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Osteosarcoma 3D patient derived 
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Background: Improving osteosarcoma treatment beyond conventional (neo)
adjuvant chemotherapy and resection remains challenging. An urgent need for 
novel therapeutic options, particularly personalized and targeted approaches, 
has emerged due to high inter-patient molecular heterogeneity. A lack of repre-
sentative in vitro and in vivo models impedes therapeutic development, therefore 
we aimed to create 3D in vitro long term culture models directly from patient 
material.
Methods: Tumour cells from seven osteosarcoma patients were propagated in 
monolayer or collagen hydrogels, while whole-exome sequencing of corre-
sponding primary tumour tissue was performed to identify potential drug targets. 
Established cultures were subsequently used to assess efficacy of the identified 
personalized treatment options.
Results: Three out of seven hydrogel cultures harbored the same genetic altera-
tions as the corresponding primary tumours, but only one culture (L6565) showed 
viable cells after cryopreservation in combination with long term expansion. Our 
findings demonstrate feasibility of establishing long-term patient-derived osteo-
sarcoma cultures with a success rate of 14%. This single patient line was used 
to evaluate genome-informed therapy and to compare cell culture models of 
increasing complexity. L6565 exhibited homozygous CDKN2A loss with retained 
Rb expression, rendering tumour cells sensitive to CDK4/CDK6 inhibition via 
palbociclib. Tumour heterogeneity was reflected in advanced culture methods 
producing more variability in treatment response.
Conclusion: These results highlight the potential of genome-informed therapies 
in osteosarcoma and the importance of refining culture techniques to enhance 
translational research and therapeutic outcomes.
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Introduction

Osteosarcoma, the most common malignant 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 sur-
vival rates over the last decades. Current treatment consists of highly 
toxic neoadjuvant methotrexate-doxorubicin-cisplatin (MAP) treat-
ment and surgical resection as no new, improved treatment options 
have been identified (2, 3). An improved multimodal treatment strat-
egy 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 treat-
ment options and the development of clinical trials. The potential of 
clinical genomic profiling of osteosarcoma was demonstrated in both 
patient cohorts and PDX models (3, 4). Notably, by performing com-
prehensive 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. 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.

PDX models are time consuming, labor intensive and require the 
use of animals. Therefore, an in vitro approach to optimize personal-
ized treatment in osteosarcoma would be preferred (5). Conventional 
3D cell culture methods involve initial culture of cells in monolayer 
on a treated plastic surface, with subsequent transfer to low attach-
ment or scaffold-based 3D cultures. This method allows for the evalu-
ation of a treatment response that is more representative of the in vivo 
situation as compared to conventional 2D cell lines (6, 7). In vitro 
models can be further improved by maintaining cells in extracellular 
matrix-based scaffolds immediately from patient resection material, 
using methods such as organoid culture (8). In general, sarcoma cells 
cultured in 2D differ morphologically from the in vivo situation due 
to a lack of cell–cell and cell-matrix interaction, and cells are prone to 
dedifferentiation over time (9). Continuous monolayer culturing to 
establish cell lines can select for specific cell populations, alter gene 
and protein expression, which could be mitigated significantly using 
3D culture techniques (10–12). Recapitulating the in vivo environ-
ment as closely as possible ensures a more representative therapeutic 
outcome. Organoid-like long-term cultures of sarcomas are still rela-
tively rare, mostly due to difficulties in culturing mesenchymal 
tumour cells (13). Metastatic osteosarcoma 3D cultures were previ-
ously established by adaptation of epithelial organoid culture methods 
to osteosarcoma samples, however these methods were not effective 
for long-term primary osteosarcoma material (14). Conversely, short-
term patient material culture, without passaging, was reported for 
osteosarcoma patient material using conventional organoid growth 
techniques, such as use of Matrigel and defined organoid growth 
medium (15, 16). The caveat of short term cultures or even tumour 
explants is that often it is not possible to validate that the cultured cells 
are tumour cells and not fibroblasts, which is especially challenging in 
osteosarcoma due to the lack of a specific tumour cell marker.

Long-term stable expansion of osteosarcoma patient lines, unlike 
immediate use of the cells within the first three passages, allows for con-
tinuous use of the model for multiple studies, as a sufficient amount of 

cells can be cultivated for each study and the osteosarcoma cell fraction 
can be validated. In the present study we explore the feasibility of gener-
ating long-term patient-derived osteosarcoma 3D cell cultures by using 
methods tailored to the osteosarcoma microenvironment for seven 
patients. We used whole exome sequencing of the primary tumours of 
these patients to define genome informed therapies for each patient line. 
We propagated a selected patient line using both 2D and 3D cell culture 
approaches. Collagen-based hydrogels and osteogenic growth factors 
were used for osteosarcoma 3D cell culture propagation straight from 
patients to prevent 2D culture-based dedifferentiation. Denser cell 
masses, termed microsarcs, were subsequently produced from hydrogel 
propagated cells to better mimic in vivo osteosarcoma for drug treat-
ment testing. In addition, multi-cellular tumour spheroids (MCTS) were 
generated from 2D primary cultures to compare 3D models created after 
propagation in 2D to the microsarc models. Despite the low success rate 
(one out of seven), we demonstrated the use and relevance of osteosar-
coma 3D culture models in the context of genome informed medicine.

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 Center (BWD005/SH/sh) and obtained from patients under-
going surgical resection. Patient samples were collected between 2017 
and 2019. The use of tumour tissue samples for this study was 
approved by the Medical Ethics Committee Leiden The Hague Delft 
(B16.026). Written informed consent was obtained from all partici-
pants and the study was conducted according to the code for Proper 
Secondary Use of Human Tissue in Netherlands. Relevant clinical 
information can be found in Table 1.

Tissue processing

Tissue samples were obtained from resection specimens immedi-
ately after surgery, minced with razor blades and immersed in 3 mL 
1 mg/mL collagenase IA/dispase II (C9891, Sigma-Aldrich, Saint 
Louis, MO, United States and #17105041 Gibco, Waltham, United 
States) either at 37 °C for 2 hours or at room temperature overnight. 
Once digested, the samples were washed twice with DMEM:F12 
(#10565018, Gibco, Waltham, United States). The remaining pieces of 
tissue were gently broken up by pipetting with a glass pipette to obtain 
a cell suspension. At this stage the cells were used for 2D or 3D cul-
ture. To produce mono-layer cultures (2D) the cells were transferred 
into flasks and cultured in αMEM (#LO BE12-169F, Lonza, Basel, 
Switzerland) supplemented with 10% fetal bovine serum (FBS), 
100 U/mL penicillin and 100 μg/mL streptomycin (Life Technologies 
Limited), and 1% NEAA (#11140050, Gibco, Waltham, United States). 
Cells were cultured in a humidified incubator with 1% O2 and 5% 
CO2 and passaged at high confluence, until a stable propagation was 
achieved.

Osteosarcoma MCTS production

MCTS were produced from conventionally cultured (2D) primary 
osteosarcoma L6565 cells. The cells were suspended in αMEM (#LO 
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TABLE 1  Overview of osteosarcoma patient samples used in this study.

Patient ID Subtype Location Age Gender Tumour 
sample

Neo-adjuvant 
treatment

Tumour 
specific 
alteration

Confirmed in 
3D culture 
(analysis 
method)

Targetable 
alteration

Target 
specific 
drug

L6558 Conventional, 

telangiectatic

Fibula 36 M Primary Yes EPHB1 SNV (exon 

7 > chr3: 135162098 

A > G); PES SNV 

(exon 12 > chr22: 

30579877\

u00B0C > T)

No (Sanger 

sequencing)

BRCAness signature PARPi

L6565 Conventional Humerus 57 F Primary No KRAS SNV 

(c.35G > A; VAF: 

0.64); CDKN2A loss

Yes (Cancer Hot Spot 

Panel)

CDKN2A loss Palbociclib

L6581 Conventional Lung 29 M Metastasis Yes, for treatment of 

primary tumour

F13A1 SNV (exon 4, 

>chr6: 6266605\

u00B0C > T); USP43 

SNV (exon 6, >chr17: 

9680303 G > A)

No (Sanger 

sequencing)

None NA

L6620 Conventional Humerus 51 F Primary No MTRR SNV (intron 

13, >chr5: 

7897041 G > T)

No (Sanger 

sequencing)

BRCAness signature PARPi

L6621 Conventional, 

chondroblastic

Iliac bone 21 M Primary Yes MYC amp Yes (MYC IHC 

staining)

MYC amp JQ1 or 10,058-F4

L6647 Conventional Abdomen 25 M Metastasis No P53 SNV (c.775G > T; 

VAF: 0.74)

Yes (P53 IHC 

staining)

4q12 amp (KIT, 

PDGFRA, KDR)

Regorafenib

L6727 Conventional, 

telangiectatic

Pelvis 67 F Primary Yes P53 SNV (c.406C > T; 

VAF: 0.45)

No (Cancer Hot Spot 

Panel)

None NA

M, male; F, female; SNV, single nucleotide variant; amp, amplification; NA, not applicable.
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BE12-169F, Lonza, Basel, Switzerland) supplemented with 10% fetal 
bovine serum (FBS) and 100 U/mL penicillin and 100 μg/mL strepto-
mycin (Life Technologies Limited) and 1% NEAAs (#11140050, 
Gibco, Waltham, United States). Additional supplementation with 
50 μg/mL ascorbate 2-phosphate (A8960, Sigma-Aldrich, Saint Louis, 
MO, United States) and 100 nM dexamethasone (D8893, Sigma-
Aldrich, Saint Louis, MO, United States) was performed directly 
before culture. The medium contained 0.24% (w/v) methyl cellulose 
(M0512, Sigma-Aldrich, Saint Louis, MO, United States) to improve 
the spheroid reproducibility. The cells were then seeded onto pre-
made 1% (w/v) agarose (#16500, Invitrogen, Waltham, United States) 
coated (ultra-low attachment) plates at a density of 6,000 cells/well. 
They were aggregated for 3 days and were subsequently used for thera-
peutic testing.

Osteosarcoma 3D primary line production 
(hydrogels and microsarcs)

To expand the patient lines, whilst reducing risk of cell dediffer-
entiation during culture, we established a method for propagation of 
cells in a collagen-based hydrogel. After tissue digestion, the cell sus-
pension was strained using a 70 μm cell strainer (#431751, Corning, 
New York, United States). If blood was present in the pellet, cells were 
additionally washed with PBS and treated with 4 mL RBC lysis buffer 
(#00-4333-57, Invitrogen, Waltham, United States) for 4 min. To stop 
the lysis 30 mL of PBS was added and the cells were washed in cell 
culture medium. The cells were suspended in a collagen scaffold 
(2.5 mg/mL rat tail collagen (#50202, Ibidi, Gräfelfing, Germany), 1x 
DMEM, 8.29 μM 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 or 80 μL gels, respec-
tively. The plates were incubated at 37 °C for 25 min and then left at 
room temperature for an additional 5 min before adding solution. In 
order to gelate the alginate component of the scaffold and further 
stiffen the gel, the samples were incubated in 0.2 M CaCL2 solution 
for 5 min. The samples were subsequently washed twice with 0.15 M 
NaCl solution, followed by two washes with medium and placed in 
culture medium containing αMEM (#LO BE12-169F, Lonza, Basel, 
Switzerland) supplemented with 10% FBS and 100 U/mL penicillin 
and 100 μg/mL streptomycin (Life Technologies Limited) and 1% 
NEAAs (#11140050, Gibco, Waltham, United States). Additionally, 
medium was supplemented with 50 μg/mL ascorbate 2-phosphate and 
100 nM 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 regu-
larly STR-profiled using the GenePrint 10 system kit (Promega, 
Madison, WI, United States) and showed the same STR profile as the 
original tumour. In addition, all cells used for treatment were regularly 
tested for mycoplasma. At the end of the study, the L6565 cell line was 
confirmed to have no additional genetic alterations due to long-term 
passaging.

To passage the osteosarcoma hydrogels, cultures were first col-
lected and washed once with PBS. In order to digest the scaffold 
0.25 mg/mL LiberaseTL (#5401020001, Roche, Basel, Switzerland) 
solution (in PBS) was added (4,375 μL/μL scaffold). The scaffolds were 
incubated at 37 °C for digestion, checked and lightly vortexed after the 
first 10 min then subsequently at 5 min intervals until the gel was vis-
ibly dissolved and the cells were released into a single cell solution. The 
digestion was quenched using medium and the cells subsequently 

washed with medium. On a bi-passage basis the cells were strained at 
this stage to remove debris using autoclaved 50 μm cell strainers (#04-
0042-2317, Sysmex, Kobe, Japan). The cells were then resuspended in 
fresh gel at a passage ratio of 1:2 for further culture or frozen for 
cryopreservation.

For further therapeutic testing, microsarcs were additionally pro-
duced from the L6565 hydrogel cultured cell line. The method used to 
produce and treat microsarcs was identical to the MCTS protocol 
described above, but a higher seeding density (10,000 cells/well) was 
used to ensure linear growth during treatment.

Next generation sequencing data analysis

For whole exome sequencing (WES), 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, United States) according to the manufacturer’s instruc-
tions. DNA samples were checked for degradation by gel electropho-
resis. Whole exome sequencing with a minimum coverage of 100x was 
performed by GenomeScan BV (Leiden, Netherlands) using the 
Illumina Novaseq6000 platform and the Agilent SureSelect Human All 
Exon V7 kit. Raw WES data was deposited in the European Genome-
phenome Archive (EGA) under the study accession number 
EGAS50000001583. The WES data were processed using the BioWDL 
somatic variant calling pipeline developed at LUMC.1 The quality con-
trol 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 down-stream 
analysis. These variants were then normalized and decomposed using 
vt program (v2015.11.10) and subsequently annotated using VEP (v98) 
with SIFT and Poly-phen-2 options enabled. VEP plugins and custom 
annotation files were also used to include annotations of CADD scores, 
dbNSFP3.5 (phastCons100way vertebrate & phy-loP100way verte-
brate), 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 were used to prioritize both small variants and 
CNV (Supplementary Table 1). Genes were labeled “targetable” when 
it occurred in more than one of the following targetable cancer gene 
panels: FoundationOne and FoundationOne Heme, MSK-IMPACT 
(17), Mioncoseq (18), and UCSF 500 Cancer Gene Panel.

For the customized Cancer Hotspot targeted sequencing panel, 
DNA was isolated from osteosarcoma hydrogels of L6727 P5 and 
L6565 P15 & P45 and monolayer culture of L6565 P46 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 performed as described previously. To confirm presence of non-
driver tumour-specific variants in the 3D cultures, PCR and Sanger 

1  https://github.com/biowdl/germline-DNA/blob/v3.0.0/somatic.wdl
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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.2

Immunohistochemistry

Whole slide sections of paraffin embedded tumour tissue, MCTS, 
hydrogels, and microsarcs (4 μm) were made. After deparaffinization 
and rehydration the sections were either stained using hematoxylin 
and eosin to observe morphology, or used for immunohistochemical 
staining to confirm expression of specific proteins, including SATB2 
(clone CL0276, Sigma-Aldrich, Saint Louis, MO, United States), MYC 
(clone Y69, Abcam, Cambridge, United Kingdom) and p53 (clone 
DO-7, Dako, Agilent Technologies, CA, United States). Additional 
stainings were performed for L6565 hydrogels and MCTS: Ki67 (clone 
D2H10, Cell Signaling Technology), p16 (clone E6H4, CINTEC, 
Roche, Basel, Switzerland), and Rb (clone G3245, BD Pharmingen, 
San Diego, CA, United States). For SATB2 and Ki67 staining, antigen 
retrieval was performed by a 10 min incubation in 10 mM citrate 
buffer (pH 6) followed by cooling down for 2 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; Rb, 1:2000, SATB2, 1:10, p16, 1:1) over-
night at 4 °C. The next day, sections were incubated with BrightVision 
one step detection system poly-HRP anti-mouse/rabbit (Immunologic, 
WellMed BV, Duiven, Netherlands) for 30 min. Samples were then 
washed with PBS and DAB+ Chromogen (Dako) was added to each 
slide and incubated for 10 min. Slides were counterstained with 
hematoxylin.

Drug treatment

For treatment of L6565 cultures standard chemotherapeutic 
agents used in sarcomas, doxorubicin and cisplatin were included, 
while palbociclib, a CDK4/CDK6 inhibitor, was used to target the 
homozygous CDKN2A loss.

For therapeutic treatment of monolayer cell cultures, L6565 cells 
were seeded at 4,000 cells per well of a 96-well plate. For monotherapy 
treatment, cells were treated the following day for 72 h with palboci-
clib (Selleckchemicals, Houston, TX, United States), doxorubicin or 
cisplatin (both in-house hospital pharmacy of Leiden University 
Medical Center), in concentrations ranging from 0.00001 to 
100 μM. For combination treatments, cells were seeded in medium 
containing cisplatin or doxorubicin for 24 h. The following day, cispla-
tin or doxorubicin was removed, and palbociclib was added for 72 h. 
Pretreatment of cisplatin and doxorubicin was based on a previously 
published study indicating that simultaneous addition of chemothera-
pies with palbociclib will result in interference between the drugs (19).

L6565 MCTS and microsarc cultures were treated with palbociclib 
for 72 h (3 days) or 7 days in concentrations ranging from 0.001 to 

2  https://www.synapse.org/#!Synapse:syn12026190

100 μM. For the comparison of long-term palbociclib treatment 
(7 days in total) the drug medium was refreshed after 3 days of 
treatment.

After drug treatment, cell viability was determined by Presto 
Blue Cell Viability reagent after a 90 min (for MCTS and micro-
sarcs) or 60 min (for monolayer 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 embed-
ded after read-out. The readout was used to determine the drug 
concentration that inhibited cell viability by 50% (IC50) and to 
determine synergy of the combination therapies. The Bliss indepen-
dence model (C = A + B – A × B) was used to predict synergy, in 
which C represents the combined effect and A and B represent 
single agent effects (20). A heatmap figure was created with 
MORPHEUS (Broad Institute, Cambridge, MA, United States).

Results

Detection of targetable alterations in the 
osteosarcoma patient cohort

In total, seven patients were included (Table 1). Tissue specimens 
were harvested from primary or metastatic sites. Three patients with a 
primary tumour received neo-adjuvant chemotherapy. Various histo-
logical variants, including telangiectatic and chondroblastic osteosar-
coma, were represented (Table 1). Whole Exome Sequencing (WES) 
revealed that the total number of single nucleotide variants of each 
tumour varied among patients (Figure 1A). The tumour mutational 
burden in all osteosarcoma patients was low to intermediate (average 
9.0 mutations per megabase) (Figure 1B) (21). The copy number pro-
files confirmed the presence of highly complex genomes with many 
copy number alterations, although the level of complexity varied, with 
the exception of L6565 that only showed a small number of copy 
number changes (Figure 1C; Supplementary Figure 1). Mutational 
signature analysis revealed that two COSMIC mutational signatures 
were dominant (signature SBS5 and SBS31, Supplementary Figure 2), 
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 (22). Both tumours did not show altera-
tions in homologous recombination deficiency related genes (23).

All seven osteosarcomas were analyzed for the presence of targe-
table alterations (Table 1) by filtering genetic alterations including 
single nucleotide variants and copy number alterations using a pre-
defined list of targetable genes (Supplementary Table 1). Potential 
molecular targets were identified for five out of seven patients 
(Supplementary Table S2). L6565 showed a KRAS mutation 
(c.35G > A; VAF: 0.64) and homozygous loss of CDKN2A. The latter 
alteration is targetable by CDK4/CDK6 inhibitors such as palbociclib. 
L6621 harbored 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 may be targeted by receptor tyrosine kinase inhibitors such as 
regorafenib. For two tumours, L6581 and L6727, no targetable altera-
tions were identified. Thus, the cohort of seven patients reflected the 
molecular heterogeneity that is characteristic of osteosarcoma.
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Long-term genetically stable 3D 
osteosarcoma hydrogel cultures can be 
established from human osteosarcoma 
resection material

Monolayer and hydrogel culture was performed for patient mate-
rial propagation, followed by assessment of monolayer, MCTS, hydro-
gel and microsarc cultures as treatment formats (Figure 2A). For all 
seven osteosarcomas hydrogel lines were cultured in collagen-based 
scaffolds over the course of 44–120 days to at least passage 7 
(Figure 2B). As all cultures were passaged at a ratio of 1:2 once conflu-
ent, we approximated the doubling time based on passaging fre-
quency, which ranged from 6 to 26 days, dependent on the patient 
line. Monolayer culture could only be established for L6565. During 
the COVID-19 pandemic, all experimental work was suspended and 

all of the patient line cultures were cryopreserved, which affected the 
recovery and propagation time of all of the patient lines, except for 
L6565 which could be continuously passaged at the same rate.

L6565 was then used to compare monolayer, MCTS, hydrogel and 
microsarc culture to determine the most representative model for 
therapeutic testing. Hydrogel cultures showed the lowest cell density 
as compared to MCTS or microsarcs. Morphology of the cells in cul-
ture was reminiscent of the original tumour, showing spindle-shaped 
morphology (Figure 2C). However, none of the L6565 patient-derived 
lines displayed clear evidence of osteoid deposition, and SATB2 
immunohistochemistry, a marker for osteogenic differentiation, was 
negative in MCTS, hydrogel, and microsarc cultures 
(Supplementary Figure 3). Of note, higher passages (i.e., p45) of L6565 
hydrogel cultures retained the observed KRAS variant (VAF = 0.66) 
and homozygous CDKN2A loss without acquiring additional 

FIGURE 1

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.
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mutations, indicating a stable culture was established that shows mini-
mal genetic drift whilst culturing for a longer period of time.

Molecular confirmation of the presence of 
tumour cells in the 3D cultures

To confirm the presence of tumour cells in later passages (>p5), 
or to exclude overgrowth of other cell types present in the tumour 
tissue, the presence of tumour specific alterations identified in the pri-
mary tumour was investigated in the hydrogel cultures. Since specific 
recurrent aberrations are lacking in osteosarcoma, this had to be cus-
tomized per patient. Using Cancer Hotspot targeted next generation 
sequencing, we confirmed that L6565 osteosarcoma hydrogels 

contained the identical KRAS mutation and homozygous loss of 
CDKN2A as the original tumour (Supplementary Figure 4). Moreover, 
L6565 osteosarcoma hydrogels showed loss of p16 protein expression 
(Supplementary Figure 5). Because no driver mutations were available 
for patient lines L6727, L6558, L6620, and L6581, other somatic vari-
ants 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 point mutation, a MTRR 
point mutation, and a F13A1 point mutation, respectively (Table 1). 
These mutations were not found in the 3D cultured cells, suggesting 
that tumour cells were overgrown by other cell populations within the 
cultures or, less likely, that the mutations were lost via selection, 

FIGURE 2

Growth rate and histology of 3D osteosarcoma cultures. (A) Osteosarcoma patient resection material was digested to single-cell suspensions, followed 
by propagation in a collagen-based scaffold with optimized osteosarcoma medium (hydrogels) or cultured in monolayer (2D). For treatment of cells 
propagated in hydrogels, cells were subsequently seeded as microsarcs. For treatment of cultures derived from monolayer, cells were seeded as 
multicellular 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 L6565 original tumour and corresponding MCTS, hydrogel, and microsarc cultures. Scale bar represents 50 μm.
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meaning these cultures cannot be considered as validated osteosar-
coma models. For L6621 and L6647 respectively, the positive immu-
nohistochemical staining for MYC and p53 suggested the presence of 
tumour cells, though due to lack of sufficient cells after cryostorage we 
were unable to confirm this on a genetic level (Supplementary Figure 5). 
Thus, one out of seven 3D osteosarcoma hydrogel cultures contained 
detectable, target representative tumour cells that remained viable 
after cryostorage and could be long term expanded, leading to a 14% 
final success rate (Table 1). Therefore, only L6565 cultures could be 
used to experimentally test its identified genome-informed therapy.

L6565 is sensitive to palbociclib

The CDKN2A deletion in L6565 suggested potential vulnerability to 
CDK4 and −6 inhibition using palbociclib. For palbociclib to be effec-
tive, Rb should be functional so its presence was confirmed in L6565 
hydrogel, MCTS and microsarc cultures by immunohistochemistry 

(Figure 3A). Palbociclib treatment of L6565 monolayer cultured cells 
induced a dose dependent decrease in viability after 72 h of treatment 
(IC50 = 1.39 μM) (Figure 3B). To reduce the effective dose of palbociclib, 
we investigated combination therapy with two common chemotherapies 
(doxorubicin and cisplatin) which also had a dose dependent effect on 
the viability of monolayer cultured cells (IC50 = 0.11 and 2.30 μM 
respectively), however no pronounced synergy was identified using 
Excess over Bliss calculations, therefore we did not explore combination 
therapy further (Supplementary Figure 6). Palbociclib treatment was 
then tested on MCTS cultures of L6565, which were generated and 
treated for the standard 72 h (3 days) as well as 7 days. The cells showed 
decreased viability in response to palbociclib, though there was no evi-
dent difference in the IC50 values between 3 and 7 days (IC50 = 1.44 μM 
vs. 2.99 μM) (Figure 3C). Morphological evaluation showed the presence 
of viable tumour cells, though Ki67 immunohistochemistry confirmed 
a decrease in proliferating cells (Figure 3D). However, the same treat-
ment regime for microsarc culture yielded differing IC50 values 

FIGURE 3

Palbociclib treatment of L6565 cultures. (A) L6565 MCTS, hydrogels, and microsarcs stained positive for Rb. Scalebar represents 20 μm. (B) Cells 
cultured in monolayer were treated with palbociclib for 72 h, after which cell viability and IC50 values were determined. The graph represents the 
average of two experiments performed in triplicate, with the standard deviation. (C) L6565 MCTS were treated with palbociclib for 3 days (72 h) or 
7 days, after which cell viability and IC50 values were determined. The graph represents the average of three experiments performed in triplicate, with 
the standard deviation. (D) Immunohistochemistry shows a decrease in Ki67 positive cells when treated with 10 μM of palbociclib compared to 
untreated control. Scalebar represents 20 μm. (E) L6565 microsarcs were treated with palbociclib for 3 or 7 days, after which cell viability was 
determined. Bars represent the average of four experiments performed in triplicate, with the standard deviation. (F) Immunohistochemistry shows a 
decrease in Ki67 positive cells when treated with 0.1 or 10 μM of palbociclib for 7 days compared to untreated control. Scalebar represents 10 μm.
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(IC50 = 35.97 μM vs. 0.049 μM) (Figure 3E), again with a reduction of 
proliferating cells at lower treatment concentration after 7 days treatment 
(Figure 3F). The L6565 microsarcs were arguably more sensitive to 7 days 
drug treatment compared to L6565 cells cultured in monolayer or as 
MCTS (Figure 3E) although the experimental variability had also 
increased.

Discussion

Further improvement of osteosarcoma patient survival is severely 
hampered by the high interpatient molecular heterogeneity. Over the 
past decades, multiple studies have defined distinct osteosarcoma 
molecular subgroups (24–27). In vitro or in vivo models representing 
these various molecular subtypes are currently lacking but urgently 
needed. While cell lines and 2D, confluent cultures are often used, 3D 
culture models more closely mimic the in vivo situation. For this pur-
pose, we explored for seven osteosarcoma patients the feasibility of 
establishing long term osteosarcoma 3D cultures straight from osteo-
sarcoma patient resection material to test genome informed therapies.

The genomic findings in the seven osteosarcoma patients reflected 
the known molecular heterogeneity of osteosarcoma. Potential thera-
peutic targets were identified in five tumours. From all seven patients 
osteosarcoma hydrogels were established and propagated until at least 
seven passages. Osteosarcoma hydrogel production methods used in 
the current study are tailored to mimic the osteosarcoma microenvi-
ronment (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 was expected to lead 
to a more representative culture of osteosarcoma patient samples. 
Additionally, although in line with other organoid protocols, the level 
of antibiotics used for 3D culture should be as low as possible in future 
experiments, as they may have an effect on response to therapy (28).

In four of seven cultures molecular alterations were lacking, indi-
cating that the cells were either overgrown by other cell types, or, less 
likely, that key alterations were lost at higher passages, and therefore 
these established cultures cannot be considered as validated osteosar-
coma models. Fibroblast overgrowth is a well-known problem in cell 
culture for mesenchymal tumours, and it can be difficult to distinguish 
these cells from tumour cells. Our study highlights the importance of 
confirming the presence of tumour cells at the genetic level when 
using cell culture. This can be particularly challenging, requiring a 
personalized approach, in case no general tumour markers are avail-
able, as is the case in osteosarcoma. L6565 cultures harbored the same 
genetic alterations as the original tumour, and no additional genetic 
alterations were found over the course of the culture use, confirming 
stable presence of tumour cells. Two other patient lines, L6621 and 
L6647, showed indication that targetable genetic alteration existed 
through IHC, however we did not have enough material after cryos-
torage to confirm this at the genetic level. Although some cultures 
harbored tumour cells, osteosarcoma characteristics such as osteoid 
deposition and SATB2 positivity (a marker for osteogenic differentia-
tion) were lacking in all culture formats, suggesting additional opti-
mization of culture conditions is needed to more closely mimic 
tumours in patients. Successful culture of tumour cells instead of 
fibroblasts was unrelated to tumour status (primary/recurrence/
metastasis) or treatment and as such there were no specific 

characteristics that could predict success. L6565 was most successful, 
both in monolayer as well as in the 3D models, although this osteo-
sarcoma is slightly unusual with regards to clinical presentation and 
absence of the typical complex genome. The patient concerned a 
57 year old female with a pathological fracture of the left humerus and 
a lesion in the left clavicle. Biopsies of the clavicle as well as the 
humerus revealed similar morphology displaying a low-grade undif-
ferentiated 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 mor-
phology but also including areas of conventional high-grade osteosar-
coma in addition to high grade spindle cell areas without deposition 
of osteoid. No fusions were detected using Archer fusionplex sarcoma 
analysis in routine diagnostics.

Unfortunately, after the COVID-19 pandemic, only L6565 was 
able to recover from the freeze–thaw process contributing to the low 
success rate of 1/7 (14%), suggesting that osteosarcoma tissue may be 
particularly sensitive to cryopreservation. Future studies should 
address the improvement of cryopreservation methods to enable 
longer term maintenance. The difference between standard and spe-
cialized cryopreservation approaches was investigated in the past in 
the context of organoid culture and xenografts, finding a marked ben-
efit with use of specialized freezing medium such as Cryostor® (29).

Long-term (<6 months) growth of osteosarcoma lung metastases 
was demonstrated previously by He and colleagues, though molecular 
analysis was lacking (14). Our feasibility study did not address short 
term culture, which may provide an alternative when used for genome 
informed drug testing. However, growth rates are slow, and it will be 
difficult to collect enough cells to confirm the presence of tumour cells 
among fibroblasts.

L6565 could be cultured long term and carried a homozygous loss 
of CDKN2A, with intact Rb, thereby suggesting vulnerability to CDK4/
CDK6 inhibitors. L6565 cultures were indeed sensitive to the CDK4/
CDK6 inhibitor palbociclib, providing a proof-of-concept for using 
patient derived 3D osteosarcoma cultures to test genome-informed 
therapies. The results obtained in this singular patient-derived model 
are in agreement with previous clinical studies showing that a subset of 
osteosarcomas are vulnerable to palbociclib (4, 30–32). In vitro doses 
used by us and others to achieve an effect are however relatively high 
(0.5–27 μM concentration range) and exceed plasma levels observed 
in patients treated with palbociclib, suggesting limited potential for 
clinical translation (30, 31, 33). However, increasing treatment duration 
to 7 days reduced the effective concentration of palbociclib in L6565 
microsarc cultures within the range of clinically observed Cmax 
plasma levels (0.101 μM) (34), which are reached by a daily 125 mg 
palbociclib oral dose regimen typically used in clinical trials involving 
palbociclib (NCT03242382, NCT03526250). Nevertheless, it seems 
that current palbociclib dosing regimens are not sufficient to elicit a 
clinical response (35, 36). Combination with other therapeutic agents 
was suggested, however in this study combination therapy with doxo-
rubicin or cisplatin did not significantly increase sensitivity to palbo-
ciclib and therefore the dose could not be lowered with this approach. 
There are currently two clinical trials ongoing that test CDK4/CDK6 
inhibitors in osteosarcoma patients with a known alteration in the 
CDK4/CDK6 pathway (NCT03242382, NCT04040205), one of which 
is employing an alternative inhibitor, abemaciclib, which may show 
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higher efficacy. Abemaciclib and other FDA approved CDK4/CDK6 
inhibitors (ribociclib and trilaciclib) should be further tested in the 
L6565 microsarc model to determine if these alternative treatments 
show improved pharmacokinetic/pharmacodynamic features to 
enhance potential for clinical translation. Moreover, the CDK4/CDK6 
inhibitors should be tested in additional patient derived 3D osteosar-
coma cultures to explore if CDKN2A loss with intact Rb could serve as 
a predictive biomarker for response in osteosarcoma patients.

Drug responses were compared between osteosarcoma monolayer, 
MCTS, and microsarc cultures. Sensitivity to palbociclib was demon-
strated in all of the models, however the more complex microsarc model, 
made from cells where dedifferentiation was reduced by propagation of 
the cells in an extracellular matrix matched to the tumour microenviron-
ment, was significantly more variable in response to the treatment. Since 
we compared this response against MCTS which are 2D propagated 3D 
cultures, we can assume with higher confidence that this variability could 
be due to biological variation rather than technical, as the seeding and 
treatment parameters for the two are the same and only the handling of 
the cells before this stage differs. Of course, some variability could be 
attributed to the difference in passaging protocol, however we tested the 
effect of the harshest step (Liberase TL treatment duration) which 
showed an insignificant level of variability (data not shown). This sug-
gests that the increased variability observed in microsarc cultures may be 
biological, due to better preservation of culture heterogeneity. The cur-
rent study did not assess the presence of different cell populations within 
the established cultures and additional, single cell approaches would be 
needed to determine if the established cultures reflect the cellular com-
position of the original tumour. The minor difference in sensitivity 
observed between monolayer and MCTS cultured cells can be explained 
by the increase in tight intercellular junctions which occur in 3D cultures 
and reduce drug penetration, as well as the higher presence of extracel-
lular matrix components (37). However, the difference in sensitivity in 
microsarc cultures compared to monolayer propagated cells transitioned 
to a 3D environment (MCTS) might be explained by additional changes 
occurring upon continuous culturing on a 2D plastic surface (38, 39). 
Further investigation into the benefits of 3D primary culture models that 
have never been in contact with a plastic surface, is required to determine 
whether there is an increased representativity over 3D models propa-
gated using cells first cultivated in monolayer.

In conclusion, the current feasibility study shows that the genera-
tion of 3D cultures straight from osteosarcoma tissue is feasible, but 
highly challenging. It is labor intensive, the success rate is low, and the 
growth rate is slow, similar to what has been recently reported for 
other sarcoma subtypes (13). Moreover, due to the lack of a tumour 
specific marker for osteosarcoma, confirmation of the presence of 
tumour cells, which is imperative to exclude overgrowth of fibroblasts, 
needs to be personalized. While we focussed on the establishment of 
osteosarcoma long term 3D cultures, for use in clinical practice the 
turnaround time should be decreased and culture conditions would 
need optimization to allow short-term assessment of each patient-
derived culture without 2D propagation. Freeze–thaw cycles should 
be avoided or further optimized, as osteosarcoma cells are quite vul-
nerable. Nevertheless, this study provides a proof-of-concept for 
evaluating genome-informed therapies in patient derived 3D osteo-
sarcoma models. 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 osteosarcoma in vivo and should be studied 
further in order to determine optimal in vitro models for drug discov-
ery pipeline integration.
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