, 
Basel, Switzerland) supplemented with 10% foetal bovine serum (FBS) and 100U/ml penicillin 
and 100μg/mL streptomycin (Life Technologies Limited) and 1% NEAAs (#11140050, Gibco, 
Waltham, USA). Additional supplementation with 50 µg/ml ascorbate 2-phosphate and 
100nM dexamethasone was performed directly before culture. The medium contained 0.24% 
(w/v) methyl cellulose in order to improve reproducibility of spheroids. The cells were then 
seeded onto 1% (w/v) agarose coated (ultra-low attachment) plates at a density of 20,000 
cells/well. They were cultured for 7 days in order to aggregate into a large mass and were 
subsequently used for therapeutic testing. 
 
Osteosarcoma 3D primary line production (hydrogels and microsarcs)  
After tissue digestion the cell suspension was strained using a 70µm cell strainer (#431751, 
Corning, New York, USA). If blood was present in the pellet, cells were additionally washed 
with 2mL PBS and treated with 4mL RBC lysis buffer (#00-4333-57, Invitrogen, Waltham, USA) 
for 4 mins. To stop the lysis 30mL of PBS was added and the cells were washed in cell culture 
medium. The cells were suspended in a collagen scaffold (2.5mg/mL collagen, 1x DMEM, 
8.29µM NaOH, 0,38% alginate (w/v)) and plated out either in 12-well (for propagation) or 96-
well (for therapeutic compound testing) non-treated cell culture plates into 10/80µL gels 
respectively. The plates were incubated at 37°C for 25 mins and then left at room temperature 
for an additional 5 mins. In order to gelate the alginate component of the scaffold and further 
stiffen the gel, the samples were incubated in 0.2M CaCL2 solution for 5 mins. The samples 
were subsequently washed twice with 0.15M NaCl solution, followed by two washes with 
medium and placed in culture medium containing αMEM (#LO BE12-169F, Lonza, Basel, 
Switzerland) supplemented with 10% foetal bovine serum (FBS) and 100U/ml penicillin and 
100μg/mL streptomycin (Life Technologies Limited) and 1% NEAAs (#11140050, Gibco, 
Waltham, USA). Additionally, medium was supplemented with 50 µg/ml ascorbate 2-
phosphate and 100nM dexamethasone (osteogenic growth factors). Cells were grown in a 
humidified incubator with 1% O2 and 5% CO2 and cultured until >80% gel confluency for either 
passage or treatment. Cells were regularly STR-profiled using the GenePrint 10 system kit 
(Promega, Madison, WI, USA) and showed the same STR profile as the original tumour. In 
addition, all cells used for treatment were regularly tested for mycoplasma. 
To passage the osteosarcoma hydrogels, cultures were first collected and washed once with 
PBS. In order to digest the scaffold 0.25mg/mL LiberaseTL (#5401020001, Roche, Basel, 
Switzerland) solution (in PBS) was added (4,375µL/µL scaffold). The scaffolds were incubated 
at 37°C for digestion and checked and vortexed after the first 10mins then subsequently 5min 
intervals until the gel was dissolved and the cells were released into a single cell solution. The 
digestion was quenched using medium and washed with medium. On a bi-passage basis the 
cells were strained further to remove debris using autoclaved 50µm cell strainers (#04-0042-
2317, Sysmex, Kobe, Japan). The cells were then resuspended in new scaffold at a ratio of 1:2 
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for further culture or frozen for cryostorage. All osteosarcoma lines produced could be 
repropagated from frozen cryostock.  
 
For further therapeutic testing, osteosarcoma microsarcs were additionally produced from 
the cell lines propagated in hydrogel culture. The method used to produce microsarcs was 
identical to the MCTS protocol described above, but a higher seeding density (50,000 
cells/well) was used. Although the aggregation method of MCTS and microsarcs was the 
same, the cells were propagated in different environments previous to aggregation (2D/3D 
culture) since the beginning of in vitro culture.  
 
Next generation sequencing data analysis 
For whole exome sequencing, DNA was isolated from matched pairs of primary tumour and 
normal frozen tissue of seven patients using the Wizard Genomic DNA purification kit 
(Promega, Madison, WI, USA) according to the manufacturer’s instructions. DNA samples 
were checked for degradation by gel electrophoresis. Whole exome sequencing with a 
minimum coverage of 100x was performed by GenomeScan BV (Leiden, the Netherlands) 
using the Illumina Novaseq6000 platform and the Agilent SureSelect Human All Exon V7 kit. 
The WES data were processed using the BioWDL somatic variant calling pipeline developed 
at LUMC (https://github.com/biowdl/germline-DNA/blob/v3.0.0/somatic.wdl). The quality 
control was first performed by FastQC (v0.11.9). Then the adapters were further clipped using 
Cutadapt (v2.8). The clean reads were aligned to the human reference genome GRCh38 using 
BWA-MEM (v0.7.17-r1188). According to the GATK best practice, duplicated mapped reads 
were marked using Picard (v2.20.5) and the base quality recalibration was performed using 
GATK4 (v 4.1.2.0) to generate the analysis-ready reads in the BAM format. Strelka (version 
2.9.7) and Mutect2 (version 4.1.2.0) were used to detect small somatic variants from the 
matched tumour-normal samples. Only the variants meeting the criteria as determined by 
Strelka and Mutect2 were included in the downstream analysis. These variants were then 
normalized and decomposed using vt program (v2015.11.10) and subsequently annotated 
using VEP (v98) with SIFT and Polyphen-2 options enabled. VEP plugins and custom 
annotation files were also used to include annotations of CADD scores, dbNSFP3.5 
(phastCons100way vertebrate & phyloP100way vertebrate), population allele frequency 
information (e.g., gnomAD version 3 and GoNL). Copy number variants (CNVs) were identified 
following GATK somatic CNV discovery best practice workflow (v4.1.4.0). Pre-selected 
targetable genes (Supplementary Table 1) were used to prioritize both small variants and 
CNV. Genes were labeled “targetable” when it occurred in more than one of the following 
targetable cancer gene panels: FoundationOne and FoundationOne Heme, MSK-IMPACT (12), 
Mi-oncoseq (13), and UCSF 500 Cancer Gene Panel. 
For the customized Cancer Hotspot deep sequencing panel sequencing, DNA was isolated 
from osteosarcoma hydrogels of L6727 P5 and L6565 P15 using the Wizard Genomic DNA 
purification kit (Promega) according to the manufacturer’s instructions. Libraries were 
generated using Life Technology’s Ion AmpliSeq Cancer Hotspot Panel v6. Data analysis was 
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performed as described previously (14, 15). To confirm presence of non-driver tumour-
specific variants in the 3D cultures, PCR and Sanger sequencing for the genes EPHB1, PES, 
F13A1, USP43 and MTRR was performed.  
The tumour mutational burden (TMB) was calculated per sample by dividing the number of 
protein-coding somatic mutations by the total size of the exome (30 Mb was used which is a 
commonly agreed standard). Using the fit_to_signatures_strict (cutoff = 0.010) from 
MutationalPatterns R-package (v3.0.1), mutational signature profiles per sample were 
generated based on SigProfiler exome SBS reference signatures 
(https://www.synapse.org/#!Synapse:syn12026190). 
 
Immunohistochemistry 
Whole slide sections of paraffin embedded tumour tissue or 4 µm paraffin embedded 
osteosarcoma hydrogels, osteosarcoma microsarcs or osteosarcoma MCTS were made and 
stained for haematoxylin and eosin or used for immunohistochemical staining after 
deparaffinization and rehydration. Tumour tissue sections were stained for SATB2 (clone 
CL0276, Sigma-Aldrich, Saint Louis, MO, USA). In addition, L6621 was stained for MYC (clone 
Y69, Abcam, Cambridge, UK) and L6647 was stained for p53 (clone DO-7, Dako, Agilent 
Technologies, CA, USA). Osteosarcoma hydrogels, osteosarcoma microsarcs, and 
osteosarcoma MCTS were stained for SATB2. Additional stainings were performed for L6565 
hydrogels or MCTS: cleaved caspase 3 (Cell Signaling Technology, Leiden, The Netherlands), 
Ki67 (clone D2H10, Cell Signaling Technology), p16 (clone E6H4, CINTEC, Roche, Basel, 
Switzerland), Rb (clone G3245, BD Pharmingen, San Diego, CA, USA) and MYC. For SATB2, Ki67 
and cleaved caspase 3 staining, antigen retrieval was performed by a 10 minute incubation in 
10 mM citrate buffer (pH 6) followed by cooling down for two hours. For MYC, p53, p16 and 
Rb staining, antigen retrieval was performed using Tris-EDTA (pH 9). Sections were incubated 
with primary antibody (Ki67, 1:1600; MYC, 1:80; p53, 1:1; cleaved caspase 3, 1:800; Rb, 
1:2000, SATB2, 1:10, p16, 1:1) overnight at 4 °C. The next day, sections were incubated with 
BrightVision one step detection system poly-HRP anti-mouse/rabbit (Immunologic, WellMed 
BV, Duiven, The Netherlands) for 30 minutes. Sections were washed with PBS and DAB+ 
Chromogen (Dako) was added to each slide for 10 minutes. Slides were counterstained with 
haematoxylin, dehydrated and mounted.  
 
Drug treatment of osteosarcoma hydrogels and microsarcs 
For drug treatment in osteosarcoma hydrogels, once near confluence, L6565 and L6621 was 
treated with palbociclib (20 or 45 µM, dissolved in PBS; Selleckchemicals, Houston, TX, USA), 
JQ1 (1 or 10 µM; Selleckchemicals ), 10058-F4 (10 or 50 µM; Selleckchemicals) or solvent 
controls (PBS and DMSO) for 72 hours. Dosage for drug treatment was selected based on 
results from previously published studies (16-18) in which a similar concentration range was 
used. For drug treatment in osteosarcoma microsarcs, L6565 was seeded at 50,000 cells per 
well in a 96-well plate. One week after the generation of osteosarcoma microsarcs , cells were 
treated with palbociclib (20 or45 µM) or PBS for 72 hours. 

https://www.synapse.org/#!Synapse:syn12026190
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Drug screening in L6565 
For a focused drug screen in L6565 cultures, compounds were selected based on recent 
literature (19). These included an IGF pathway inhibitor (linisitinib) (20, 21), a tyrosine kinase 
inhibitor (regorafenib) (22), and an mTOR inhibitor (rapamycin) (23). In addition,  standard 
chemotherapeutic agents used in sarcomas, i.e. doxorubicin and cisplatin were included, 
while palbociclib was used as positive control. 
For drug screens in 2D cultured cells, L6565 cells were seeded at 4000 cells per well of a 96-
well plate. For monotherapy treatment, the next day cells were treated for 72 hours with 
doxorubicin or cisplatin (both in-house hospital pharmacy of Leiden University Medical 
Center), palbociclib, rapamycin, linsitinib, or regorafenib (all Selleckchemicals) in 
concentrations ranging from 0.001 to 100000 nM. For combination treatments, cells were 
seeded in medium containing cisplatin or doxorubicin for 24 hours. The next day, cisplatin or 
doxorubicin was removed, and palbociclib was added for 72 hours. Pre-treatment of cisplatin 
and doxorubicin was based on a previously published study indicating simultaneous addition 
of chemotherapy with palbociclib will result in interference between the drugs (24). The 
combination treatment of rapamycin and palbociclib was performed by simultaneous 
addition of each drug 24 hours after seeding for 72 hours, which is based on the experimental 
set-up of a previously published study in which rapamycin and palbociclib were added 
simultaneously (25).  
For drug screens in osteosarcoma MCTS and hydrogels, L6565 was treated with cisplatin, 
doxorubicin, rapamycin and palbociclib for 72 hours.  
 
Cell viability and nuclei count assays 
After drug treatment, cell viability was determined by Presto Blue Cell Viability reagent after 
90 minutes (for osteosarcoma hydrogels, microsarcs or MCTS) or 60 minutes (for 2D cultured 
cells) incubation, after which fluorescence was measured at 550/600 nm using a microplate 
reader (Infinite M Plex, Tecan Group Ltd., Zürich, Switzerland) . Osteosarcoma hydrogels were 
formalin fixed and paraffin embedded after read-out. 
2D cultured cells  were fixed in formalin and Hoechst (Invitrogen Life Technologies) was added 
to each well after read-out. Nuclei were counted using Cellomics HCS viewer Software V9. Cell 
viability and nuclei count reads were determined relative to PBS or DMSO control after 
correcting for background reads and reads prior to the start of treatment (day 0), as described 
in (26)  
 
Statistical analysis 
For statistical comparisons between groups, a Kruskal-Wallis test was performed using Dunn’s 
correction for multiple testing. All statistical analyses were performed using GraphPad Prism 
v.8. Comparisons were considered statistically significant using a significance level of p≤0.05. 
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Results 

 
Long-term genetically stable 3D osteosarcoma hydrogel cultures can be established from 
human osteosarcoma resection material 
Osteosarcoma hydrogel lines were established from osteosarcoma resection material of 
seven individual patients (Fig 1A). The selection consisted of a variety of osteosarcoma 
specimens, including pre-treated tumours and different osteosarcoma subtypes (Table 1). All 
seven osteosarcoma hydrogel lines were cultured in collagen-based scaffolds over the course 
of 44-120 days to at least passage 7. This demonstrates long-term propagation of such lines 
fully in 3D cell culture, allowing their expansion and use for therapeutic testing and 
mechanistic studies whilst preserving their in vivo behaviour (Fig 1B). However, during the 
COVID-19 pandemic, lab work was suspended and all cultures were frozen down, which may 
have affected the recovery and propagation time of cultures. Osteosarcoma hydrogels 
showed the lowest cell density as compared to osteosarcoma microsarcs or MCTS (Fig 1C). 
Morphology of the cells was reminiscent of the original tumour, for example, cells within 
osteosarcoma hydrogels of L6565 showed a spindle-shaped morphology, similar to the 
original tumour (Fig 1C). However, none of the patient-derived lines displayed evidence of 
osteoid deposition, and  SATB2 immunohistochemistry was negative in the osteosarcoma 
hydrogels, microsarcs, and MCTS (Supplementary Fig S1). The selected patient lines (L6565 
and L6621) used for therapeutic screening proliferated up to passage 30, allowing for multiple 
testing of therapeutic strategies.  
 
Whole-exome sequencing of primary osteosarcoma reveals targetable alterations 
For all seven patient-derived osteosarcoma hydrogels whole exome sequencing was 
performed on the DNA from the corresponding original tumour tissue as well as on DNA from 
non-neoplastic tissue from the same patient to evaluate the presence of targetable molecular 
alterations for each patient and to identify specific alterations that can be used to confirm 
tumorigenicity of each osteosarcoma hydrogel.  
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Figure 1. Growth rate and histology of seven established primary 3D osteosarcoma cultures. (A) Osteosarcoma 
patient resection material was digested to single-cell suspensions, which were then propagated in a collagen-
based scaffold with optimized osteosarcoma medium (OS hydrogels) or cultured in monolayer (2D). For 
treatment of osteosarcoma hydrogels, the culture format was switched to 96-well plate hydrogels or to 
microsarc format. For treatment of cultures derived from monolayer, cells were seeded as multi-cellular 
tumour spheroids (MCTS). (B) Seven osteosarcoma lines were established and cultured for at least seven 
passages without signs of a growth plateau. (C) H&E staining of the original tumours and the corresponding 
patient-derived osteosarcoma hydrogels, microsarcs or MCTS. Scalebar represents 50 µm. 

Detection of targetable alterations  
WES data analysis revealed that the total number of single nucleotide variants of each tumour 
varied among patients (Fig 2A). The tumour mutational burden in all osteosarcoma patients 
was low to intermediate, with an average of 9.0 mutations per megabase (Fig 2B) (27). The 
copy number profiles of most of the osteosarcoma samples demonstrated a highly complex 
genome with many copy number alterations, although the level of complexity varied. In 
contrast, L6565 only showed a small number of copy number changes (L6565 and L6621 
shown in Fig 2C, rest of samples in Supplementary Figure S2). Mutational signature analysis 
revealed that two COSMIC mutational signatures were dominant (signature SBS5 and SBS31, 
Supplementary Figure S3), although these were not associated with a specific etiology. In 
L6558 and L6620 the mutational signature SBS3 was identified, albeit at a low level, which is 
associated with a BRCAness signature, and may suggest sensitivity to PARP inhibitors (28). 
Both tumours did not show alterations in  homologous recombination deficiency related 
genes (15).  
All seven osteosarcoma tumour samples were analysed for the presence of targetable 
alterations (Table 1). To identify which genetic alterations are targetable for each patient, 
genetic alterations including single nucleotide variants and copy number alterations, were 
filtered using a pre-defined list of targetable genes (Supplementary Table 1). L6565 was 
revealed to have a KRAS mutation (c.35G>A; VAF: 0.64) and homozygous loss of CDKN2A, the 
latter is targetable by CDK4/CDK6 inhibitors such as palbociclib. L6621 showed a MYC 
amplification, which can be targeted by MYC inhibitors such as JQ1 and 10058-F4. L6647 
carried an amplification in the region 4q12, which contains the genes KIT, PDGFRA and KDR 
which can be targeted by receptor tyrosine kinase inhibitors such as regorafenib. For two 
tumours, L6581 and L6727, no targetable alterations were identified. An overview of 
identified targetable alterations is shown in Table 1. 
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Figure 2. Whole exome sequencing analysis of osteosarcoma tumour samples. (A) Total number of somatic 
single nucleotide variants per tumour. Bars represent the number of overlapping variants identified by different 
variant callers (Strelka, Mutect2). (B) Tumour mutational burden per patient. Values are expressed as mutations 
per megabase. (C) Copy number profiles of L6565 and L6621. For L6565 the copy number loss of CDKN2A is 
indicated with a red arrow. For L6621 the MYC amplification is indicated with a red circle.  
 
Molecular confirmation of the presence of tumour cells in the 3D cultures 
The presence of tumour specific alterations was investigated in the osteosarcoma hydrogels 
to confirm the presence of tumour cells instead of normal fibroblasts in the 3D cultures. Using 
a a customized Cancer Hotspot deep sequencing panel, it was confirmed that L6565 
osteosarcoma hydrogels contained the same driver mutations as the original tumour, 
including the identical KRAS mutation and homozygous loss of CDKN2A (Supplementary 
Figure S4). Moreover, L6565 osteosarcoma hydrogels indeed showed loss of p16 protein 
expression (Figure 3). Because for L6727, L6558, L6620, and L6581 no driver mutations were 
available other somatic variants were used to compare the primary tumour with the 3D 
cultures. Single nucleotide variants were selected on the basis of coverage (>100) and variant 
allele frequency (>0.3) and include a TP53 point mutation (c.406C>T, VAF: 0.45), a EPHB1 
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point mutation, a MTRR point mutation, and a F13A1 point mutation respectively. 
Unfortunately, these mutations were not found  in the 3D cultured cells. This may imply that 
tumour cells were overgrown by normal fibroblasts in 3D culture. For L6621, the positive 
immunohistochemical staining for MYC suggested that the MYC amplification as identified by 
WES in the L6621 primary tumour tissue, was also present in the L6621 3D cultured cells (Fig 
3. Likewise, L6647 3D cultured cells showed p53 overexpression suggestive of the presence 
of the TP53 mutation (c.775G>T; VAF: 0.47) that was found using WES in the L6647 primary 
tumour tissue (Figure 3). Thus, in total three out of seven 3D osteosarcoma hydrogel cultures 
consisted of tumour cells and could therefore be used to test targeted therapies (Table 1). 
Unfortunately, the patient derived osteosarcoma hydrogel line L6647 did not grow 
sufficiently for further testing, which left two patient derived osteosarcoma hydrogel lines 
(L6565 and L6621) for drug testing.  
 

  
 
Figure 3. Osteosarcoma hydrogels carry the same alteration as the original tumour. Loss of 
immunohistochemical expression of P16, or overexpression of MYC and P53 were confirmed in the 
osteosarcoma hydrogels derived from L6565, L6621 and L6647 respectively. Scalebar represents 20 µm.  
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Targeted treatment of patient-derived 3D osteosarcoma cell cultures 
L6621, which displayed a MYC amplification, was treated with  BET bromodomain inhibitor 
JQ1, which was shown to downregulate MYC transcription (29), as well as a specific MYC 
inhibitor, 10058-F4 (30). Osteosarcoma hydrogels of L6621 that were treated for 72 hours 
with 1 or 10 µM JQ1 did not show a reduction in cell viability after treatment, whereas 
treatment of 10 µM or 50 µM 10058-F4 reduced cell viability to 70% (P = 0.0046) and 40% (P 
< 0.001) respectively (Fig 4A). However, the presence or absence of a MYC amplification did 
not predict response, since osteosarcoma hydrogels without MYC amplification (L6565) also 
showed a reduction in cell viability (P < 0.001)(Fig 4B, 4C).For L6565 the deletion of CDKN2A 
could indicate sensitivity to CDK4/CDK6 inhibition, provided Rb is functional. Rb status was 
determined for L6565 with immunohistochemistry and showed no loss of Rb in the 
osteosarcoma cells in hydrogel (Figure 4C). Thus, osteosarcoma hydrogels of L6565 were 
treated with CDK4/CDK6 inhibitor palbociclib for 72 hours which reduced cell viability (P < 
0.001)(Fig 4B). However, no difference in morphology, apoptosis or proliferation between 
untreated and palbociclib treated osteosarcoma hydrogels was observed by Ki67 or cleaved 
caspase 3 staining (Fig 4D, Supplementary Figure S5). Since only few cells are visible per 
section in osteosarcoma hydrogels, L6565 was also cultured as microsarcs resulting in a 
similar reduction in cell viability as compared to osteosarcoma hydrogels (P = 0.0146) (Fig 4E). 
However, the presence or absence of CDKN2A did not predict the effect of palbociclib on cell 
viability in L6565, as L6621 osteosarcoma hydrogels (without loss of CDKN2A) also showed 
reduced cell viability upon palbociclib treatment (P < 0.001)(Figure 4A). The dosage of 
palbociclib used in this study was relatively high as compared to previous studies for the 
treatment of HER-2 negative breast cancer and breast cancer cell lines in vitro (31). Thus, to 
determine whether the dosage of palbociclib could be reduced further, different drug 
combinations with other promising novel osteosarcoma therapeutics were tested in 2D 
cultures of L6565. However, no combination therapy was able to reduce the dose of 
palbociclib (Supplementary Figure S6). 
 
Osteosarcoma hydrogels are suitable to test novel treatment options  
We further explored whether the generated osteosarcoma hydrogels could be used to test 
potential novel treatment options for osteosarcoma. L6565 2D cultured cells (Fig 5A) were 
used for prescreening of drugs and showed that cisplatin, doxorubicin, rapamycin (mTOR 
inhibitor) and palbociclib were able to induce a dose dependent response after 72 hours, 
whereas linsitinib (IGF pathway inhibitor) and regorafenib (broad receptor tyrosine kinase 
inhibitor) showed the highest IC50 values (2166 and 3013 nM, respectively) and induced more 
toxic responses at high doses. Therefore cisplatin, doxorubicin, and rapamycin were selected 
to validate further using multi-cellular tumour spheroids (MCTS) of L6565 cells. The same cells 
cultured as MCTS were less sensitive compared to 2D cultured cells (Fig 5B). Finally, the L6565 
osteosarcoma hydrogels were less sensitive to drugs as compared to L6565 osteosarcoma 
MCTS or cells in monolayer (Fig 5C). 
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Figure 4. Targeted treatment for L6621 and L6565. (A) L6621 osteosarcoma hydrogels, with a MYC amplification, 
were treated with MYC inhibitors JQ1 and 10058-F4, or palbociclib for 72 hours, after which cell viability was 
determined. Bars represent the average of seven experiments performed In triplicate, with the standard 
deviation. Drug treated cells were compared to non-treated controls. ** = P ≤ 0.01; **** = P ≤ 0.001; n.s = not 
statistically significant. (B) L6565 osteosarcoma hydrogels with a loss of CDKN2A were treated with palbociclib 
or 10058-F4 for 72 hours, after which cell viability was determined. Bars represent the average of seven 
experiments performed in triplicate, with the standard deviation. Drug treated cells were compared to non-
treated controls. **** = P ≤ 0.001; n.s = not statistically significant. (C) L6565 osteosarcoma hydrogels or 
microsarcs were stained for Rb and MYC respectively. L6621 osteosarcoma hydrogels were stained for Rb. 
Scalebar represents 20 µm. (D) L6565 osteosarcoma hydrogels and microsarcs did not show difference in 
morphology between treated (45 µM) and untreated conditions. Scalebar represent 20 µm (E) Osteosarcoma 
microsarcs were treated with palbociclib for 72 hours, after which cell viability was determined. Bars represent 
the average of one experiment performed in triplicate, with the standard deviation. Drug treated cells were 
compared to non-treated controls **** = P ≤ 0.05; n.s = not statistically significant 
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Figure 5. Literature-informed focused drug treatment for L6565. (A) 2D cultured cells were treated with each 
drug for 72 hours, after which cell viability and IC50 values were determined. Graph represents the average of 
three experiments performed In triplicate, with the standard deviation. (B) L6565 MCTS were treated with each 
drug for 72 hours, after which cell viability and IC50 values were determined. For drugs rapamycin and cisplatin 
no IC50 value could be determined (N.A.). Graph represents the average of three experiments performed in 
triplicate, with the standard deviation. (C) Osteosarcoma hydrogels of L6565 were treated with each drug for 72 
hours. Bars represents the average of seven experiments performed in triplicate, with the standard deviation. 
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Discussion 
 
Osteosarcoma is currently treated by a combination of (neo)adjuvant chemotherapy and 
surgery, which has not improved patients’ survival over the last decades. Thus, novel 
therapies are urgently needed for osteosarcoma patients as survival rates remain 
disappointingly below 60%. To translate pre-clinical findings to the clinic, potential novel 
therapies should be tested in suitable, representative in vitro models. For this purpose, we 
have successfully established osteosarcoma hydrogels, long-term 3D cultures of primary 
tumours, derived straight from osteosarcoma patient resection material.  
 
Of the established osteosarcoma hydrogels, 100% of the cultures were propagated until at 
least seven passages. Not all tested osteosarcoma hydrogels were observed to harbour the 
same genetic alterations as the original tumour, indicating that these osteosarcoma hydrogels 
did not contain tumour cells and were probably overgrown by fibroblasts, or that key 
alterations were lost at higher passages. Nevertheless, three out of seven (43%) 
osteosarcoma hydrogels tested contained tumour cells with identical genetic alterations as 
compared to the original tumour, irrespective of tumour status 
(primary/recurrence/metastasis) or treatment. Long-term (<6 months) growth of lung 
metastatic osteosarcoma was demonstrated previously by He and colleagues, however these 
methods did not succeed in establishing long-term non-metastatic osteosarcoma cultures 
(11). Osteosarcoma hydrogel production methods used in the current study are tailored to 
mimic the osteosarcoma microenvironment (collagen hydrogels and osteogenic growth 
factors), single-cell seeded and utilize less additional supplements compared to culture 
methods frequently used for organoid culture of epithelial cancers. Supplementation in a 
sarcoma context leads to a more representative and cost-effective culture of osteosarcoma 
patient samples and allows study of primary tumours as well as metastases. Additionally, the 
level of antibiotics used for culture of microsarcs should be as low as possible in future 
experiments, as they may have an effect on response to therapy (32).  
 
Of all osteosarcoma cultures, L6565 was most successful, both in 2D as well as in 3D, although 
this osteosarcoma is slightly unusual due to the absence of the typical complex genome with 
a plethora of copy number changes. In fact, the patient presented with a pathological fracture 
of the left humerus and a lesion was seen in the left clavicle. Biopsies of the clavicle as well as 
the humerus revealed similar morphology displaying a low-grade undifferentiated spindle cell 
sarcoma without deposition of osteoid, and MDM2 amplification as determined by FISH was 
lacking. First, the 6 cm lesion in the clavicle was resected, showing a heterogeneous 
morphology, including an intermediate grade area with deposition of osteoid, resulting in the 
diagnosis of osteosarcoma. Resection of the humerus was performed, revealing a 20 cm 
tumour with similar morphology but also including areas of conventional high-grade 
osteosarcoma in addition to high grade spindle cell areas without deposition of osteoid. No 
fusions were detected using Archer fusionplex sarcoma analysis in routine diagnostics.  
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It was shown that L6565 carried a homozygous loss of CDKN2A, with intact Rb, thereby 
suggesting vulnerability to CDK4/CDK6 inhibitors. L6565 osteosarcoma hydrogels were 
indeed sensitive to CDK4/CDK6 inhibitor palbociclib, and showed no sensitivity towards drugs 
that did not inhibit the p16 pathway, including linsitinib, regorafenib and rapamycin. This 
result is in line with previous studies that a subset of osteosarcomas are vulnerable to 
palbociclib (16, 29, 33, 34). However, the dosage used in the current study was relatively high 
as compared to the dosage currently administered to patients with HER2 negative breast 
cancer (31). Combination with other drugs including rapamycin, doxorubicin or cisplatin could 
not increase sensitivity to palbociclib and therefore the dose could not be lowered. 
Nevertheless, our previous study and other studies using osteosarcoma cells have used a 
dosage in a similar (high) concentration range as the current study and showed promising 
results (33, 35). Moreover, there are currently two clinical trials ongoing that test CDK4/CDK6 
inhibitors in osteosarcoma patients with a known alteration in the CDK4/CDK6 pathway (36, 
37).  
 
The primary tumour and patient-derived osteosarcoma hydrogel line L6621 had a MYC 
amplification, suggesting potential sensitivity to treatment with MYC inhibitors. MYC 
amplification occurs in 9% of the osteosarcoma patients (38) and correlates with worse 
overall survival (30). Moreover, MYC was shown to be a potential driver of osteosarcoma, 
since mouse bone marrow stromal cells with overexpression of MYC and loss of CDKN2A 
transformed towards osteosarcoma (39). In the present study, we have tested a 
bromodomain and extra terminal domain (BET) inhibitor, JQ1, which inhibits MYC activity 
indirectly by transcriptional repression of MYC (29). JQ1 was previously shown to inhibit 
growth of osteosarcoma cells (34, 40). In osteosarcoma hydrogels, L6621 did not display a 
reduced cell viability after JQ1 treatment. In contrast, a direct MYC inhibitor, 10058-F4, which 
was previously shown to decrease cell proliferation in osteosarcoma cells both in 2D and 3D 
culture models (30), reduced cell viability in L6621. The presence or absence of MYC 
amplification did not predict response to 10058-F4 in our small series, since also line L6565 – 
lacking MYC amplification - showed a decrease in cell viability after treatment. This suggests 
that treatment with 10058-F4 might be further explored as novel treatment strategy for 
osteosarcoma, irrespective of the MYC amplification status. 
Drug responses were compared between osteosarcoma 2D culture, culture as MCTS, and a 
hydrogel culture of the L6565 line. The sensitivity to palbociclib in our study was independent 
of the 3D culture method, since both osteosarcoma hydrogels and osteosarcoma MCTS 
showed sensitivity. This indicates a successful inhibitor effect regardless of physiochemical 
environment and higher cellularity. Comparing all culture methods, as expected, 2D cultured 
cells were most sensitive to the tested therapeutics. The difference in sensitivity between 2D 
and 3D cultured cells is not surprising and can be explained by the increase in tight 
intercellular junctions which occur in 3D cultures and reduce drug penetration (41). However, 
the difference in sensitivity in 3D osteosarcoma hydrogels compared to 2D propagated cells 
transitioned to a 3D environment (MCTS) might be explained by additional changes occurring 
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upon continuous culturing on a 2D plastic surface (8, 9). Further investigation into benefits of 
3D primary culture models that have never been in contact with a plastic surface, is required 
to determine increased representativity over 2D propagated 3D models. 
 
The slow growth rate and continuous monitoring of culture conditions required for 
osteosarcoma hydrogels does not allow for patient-specific personalized treatment at this 
moment. Before these models can be used for personalized treatment, culture conditions 
would need optimization to allow short-term assessment of each patient-derived culture 
without 2D propagation. Nevertheless, the current study is a proof-of-principle that 
osteosarcoma hydrogels can be used for pre-clinical precision medicine. Currently, most often 
a drug discovery pipeline involves screening in 2D cultured cells, followed by in vivo testing, 
and finally clinical trials. Our results suggest that the inclusion of drug testing on 3D cultured 
cells prior to in vivo testing is feasible and may provide valuable information about drug 
response. In particular 3D primary cultures that have never been in contact with a 2D plastic 
surface, such as the ones used in this study, may be more representative of in vivo and should 
be studied further in order to determine optimal in vitro models for drug discovery pipeline 
integration. 
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Supplementary Figures 

Figure S1. SATB2 staining of osteosarcomas L6565, L6621 and L6647 and the corresponding 3D cultures 
(hydrogel, microsarc or MCTS). Only these patient samples were stained for SATB2. Scalebar = 20 µm.  
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Figure S2. Copy number profiles of L6558, L6581, L6620, L6647, L6727 and L6748. 



149 
 

 

Figure S3. Mutational signatures for all osteosarcoma samples, based on SBS reference signatures.  
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Figure S4. Copy number variation analysis based on Cancer hot spot panel sequencing of L6565. Upper panel: 
logarithmic scale, each dot represents the median read count per amplicon. Middle panel: normalized read 
counts. Lower panel: variant allele frequency. Arrow indicates the copy number loss of CDKN2A. 
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Figure S5. Ki67 and cleaved caspase 3 staining for L6565 osteosarcoma hydrogels and microsarcs. Scalebar = 20 
µm 

 

 

Figure S6. L6565 2D cultured cells were treated with different drugs combined with palbociclib. The x-axis 
depicts the concentration of palbociclib. Cells were pre-treated with doxorubicin (35 nM) and cisplatin (500 nM) 
for 24 hours, after which palbociclib was added for 72 hours in total. Rapamycin (0.03 nM) and palbociclib were 
administered simultaneously for 72 hours. Graph represents the average of three experiments performed In 
triplicate, with the standard deviation. 
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Summary 
 
Bone-forming tumours are rare tumours characterized by bone deposition, and include 
osteoid osteoma, osteoblastoma and osteosarcoma (1). The molecular pathology differs 
greatly between osteosarcoma and osteoid osteoma/osteoblastoma. Osteoid osteoma and 
osteoblastoma are tumours with simple genomics and show translocations of the FOS gene 
in the majority of cases, whereas osteosarcoma is a tumour with complex genomics and not 
driven by a specific mutation or translocation. For osteoid osteoma and osteoblastoma the 
role of FOS in the pathogenesis is not completely understood. For osteosarcoma, the complex 
genomics hampers the identification of driver events and this is largely unknown. Thus, the 
main aim of this thesis was to study the pathogenesis of these bone-forming tumours.  
Furthermore, the aim was to investigate novel treatment options for osteosarcoma, since 
current treatment has not improved survival in the last decades. Good models are essential 
to study pathogenesis and therefore the first part of this thesis describes the development of 
in vitro models for functional analysis of molecular alterations in bone-forming tumours. In 
the second part of this thesis, in vitro models have been used to test novel therapeutic 
strategies for osteosarcoma.  

 
Part 1: in vitro models for functional analysis of molecular alterations in bone-forming 
tumours  
 
The in vitro models described in chapter 3 and chapter 4 of this thesis are cell-of-origin based 
models of bone-forming tumours, for which the mesenchymal stem cell was used as the cell-
of-origin for functional analysis of molecular alterations. In part 2 we describe different in 
vitro models for drug testing. An overview of in vitro models most suitable for different 
research questions is presented in Figure 1. 

 
Cell-of-origin based models for functional analysis of molecular alterations 
 
In chapter 3 we established a cell-of-origin based model for osteoid osteoma and 
osteoblastoma. These tumours are characterized by the deposition of immature woven bone 
(1). The underlying molecular alterations have recently been unraveled, and it was discovered 
that both osteoid osteoma and osteoblastoma show recurrent translocations in FOS leading 
to a truncation of the protein, and overexpression of truncated FOS due to loss of the C-
terminal protein destabilizing motif (2, 3). Currently, cell models for osteoid osteoma and 
osteoblastoma are lacking. Thus, in this thesis a cell-based model for osteoid osteoma and 
osteoblastoma was generated, in which fetal mesenchymal stem cells have been transduced 
to overexpress a truncated form of FOS, lacking the last 90 amino acids of the C-terminal 
domain. These cells were characterized for their osteogenic differentiation potential and 
proliferation rate. It was demonstrated that mesenchymal stem cells overexpressing 
truncated FOS have slightly reduced osteogenic differentiation capacity, and a reduced 
proliferation rate. We have demonstrated that mesenchymal stem cells overexpressing 
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truncated FOS show similarities to osteoid osteoma and osteoblastoma, thus providing 
evidence that the presence of FOS translocations can be linked to the presence of immature 
woven bone in osteoid osteoma and osteoblastoma.   

 
For osteosarcoma there is a plethora of cell-based models (4), and we have used a previously 
established model based on mesenchymal stem cells in chapter 4. Where previous studies 
have already demonstrated that murine mesenchymal stem cells undergo spontaneous 
transformation after long-term culture (5-7), we have now established that also canine 
mesenchymal stem cells may undergo spontaneous transformation, although less frequent 
compared to murine cells. Transformed murine and canine mesenchymal stem cells showed 
a myriad of genomic abnormalities, including aneuploidy, translocations, and copy number 
alterations, and are therefore genetically very similar to human osteosarcoma. More 
importantly, this thesis demonstrated that in our spontaneously transformed canine and 
murine mesenchymal stem cells model, TP53 or CDKN2A/CDKN2B is lost, and this loss is a 
driving event in osteosarcomagenesis. Alterations in TP53 and CDKN2A/CDKN2B are among 
the most common recurrent alterations in human osteosarcoma (8). These results support 
that our murine and canine mesenchymal stem cell model can be used as a model for 
osteosarcoma or other sarcomas with complex genomics. Furthermore, our model allows 
mapping the genetic events prior to transformation, which is particularly useful to study a 
tumour which is characterized by high genomic instability and for which no benign precursor 
is known. 
 
Molecular alterations driving bone-forming tumours  
 
The cell-of-origin based models that are described in this thesis, have been generated to 
better unravel the underlying mechanism of genetic alterations in bone-forming tumours. The 
aim of chapter 3 was to study the role of FOS in osteoid osteoma and osteoblastoma. It is still 
not completely understood how translocations in FOS lead to the formation of osteoid 
osteoma or osteoblastoma. In chapter 3, we have demonstrated that mesenchymal stem cells 
overexpressing truncated FOS had slower proliferation rates compared to full length FOS 
expressing mesenchymal stem cells, and that overexpression of both truncated and full length 
FOS showed changes in osteogenic differentiation compared to non-manipulated wild-type 
mesenchymal stem cells. The reduced proliferation observed in fetal mesenchymal stem cells 
that overexpress truncated FOS compared to cells overexpressing full length FOS could 
explain the non-malignant nature of osteoid osteoma and osteoblastoma. Interestingly, in 
contrast to osteoid osteoma and osteoblastoma, osteosarcoma does not show frequent 
recurrent alterations of FOS, although overexpression of full length FOS can transform cells 
into osteosarcoma in c-fos transgenic mice (9-11). Indeed, our model shows that 
mesenchymal stem cells overexpressing full length FOS has the highest proliferation rate. 
Thus, the mesenchymal stem cell model expressing truncated or full length FOS can 
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recapitulate the phenotype observed in bone-forming tumours and suggests that the 
definitive phenotype is a careful balance between differentiation and proliferation.  
The genetic alterations leading to the formation of osteosarcoma have been studied in 
chapter 4 and chapter 5 and here we demonstrated that both TP53 and CDKN2A/CDKN2B are 
driving events in osteosarcoma, as loss of either gene results in spontaneous transformation 
in vitro. This observation is in line with literature, where loss of TP53 or genes within the RB-
pathway are most often affected (8, 12). Previous studies have also demonstrated that 
alterations in TP53 or the RB-pathway are early events in osteosarcomagenesis (13, 14). 
Although alterations in TP53 are common in different cancer types, mutations in TP53 are 
often not an early event in tumorigenesis of epithelial tumours, but instead occur later in the 
process of tumorigenesis (15). Complicating the question what is driving 
osteosarcomagenesis is chromothripsis, the event in which one or a few chromosomes 
shatter in a random order or orientation. The percentage of osteosarcomas in which 
chromothripsis occurs varies between 30% and 90% (16, 17). The discrepancy may be 
attributed to the uncertain definition of chromothripsis (18). Chromothripsis and other 
catastrophic cellular events, such as chromoanagenesis or chromoplexy, are closely related  
and lead to genomic instability. Such catastrophic events could lead to the generation of 
alterations in genes such as TP53 or CDKN2A/CDKN2B (17), which are genes that regulate 
genome maintenance pathways. Thus, it is not completely understood what the driving event 
is for osteosarcomagenesis, an event such as chromothripsis, or a direct alteration in TP53 or 
CDKN2A/CDKN2B, and this warrants further investigation. Nevertheless, the transformed 
murine MSC model that was used in this thesis provides a tool to investigate which genetic 
alterations occur prior to an event such as chromothripsis. 
In our model the transformed murine mesenchymal stem cells formed not only osteosarcoma 
but also undifferentiated pleomorphic sarcoma after subcutaneous injection in mice. 
Moreover, not all mesenchymal stem cells with loss of TP53 or CDKN2A/CDKN2B were able 
to form colonies in soft agar, indicating only a specific combination of alterations lead to 
malignant transformation and osteosarcoma formation. However, it must be noted that 
osteosarcoma formation still occurred after injection of one transformed murine 
mesenchymal stem cell line, that did not show colonies in soft ager (B6_4). Thus, to answer 
the question which alterations lead to osteosarcoma formation, the ability to form in vivo 
tumors should be tested. The order of genetic alterations also determines which tumour 
(sub)type is formed (19). Furthermore, not only genetic alterations, but also epigenetic 
changes could play a role in determining the subtype of sarcoma (20). In this thesis, the MSC 
model was used to identify which mutations or copy number alterations occur prior to 
transformation, but further mapping of RNA expression profiles and protein networks would 
allow complete understanding of the transformation process (21). Thus, further research 
should be done to identify which combination of (epi)genetic changes, in what order these 
genetic alterations occur, and which stage of differentiation the cells are in, lead to the 
formation of different (osteo)sarcoma subtypes.  
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Part 2: Utilizing in vitro models to identify novel treatment options in osteosarcoma 
 
For osteosarcoma the current treatment strategy of (neo)adjuvant chemotherapy in 
combination with surgery has not improved the outcome in the last decades (22). This 
underlines the importance of discovering novel therapeutic options, which can be tested pre-
clinically using cell-based models. In part 2 of this thesis 2D and 3D cell culture models were 
used with the aim of pre-clinical testing of novel therapeutic options for osteosarcoma. 
 
Novel therapeutic options for osteosarcoma patients 
 
In chapter 5 murine mesenchymal stem cells were used to identify that loss of CDKN2A and 
CDKN2B are early events in the transformation towards osteosarcoma, which implicates 
sensitivity towards CDK4/CDK6 inhibitor treatment (23). Indeed, we discovered that 
transformed murine mesenchymal stem cells and osteosarcoma cell lines with a loss of p16 
are more sensitive to the CDK4/CDK6 inhibitor palbociclib compared to wild-type cells, 
provided Rb function is intact. In chapter 7, we have demonstrated that a primary tumour 
derived 3D culture, with confirmed loss of CDKN2A, was indeed sensitive to palbociclib. 
Therefore these results suggest that palbociclib can be considered as a novel therapeutic 
option for osteosarcoma patients. We have shown that there is indeed a subgroup of 
osteosarcoma patients (20-23%) that have overexpression of CDK4 or CDK6 or have loss of 
p16 with intact Rb, that could possibly benefit from palbociclib treatment. Previous studies 
have been published that demonstrate that CDK4/CDK6 inhibitors show promise as a novel  
treatment option (24, 25). However, the current study and others have used a relatively 
higher dose of palbociclib than is now considered for other cancer types, such as breast cancer 
(26). The currently ongoing clinical trials in which CDK4/CDK6 inhibitors are tested in 
osteosarcoma patients, should demonstrate whether these inhibitors are promising in vivo as 
well (27, 28). 
Chapter 6 describes another potential treatment for osteosarcoma patients. It was 
demonstrated that osteosarcoma cells are sensitive to NAMPT inhibitor FK866, which targets 
the NAD salvage synthesis pathway. Osteosarcoma cells with low NAPRT RNA expression, or 
high NAPRT promotor methylation, were the most sensitive to FK866 treatment. Although 
the exact mechanism of the NAMPT inhibitor FK866 needs to be elucidated further, the 
current study demonstrates that targeting the NAD salvage pathway can be considered as a 
novel treatment option for osteosarcoma patients.  
The results in chapters 5 and chapter 6 demonstrate there is unfortunately no ‘one size fits 
all’ treatment option for osteosarcoma patients, as only a subgroup of osteosarcoma patients 
has the potential to benefit from a treatment option such as FK866. In chapter 7 we 
performed whole exome sequencing of osteosarcomas and established 3D primary cultures 
with proven genetic alterations that are identical to the original tumour to identify novel 
targeted treatment options. The genetic alterations could point towards novel targeted 
treatment options, such as MYC-inhibition. However, the response was not predicted by the 
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genetic biomarker and indicates that these novel treatment strategies can be further explored 
for osteosarcoma patients.    
 
2D culture vs 3D culture 
 
Throughout chapters 5, 6 and 7 different In vitro models for pre-clinical drug testing have 
been used: from 2D cell lines to 3D cultured multicellular tumour spheroids and primary tissue 
derived hydrogels. 3D models are aimed at mimicking the context of tumour cells in vivo. In 
chapter 1 the different methods for 3D culture have been explained in detail. Since 
osteosarcoma cells produce their own extra-cellular matrix, we have not chosen the organoid 
model that is frequently used for epithelial cancers, but instead used the liquid overlay 
method as a scaffold-free 3D model and collagen/alginate hydrogels as a scaffold-based 3D 
model. Throughout this thesis we have generated scaffold-free multi-cellular tumour 
spheroids and established for the first time a long-term 3D culture of patient-derived 
tumours, cultured in collagen/alginate hydrogels. In chapter 7 we compared these different 
3D culture methods and conventional 2D culture methods. 
We showed that drug response differs greatly among the different methods, where 3D 
cultures are less sensitive compared to 2D cultures. Moreover, 2D cells cultured in a 3D 
environment were also less sensitive compared to 3D cultured cells that have never grown on 
a plastic surface and are cultured as hydrogels. Thus, it is important to carefully consider 
which model is the most representative for the in vivo situation. In chapter 7, the difference 
in sensitivity among the different methods was evident. However, to determine which 
method is the most representative of the in vivo situation can only be determined when a 
drug is tested in animal models and in clinical studies. In general, the consensus is that 3D 
cultures are more representative compared to 2D cultures (29). However, 2D cultures are still 
useful for initial screening of potential novel therapeutic options. This is in particular 
important for high-throughput screening. The reproducibility, material cost and labor 
intensiveness are important factors to consider in 3D cultures, as these remain challenging 
(30). Especially patient-derived primary tumour hydrogels are labor-intensive and costly. 
Nevertheless, 3D cultures can be a valuable addition to the pre-clinical drug testing pipeline 
and minimize the need of in vivo models.  
 
Biomarker identification for targeted treatment 
 
The novel therapeutic strategies that have been tested in the studies presented in this thesis 
were targeted approaches, which is in contrast to the “one size fits all” strategy of 
chemotherapy. Therefore it is important to carefully consider the target prior to drug testing. 
We have discovered potential novel biomarkers to identify patients for which novel 
therapeutics might be promising. In chapter 5 we identified that osteosarcoma cells with loss 
of p16, provided Rb is functional, are most sensitive to treatment with CDK4/CDK6 inhibitor 
palbociclib. Moreover, the patient subgroup with loss of p16 or overexpression of CDK6 
showed worse overall survival and therefore novel therapeutic strategies could be valuable 
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to improve outcome. In chapter 6 we have shown that osteosarcoma cells with low NAPRT 
RNA expression are particularly sensitive to NAMPT inhibitor treatment, FK866. Furthermore, 
NAPRT RNA expression positively correlated with promotor methylation, indicating that 
patients with low NAPRT RNA expression/high methylation of NAPRT could be selected for 
treatment. However, a clinical study is needed to investigate whether treatment of this group 
of patients with NAMPT inhibitor would also improve overall survival. 
Once a novel biomarker has been discovered, it is important to consider how to identify the 
biomarker in patients. In chapter 5 the p16, Rb, CDK4 and CDK6 status have been evaluated 
by immunohistochemical staining. Immunohistochemical expression of p16 and Rb has been 
shown to predict the genomic status (31, 32). Moreover, this method is easy to implement 
into daily clinical practice. This is in contrast with next-generation sequencing techniques, 
which we have used in chapter 7 to identify targetable genomic alterations in osteosarcoma 
patients. Next-generation sequencing is costly and more time consuming compared to 
immunohistochemistry. However, more potential targets can be evaluated in each patient 
and deep sequencing is currently part of clinical practice in many institutes. Independent of 
the chosen detection method, the studies presented in this thesis demonstrate that valuable 
information from either immunohistochemistry or next-generation sequencing about 
potential targets can point to novel therapeutic options in osteosarcoma patients.  
 
Concluding remarks 

This thesis describes the generation of cell-of-origin based models, using mesenchymal stem 
cells, to further elucidate the underlying mechanism of molecular alterations of the bone-
forming tumours osteoid osteoma, osteoblastoma and osteosarcoma. Furthermore, we 
describe the identification of novel treatment options for osteosarcoma using 2D and 3D in 
vitro models. 
 
We have shown that the translocation of FOS, which is recurrent in osteoid osteoma and 
osteoblastoma, reduces osteogenic differentiation and proliferation rate of mesenchymal 
stem cells, thus providing a possible explanation of the phenotype observed in osteoid 
osteoma and osteoblastoma. For osteosarcoma, we have demonstrated that TP53 and 
CDKN2A/CDKN2B are early events in osteosarcomagenesis. The loss of CDKN2A/CDKN2B can 
be exploited with CDK4/CDK6 inhibitor palbociclib, providing a potential novel treatment 
option for osteosarcoma patients. Another novel treatment option for osteosarcoma is 
targeting the NAD salvage pathway using NAMPT inhibitor FK866.  
 
The investigation of the underlying mechanism of molecular alterations and the pre-clinical 
testing of novel treatment options described in this thesis, were performed using a variety of 
in vitro models. Not all models are suitable for every application. A suggestion for the different 
applications of each type of in vitro model described in this thesis is shown in Figure 1. Cell-
of-origin based models are ideal for functional analysis of molecular alterations, whereas 
tumour cell lines cultured in 2D or in 3D are more suitable for pre-clinical drug testing. 
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Whether to choose 2D or 3D models should also be carefully considered. It was demonstrated 
that sensitivity to drugs differs greatly between 2D or 3D culture models, with 3D models the 
least sensitive, but perhaps the most representative of the in vivo situation. However, 2D 
models are more convenient for high-throughput screening given the ease of culture. In 
conclusion, in future research one should carefully consider which in vitro model is the most 
suitable given the research question.  
 

 

 

Figure 1. Flowchart of which in vitro model is most suitable for which research question. 
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Nederlandse samenvatting 

Botvormende tumoren zijn zeldzame tumoren die gekenmerkt worden door botafzetting. 
Hieronder vallen osteoïd osteoom, osteoblastoom en osteosarcoom. De moleculaire 
pathologie verschilt sterk tussen deze tumoren. Osteoïd osteoom en osteoblastoom zijn 
tumoren met een simpel genetisch profiel en vertonen vaak translocaties van het FOS-gen, 
terwijl osteosarcoom een tumor is met een complex genetisch profiel en niet wordt 
gekenmerkt door een specifieke mutatie of translocatie. De rol van FOS in de pathogenese 
van osteoïd osteoom en osteoblastoom is niet volledig bekend. Voor osteosarcoom 
belemmert het complexe genetische profiel de identificatie van driver genen. 

Dit proefschrift beschrijft onderzoek met als doel de pathogenese van botvormende tumoren 
te bestuderen en om nieuwe behandelingsopties voor osteosarcoom te ontdekken. Goede 
modellen zijn essentieel om de pathogenese te bestuderen en daarom beschrijft het eerste 
deel van dit proefschrift de ontwikkeling van in vitro modellen voor de functionele analyse 
van moleculaire veranderingen in botvormende tumoren. In het tweede deel van dit 
proefschrift worden in vitro modellen gebruikt om nieuwe therapieën voor osteosarcoom te 
testen.  

Deel 1: in vitro modellen voor de functionele analyse van moleculaire veranderingen in 
botvormende tumoren  

In hoofdstuk 3 is er een in vitro model ontwikkeld voor osteoid osteoom en osteoblastoom. 
Deze tumoren hebben vaak translocaties in het FOS-gen, dat leidt tot een verkorte versie van 
het FOS eiwit. Voor het in vitro model voor osteoid osteoom en osteoblastoom zijn foetale 
mesenchymale stamcellen getransduceerd en deze cellen brengen de verkorte versie van het 
FOS eiwit tot over-expressie. Dit hoofdstuk heeft aangetoond dat mesenchymale stamcellen 
die de verkorte versie van FOS tot expressie brengen een licht verminderd osteogeen 
differentiatievermogen hebben, en een verminderde proliferatiesnelheid. Hiermee vertonen 
deze cellen gelijkenissen met osteoid osteoom en osteoblastoom.  

In hoofdstuk 4 is er een in vitro model ontwikkeld voor osteosarcoom. Hiervoor zijn 
mesenchymale stamcellen van muizen en honden gebruikt. Eerdere studies hebben 
aangetoond dat mesenchymale stamcellen van muizen spontane transformatie ondergaan na 
langdurige kweek, maar in dit hoofdstuk is er voor het eerst vastgesteld dat ook 
mesenchymale stamcellen van honden spontane transformatie kunnen ondergaan. 
Getransformeerde mesenchymale stamcellen van muizen en honden vertonen een groot 
aantal structurele genetische afwijkingen, waaronder aneuploïdie en translocaties, en zijn 
daarom qua moleculaire genetica zeer goed vergelijkbaar met humaan osteosarcoom. 
Daarnaast heeft dit proefschrift ook aangetoond dat spontaan getransformeerde 
mesenchymale stamcellen van muizen en honden vaak de genen TP53 of CDKN2A/CDKN2B 
verliezen. Deze genen zijn in humaan osteosarcoom ook het meest frequent aangedaan. Deze 
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resultaten laten zien dat dit in vitro model gebruikt kan worden als model voor osteosarcoom 
en andere sarcomen met een complex genetisch profiel. 

Deel 2: Gebruik van in vitro modellen om nieuwe behandelingsmogelijkheden voor 
osteosarcoom te identificeren 

In de laatste decennia is de behandelingsstrategie voor osteosarcoom nauwelijks verbeterd 
en dit onderstreept het belang van het ontdekken van nieuwe therapieën. In deel 2 van dit 
proefschrift werden 2D en 3D celkweekmodellen gebruikt voor het preklinisch testen van 
nieuwe therapieën voor osteosarcoom.  

In hoofdstuk 5 werden mesenchymale stamcellen van muizen gebruikt om aan te tonen dat 
verlies van de genen CDKN2A en CDKN2B vroege gebeurtenissen zijn in de transformatie naar 
osteosarcoom. Het verlies van CDKN2A en CDKN2B impliceert dat cellen gevoelig zijn voor 
behandeling met CDK4/CDK6 remmer palbociclib, en osteosarcoom cellijnen met een verlies 
van p16 waren inderdaad gevoeliger voor palbociclib vergeleken met wild-type cellen. Dit is 
ook aangetoond in hoofdstuk 7, waarin een 3D kweek van een osteosarcoom – met verlies 
van CDKN2A - gevoelig was voor palbociclib. Deze resultaten suggereren dat palbociclib 
mogelijk een nieuwe therapeutische optie voor osteosarcoompatiënten is. Andere 
preklinische studies hebben aangetoond dat CDK4/CDK6 remmers veelbelovend zijn als  
nieuwe behandelingsoptie. De klinische trials waarin CDK4/CDK6 remmers worden getest in 
osteosarcoompatiënten moeten uitwijzen of deze remmers ook in vivo veelbelovend zijn. 

Hoofdstuk 6 beschrijft een andere potentiële therapie voor osteosarcoompatiënten. Hierin 
werd aangetoond dat osteosarcoom cellen gevoelig zijn voor de NAMPT remmer FK866. 
Osteosarcoom cellen met lage NAPRT RNA expressie, of hoge NAPRT promotor methylering, 
waren het meest gevoelig voor FK866. Hoewel het exacte mechanisme van de NAMPT 
remmer FK866 nog verder moet worden opgehelderd, suggereren deze resultaten dat FK866 
mogelijk een nieuwe behandelingsoptie voor osteosarcoompatiënten is.  

Hoofdstuk 5 en hoofdstuk 6 laten zien dat er helaas geen 'one size fits all' behandeling is voor 
osteosarcoompatiënten, aangezien slechts een subgroep van osteosarcoom patiënten baat 
heeft bij een behandeling zoals FK866. In hoofdstuk 7 is er dan ook whole exome sequencing 
uitgevoerd op osteosarcomen om specifieke genetische veranderingen per patiënt in kaart te 
brengen. De tumoren zijn in 3D gekweekt om vervolgens per patiënt een specifieke 
behandeling uit te testen. Echter werd de respons op een behandeling niet voorspeld door 
de genetische verandering en dit geeft aan dat er meer onderzoek nodig is naar nieuwe 
specifieke behandelingsstrategieën voor osteosarcoompatiënten.    

2D kweken vs 3D kweken 

In de hoofdstukken 5, 6 en 7 zijn verschillende in vitro modellen voor het preklinisch testen 
van geneesmiddelen gebruikt: van 2D cellijnen tot 3D gekweekte tumorcellen. In hoofdstuk 7 
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zijn deze verschillende 3D kweekmethoden vergeleken met conventionele 2D 
kweekmethoden. 

Er is aangetoond dat de gevoeligheid van de kweken sterk verschilt, waarbij 3D kweken 
minder gevoelig zijn vergeleken met 2D kweken. Bovendien waren 2D cellen gekweekt in een 
3D omgeving ook minder gevoelig vergeleken met 3D gekweekte cellen die nooit op een 
plastic oppervlak hebben gegroeid. Het is dus belangrijk om zorgvuldig af te wegen welk 
model het meest representatief is voor de in vivo situatie. Dit zal uiteindelijk moeten worden 
aangetoond in diermodellen en in klinische studies. Over het algemeen is men het erover 
eens dat 3D kweken wel representatiever zijn in vergelijking met 2D kweken, met name in 
sarcomen vanwege de meestal uitgebreide extra cellulaire matrix die alleen door  tumorcellen 
wordt geproduceerd als deze in 3D groeien. 2D kweken zijn echter nog steeds nuttig voor een 
eerste screening van potentiële nieuwe behandelingen. Dit is met name van belang voor 
grootschalige high-throughput screening. De reproduceerbaarheid, materiaalkosten en 
arbeidsintensiviteit zijn belangrijke factoren waarmee rekening moet worden gehouden bij 
3D kweken, aangezien 3D kweken nog steeds uitdagend blijken. Vooral 3D kweken direct 
afkomstig uit primaire tumoren zijn erg arbeidsintensief en kostbaar. Desalniettemin kunnen 
3D kweken een waardevolle aanvulling vormen voor het preklinisch testen van 
geneesmiddelen en zo het gebruik van dierproeven tot een minimum beperken. 

Concluderende opmerkingen 

Dit proefschrift beschrijft het genereren van in vitro modellen op basis van mesenchymale 
stamcellen om het onderliggende moleculaire mechanisme van de botvormende tumoren 
osteoid osteoma, osteoblastoma en osteosarcoom verder op te helderen. Daarnaast wordt 
ook de identificatie van nieuwe behandelingsmogelijkheden voor osteosarcoom met behulp 
van 2D en 3D in vitro modellen in dit proefschrift beschreven. 

Dit proefschrift heeft aangetoond dat de translocatie van FOS – veel voorkomend in osteoïd 
osteoom en osteoblastoom - de osteogene differentiatie en proliferatiesnelheid van 
mesenchymale stamcellen vermindert, en zo een mogelijke verklaring biedt voor het 
fenotype dat wordt waargenomen in osteoïd osteoom en osteoblastoma. Daarnaast is 
aangetoond dat veranderingen in de genen TP53 en CDKN2A/CDKN2B al vroeg kunnen 
optreden tijdens het ontstaan van osteosarcoom. Deze ontdekking kan leiden tot nieuwe 
therapieën voor patiënten met osteosarcoom: zo kunnen patiënten met verlies van 
CDKN2A/CDKN2B behandeld worden met palbociclib.  

Het onderzoek naar het moleculaire mechanisme en het preklinisch testen van nieuwe 
behandelingsopties in botvormende tumoren werd uitgevoerd met behulp van een 
verscheidenheid aan in vitro modellen. Niet alle modellen zijn geschikt voor elke toepassing. 
Cellijnen zijn ideaal voor functionele analyse van moleculaire veranderingen, terwijl gekweekt 
tumormateriaal meer geschikt is voor het preklinisch testen van geneesmiddelen. Ook moet 
zorgvuldig worden overwogen of voor 2D -  dan wel voor 3D-modellen moet worden gekozen. 
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De gevoeligheid voor geneesmiddelen verschilt sterk tussen 2D- en 3D-kweekmodellen, 
waarbij 3D-modellen het minst gevoelig zijn, maar misschien wel het meest representatief 
voor de in vivo situatie. 2D-modellen zijn echter meer geschikt voor grotere drug screens 
gezien het gebruiksgemak. De onderzoeksvraag zal dus leidend zijn voor welk in vitro model 
gekozen kan worden. 
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