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A Spheroid Model of Early and Late-Stage Osteosarcoma
Mimicking the Divergent Relationship between Tumor
Elimination and Bone Regeneration
Fiona E. Freeman, Ross Burdis, Olwyn R. Mahon, Daniel J. Kelly, and Natalie Artzi*
Osteosarcoma is the most diagnosed bone tumor in children. The use of
tissue engineering strategies after malignant tumor resection remains a
subject of scientific controversy. As a result, there is limited research that
focuses on bone regeneration postresection, which is further compromised
following chemotherapy. This study aims to develop the first co-culture
spheroid model for osteosarcoma, to understand the divergent relationship
between tumor elimination and bone regeneration. By manipulating the ratio
of stromal to osteosarcoma cells the modelled cancer state (early/late) is
modified, as is evident by the increased tumor growth rates and an
upregulation of a panel of well-established osteosarcoma prognostic genes.
Validation of the authors’ model is conducted by analyzing its ability to mimic
the cytotoxic eﬀects of the FDA-approved chemotherapeutic Doxorubicin.
Next, the model is used to investigate what eﬀect osteogenic supplements
have, if any, on tumor growth. When their model is treated with osteogenic
supplements, there is a stimulatory eﬀect on the surrounding stromal cells.
However, when treated with chemotherapeutics this stimulatory eﬀect is
significantly diminished. Together, the results of this study present a novel
multicellular model of osteosarcoma and provide a unique platform for
screening potential therapeutic options for osteosarcoma before conducting
in vivo experiments.
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1. Introduction
Osteosarcoma is an uncommon but highly
aggressive tumor, largely aﬀecting children,
teens, and young adults. Each year, over 3.4
million new cases of osteosarcoma are diagnosed in the world.[1] Osteosarcoma predominantly initiates in the metaphysis of
long bones, such as the distal femur, proximal tibia, and proximal humerus.[2] Over
50% of these tumors are relatively resistant
to radiation therapy, due to the molecular
aberration of the tumor. The current gold
standard for treatment is tumor resection
and adjuvant chemotherapy, with a 5-year
survival rate of 61.6% in patients aged 0–24
years old.[2a] Approximately one-third of patients diagnosed with osteosarcoma are expected to relapse, with only 15% of these patients surviving the disease a second time.[3]
Therefore, due to the young age of initial
diagnosis, the management of this disease
is a challenging and costly exercise, which
has a significant socioeconomic cost, estimated to be €14.7 billion in Europe[4] and
$45 billion in the USA in the last 18 years.[5]
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Despite the clinical urgency and significant advances in treatment seen in other malignancies, no major improvements in patient outcome have been achieved since the 1970s.
Osteosarcomas are inextricably linked to their local microenvironment, which is composed of bone, stromal, vascular, and immune cells and this microenvironment is now considered to be
essential and supportive for growth and dissemination. In recent
years, there is growing evidence that the interactions between the
stroma or mesenchymal stem/stromal cells (MSCs) and the tumor cells are imperative for tumor development and metastatic
progression.[6] Previous studies have shown that growth factors
and cytokines produced by primary epithelial cancers recruit
MSCs to the primary tumor site.[6c,6d,7] Once there, MSCs can
maintain tumor growth in the following ways: 1) the direct interaction between the MSCs and the tumor cells can aﬀect the malignancy of the tumor cells;[7c,8] 2) the MSCs can diﬀerentiate into
other pro-tumorigenic stromal cells, such as cancer-associated fibroblast (CAFs) and cancer-associated macrophages (CAMs);[9]
and 3) MSCs can support vascularization within the tumor microenvironment due to their pericyte role.[10] As vascularization is
an essential factor for tumor growth and metastasis (by supporting intravasation and extravasation of cancer cells), angiogenic
signals can aﬀect tumor progression. Specifically, studies have
shown that MSC-secreted extracellular vesicles (EVs) are able to
deliver angiogenic signals,[11] especially in hypoxic and ischemic
conditions caused as a result of tumor growth.[12] In contrast,
there is also increasing evidence indicating an anti-tumoral role
to MSCs[13] with other malignancies. Indeed, the specific role of
MSCs play in tumor growth is still unknown and further studies
are needed.
As metastatic disease is the most critical clinical factor that influences malignant progression and mortality in
osteosarcoma,[14] most of the research to date has focused on
tumor elimination and prevention of metastases, with little attention to bone repair or salvation. Yet the current gold-standard
therapy involves extensive surgical intervention from total limb
reconstruction to amputation. The use of artificial bone graft
substitutes only occurs in the clinic following the removal of
low-grade malignant bone tumors,[15] and thus not in the case
of osteosarcoma. Therefore, any bone regeneration strategy that
would significantly enhance the regenerative potential of the
damaged bone following surgical intervention, would be of great
interest to these young patients. Specifically, the use of growth
factors like bone morphogenic protein-2 (BMP-2) which is widely
used clinically for bone repair, after malignant tumor resection,
remains a subject of scientific controversy. The belief being that
growth factor delivery might exert local (residual cancer cells following resection) and systemic tumor-promoting eﬀects.[16] For
BMP-2 delivery alone there are contradicting studies with some
studies reporting an increase in tumor growth with the treatment
of BMP-2.[17] Alternatively, studies have also reported no significant increase in tumor growth with the treatment of BMP-2.[18]
Furthermore, although chemotherapy is eﬀective in controlling
cancer cell growth, it also significantly hinders the bone’s ability
to regenerate.[19] With these diverging results there has been no
further research into the direct eﬀect the delivery of osteogenic
growth factors has on tumor growth and more specifically their
ability, if any, to aid in regeneration in the presence of chemotherapeutics.
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Recently, there has being increasing interest in the use of 3D
cultures to study the interactions between tumor cells and other
cellular or acellular components of the tumor microenvironment
as the results better correlate with results seen in vivo.[20] Specifically, studies have shown that spheroid cells displayed more
chemoresistance to chemotherapeutics corresponding to higher
IC50 values than conventional monolayer cells.[21] Furthermore,
studies have shown that drug sensitivity of tumor cells might be
aﬀected by microenvironmental factors, including the presence
of MSCs.[20,22] Therefore, the aim of this study was to develop a
3D spheroid model of early and late-stage osteosarcoma, consisting of a direct co-culture of both osteosarcoma cells and MSCs.
As MSCs are an integral player in osteosarcoma progression, but
are also well known to play an important role in bone regeneration, it was vital that these were included in the model. Having
validated the clinical relevancy of the model using FDA-approved
chemotherapeutic Doxorubicin, we aimed to investigate the effects of growth factor delivery on tumor growth. Here, the eﬀects
of platelet derived growth factor (PDGF) and BMP-2 were evaluated in the presence/absence of chemotherapeutics to understand the divergent relationship between tumor elimination and
bone regeneration.

2. Results and Discussion
2.1. Development of Model for Early and Late-Stage
Osteosarcoma
Tumor spheroids containing a co-culture of both MSCs and osteosarcoma (SaOS2) cells were generated using our novel hydrogel microwell system (Figure 1A). Cells were seeded in one of
two cell populations, 3:1 MSCs:SaOS2 (early) or 1:3 MSC:SaOS2
(late), where the total cell number was kept constant (Figure 1A,B). Following 72 h of culture there was a significant increase in both DNA content and the average spheroid diameter
in the late-stage tumor spheroids over the early-stage spheroids
(Figure 1C,D). There was also a significant increase in both alkaline phosphatase (ALP) and vascular endothelial growth factor
(VEGF) expression into the media, both of which are known prognostic markers for osteosarcoma.[23] VEGF expression was normalized to MSC content as the SaOS2 cell line does not express
VEGF (see Figure S1F, Supporting Information). Following 72h of culture and the harvesting procedure, the cells within both
models were alive with minimal dead cells present as evident by
live/dead staining (Figure 1G,H). H&E staining showed the presence of Extracellular Matrix (ECM) within both models. Finally,
there was a significant increase in gene expression for known
prognostic markers Matrix metallopeptidase 9 (MMP9),[23c,24]
SRY-Box Transcription Factor 9 (SOX9),[25] RUNX Family Transcription Factor 2 (RUNX2),[26] and 𝛽-catenin[27] in the late-stage
model over the early-stage further replicating trends seen clinically (Figure 1I–N).
To truly understand what eﬀect the co-culture of these two cells
has on tumor growth and cellular phenotype, we compared our
early and late-stage spheroid model to spheroid models containing MSCs alone and SaOS2 cells alone cultured in the same conditions for 72 h following seeding. Examining the overall structure of the spheroids, the MSC group alone fused and formed
spheroids rich in ECM (Figure S1A,B, Supporting Information).
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Figure 1. Development of a 3D model of early and late-stage osteosarcoma. A) Schematic of the microwell preparation and model setup. B) Images
of early and late-stage tumor spheroids 72 h following seeding. C) DNA content, D) average spheroid diameter, E) ALP activity, and F) VEGF release
normalized to MSCs 72 h following seeding. Live/dead and H&E staining for early (G) and late-stage (H) osteosarcoma. I–N) mRNA levels of 𝛽-Catenin,
MMP9, MMP2, SOX9, RUNX2, and ALP were analyzed by qRT-PCR 72 h post-seeding. All data is represented as means ± SD n = 6 (25 spheroids per
experimental replicate) for biochemical assays, n = 3 (25 spheroids per experimental replicate) for PCR analysis. Statistical diﬀerences were assessed
using student t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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On the other hand, SaOS2 group formed a loose spheroid with little to no ECM production. The addition of MSCs to our spheroid
models (early/late) led to a significant decrease in DNA content
compared to the SaOS2 cells alone but a significant increase compared to the MSCs alone group (Figure S1C, Supporting Information). Interestingly the co-culture of both cells either in the
early or late-stage spheroid models led to a significant increase
in average spheroid diameter compared to both the MSCs alone
and SaOS2 alone groups (Figure S1D, Supporting Information).
The prognostic markers for osteosarcoma in the co-culture of
both cells (early/late) depict a significant decrease in ALP activity
and expression, beta catenin expression, and RUNX2 expression
compared to the SaOS2 group alone (Figure S1E,G,K,L, Supporting Information). A significant decrease in Matrix metallopeptidase 2 (MMP2) and SOX9 expression and a significant increase in
MMP9 expression is evident compared to our MSCs alone group
(Figure S1H–J, Supporting Information).
By manipulating the ratio of stromal cells to osteosarcoma
cells, the model of cancer state (early versus late) could be modified, as evident by the significant increase in tumor growth
rates and increase in both protein and gene expression levels
for known prognostic markers for osteosarcoma. Furthermore,
by using our novel microwell system, we were able to fabricate
401 technical replicates for each treatment condition, this allowed us to screen for a larger panel of prognostic markers without the need for extensive passages. To the best of our knowledge this is the first time any study has investigated the eﬀect
the direct co-culture of osteosarcoma cells and stromal cells has
in a 3D spheroid environment. Previous studies investigating
the interaction of MSCs and osteosarcoma cells have analyzed
it in one of two ways; by indirect culture either through conditioned medium experiments[6a,7c,28] and transwell inserts[22b,29]
or by direct co-culture in a 2D environment[30] or within a 3D
scaﬀold.[31] Our spheroid system provides a novel and controlled
3D environment to analyze the direct eﬀect the interactions between the stroma or MSCs and the tumor cells which previous
studies have shown to be imperative for tumor development and
metastatic progression.[6a–e] Specifically, our model indicates that
MSCs are the main cells driving ECM production, as osteosarcoma cells cultured alone produce little to no ECM. This is further verified by the significant decrease in MMP2 expression in
our models compared to the MSC alone group, similar to previous studies which have shown that MMP2 expression drives
MSC ECM production.[32] Our results also suggest that the addition of MSCs to our models significantly decreases the expression of known prognostic markers 𝛽-Catenin, RUNX2, and
ALP in osteosarcoma cells. Previous studies saw similar trends
when co-culturing breast cancer cells with bone marrow cells
from patients.[33] Here they saw decreased tumor cell growth
which correlated with the formation of gap junctions composed
of connexion-43 which have been shown to induce quiescence
and cell cycle arrest in cancer cells.[34] Our multicellular model of
the tumor microenvironment not only mimics oncogenesis and
maintenance of tumor cell growth, but also imitates the interactions of MSCs and tumor cells intermingled within the ECM.
However, it should be noted that bone is a complex and dynamic
organ, influenced by multiple cellular components and microenvironments which are all closely linked and coordinated. This in
turn makes it diﬃcult to study how each parameter contributes
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to tumor elimination and bone regeneration. One limitation to
our model is that it only investigates the interaction between the
stroma and the tumor cells, when vascularization, mineralized
matrix, and immune cells all play a role in the tumor microenvironment. Now that our model shows that this interaction is vital
for tumor development, future studies will investigate the eﬀect
the addition of vascularization, mineralized matrix, and immune
cells would have when added to our novel co-culture 3D model.

2.2. Validation of Model following Treatment with
Chemotherapeutic Doxorubicin
To validate our model, we treated our spheroids for 7 days in
the presence/absence of the most widely used chemotherapeutic for osteosarcoma patients,[35] Doxorubicin. To establish what
concentration of Doxorubicin to use for this study we performed
IC50 analysis of SaOS2 cells and MSCs. Interestingly, the IC50
concentration for SaOS2 cells was 1.8 µm while the IC50 concentration for MSCs was 5.1 µm (see Figure S2, Supporting Information). As we were more interested in the eﬀect Doxorubicin
would have on tumor cells, the IC50 concentration for SaOS2
cells (1.8 µm) was brought forward as the concentration of Doxorubicin to be used for all further studies. Following a 7-day
treatment with Doxorubicin, tumor growth was significantly hindered as evidenced by a significant decrease in DNA content
and average spheroid diameter in both the early and late-stage
tumor spheroids treated with Doxorubicin (Figure 2A–C,E–G).
This was further verified by an increase in positive dead cells
present following live/dead staining in the tumor spheroids cultured in Doxorubicin (Figure 2A,E). Interestingly, there was a
significant reduction in gene expression of prognostic markers
MMP2 and 𝛽-catenin in the early-stage tumor spheroids, whereas
there was only a significant reduction in 𝛽-catenin in the latestage spheroids (Figure 2D,H). Furthermore, there was a significant increase in expression of all Doxorubicin-mediated apoptotic
genes[28,36] Fas-associated protein with death domain (FADD),
Bcl-2-associated X protein (BAX), Caspase 3 (CASP 3), and Caspase 8 (CASP 8) in the early-stage tumor spheroids, while there
was only a significant increase in gene expression of FADD and
CASP 8 in the late-stage tumor spheroids.
As seen clinically, Doxorubicin treatment had a clear cytotoxic eﬀect on our tumor models as evident by the significant
decrease in cell proliferation and increase in positive staining
for dead cells. Similar to previous single cell type 3D tumor
spheroids,[21,31] we observed that tumor cells grown in a 2D environment were more sensitive to Doxorubicin, as a higher concentration than the IC50 concentration determined using 2D culture was needed to fully eradicate our tumor spheroids. Unlike
previous studies,[31] using our model we were able to investigate the eﬀects Doxorubicin treatment has on gene expression
within a 3D environment, specifically prognostic markers for osteosarcoma and Doxorubicin-mediated apoptotic genes. This allowed us to verify that not only does our model mimic the cytotoxic eﬀects of chemotherapeutics, but it also mimics the resistance of late-stage osteosarcoma development to such therapeutics, as seen clinically.[37] Specifically, the late-stage tumor
spheroids saw no decrease in the prognostic marker MMP2
and had limited increase in apoptotic genes compared to our
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Figure 2. Validation of model following treatment with clinically relevant chemotherapeutic Doxorubicin (Dox). A) Brightfield and live/dead imaging of
tumor spheroids in absence/presence of Dox for the early-stage model. DNA content (B) and average spheroid diameter (C) of the tumor spheroids.
D) mRNA levels of MMP2, 𝛽-Catenin, FADD, BAX, Caspase 3, and Caspase 8 were analyzed by qRT-PCR following 7 days of treatment with Dox. E)
Brightfield and live/dead image of spheroids in absence/presence of Dox for the late-stage model. DNA content (F) and average spheroid diameter (G)
of the spheroids following 7 days of culture. H) mRNA levels of MMP2, 𝛽-Catenin, FADD, BAX, Caspase 3, and Caspase 8 were analyzed by qRT-PCR
following 7 days of treatment with Dox. All data is represented as means ± SD n = 6 (25 spheroids per experimental replicate) for biochemical assays,
n = 3 (25 spheroids per experimental replicate) for PCR analysis. Statistical diﬀerences were assessed using student t-test. *p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001.
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early-stage tumor spheroids following treatment with same dose
of chemotherapeutic—supporting that we have in fact created
a model for both early and late-stage tumor development. This
novel in vitro model has the potential to provide a unique means
for screening therapies for early and late-stage osteosarcoma before moving forward to a pre-clinical model.

2.3. Analyzing the Eﬀect of Tumor Growth following Treatment
with Osteogenic Growth Factors
We aimed to use our platform for studying A) the paradoxical relationship between cancer eradication techniques and current bone regeneration strategies; and B) the precise eﬀect of
growth factors on the regenerative potential of the surrounding
stromal cells. First, we aimed to understand what eﬀect, if any,
the addition of osteogenic growth factors would have on tumor
growth. Here, we cultured our models for early and late-stage
osteosarcoma in the presence of the well-established osteogenic
supplements—PDGF[38] and BMP-2.[39]
Both live/dead and H&E staining show that all spheroids were
viable after 7 days of culture (Figure 3A,G). Interestingly, there
was increased ECM production in the spheroids cultured in the
presence of osteogenic growth factors in both the early and latestage models, when compared to their relative controls as evidenced by H&E staining.
Looking at our early-stage model, there was a significant increase in DNA content and the average spheroid diameter in the
spheroids cultured with PDGF (Figure 3B,C). On the other hand,
the BMP-2 tumor spheroids exhibited an increase in spheroid diameter and MMP2 expression but there was no significant increase in DNA content. There was no change in 𝛽-catenin expression in any condition (Figure 3D,E). Finally, flow cytometry
revealed that there was no significant increase in MSC proliferation over SaOS2 following treatment with either PDGF or BMP-2
(Figure 3F). There was no increase in cell proliferation in the control group.
In late-stage osteosarcoma spheroids, there was a significant
increase in DNA content and average diameter in the presence
of BMP-2 (Figure 3H,I). The addition of PDGF had no eﬀect on
DNA content or spheroid diameter. Interestingly the addition of
both growth factors significantly reduced the expression of both
prognostic makers MMP2 and 𝛽-catenin (Figure 3J,K). Flow cytometry revealed that the addition of either growth factor significantly increases MSC proliferation and not SaOS2 proliferation
as evidenced by the increased ratio of MSCs:SaOS2 cells following 7 days of culture (Figure 3L).
The results from this study show the direct eﬀects of osteogenic growth factor delivery on both tumor growth as well as
the surrounding stromal cells. Interestingly, depending on what
stage of tumor development, growth factors can have a diﬀerent
eﬀect on tumor growth. Specifically, when applied to our earlystage osteosarcoma model, there was a significant increase in
ECM production as evident in the significant increase in average spheroid diameter and increased staining for ECM (H&E).
It is well known that tumor cells primarily orchestrate the recruitment and activation of stromal cells, and that the stromal
cells are the major depositors of ECM components in the tumor
microenvironment by the secretion of various growth factors in-
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cluding PDGF.[40] Indeed, using our model we see based on flow
cytometry that it is the stromal cells that are proliferating and not
cancer cells as a result of the PDGF. Interestingly, this eﬀect is
lost when PDGF is applied to our late-stage model. We found that
BMP-2 delivery induces a significant increase in MMP2 production when applied to our early-stage model, similar to previous
in vitro studies in gastric cancer,[41] but unlike those studies we
did not see a significant increase in 𝛽-catenin. Furthermore, this
eﬀect was completely lost when BMP-2 was applied to our latestage model. In fact, we saw a significant decrease in both prognostic markers. This result may be explained by the flow data
whereby we can see that the addition of osteogenic growth factors significantly skews the ratio of MSCs to SaOS2 cells thereby
potentially pushing the model to a more early-stage phenotype.
Taken together, we show that the osteogenic growth factor delivery predominantly aﬀects the stromal cells over the cancer cells
within our model of the tumor microenvironment and that this
can then have an eﬀect on ECM production and cancer progression as a function of cancer state.

2.4. Investigating the Divergent Relationship of Tumor
Elimination and Bone Regeneration following Combined
Treatment with Osteogenic Growth Factors and
Chemotherapeutics
Finally, we investigated what eﬀect the combination of Doxorubicin and osteogenic growth factors would have using our model.
Specifically, whether the addition of osteogenic growth factors
hinders the cytotoxic eﬀect of the chemotherapeutic and in turn
if the stimulatory eﬀect the growth factors have on the stromal
cells is lost when combined with Doxorubicin. To analyze this,
we cultured our models in either growth factors alone or growth
factors plus Doxorubicin (using the same concentration we used
to validate our model). We evaluated this in two ways; first, by
analyzing tumor growth and disease progression, and second, by
analyzing the regenerative or stimulatory eﬀect of the remaining
stromal cells.
In our early-stage model we identified that tumor growth was
significantly altered in the presence of Doxorubicin and the addition of osteogenic growth factors had no eﬀect on the tumor,
as evident by DNA content, average spheroid diameter, and percentage cell survival (Figure 4B,C; Figure S3A, Supporting Information). The cytotoxic eﬀect of the Doxorubicin and tumor progression was not hindered due to the addition of the osteogenic
growth factors as evidenced by brightfield imaging (dead cellular
debris), live/dead staining (increase positive red dead cells), and
H&E staining (minimal nucleic staining present) (Figure 4A). In
fact, the addition of BMP-2/PDGF seemed to increase the cytotoxic eﬀect of the Doxorubicin as evident by the significant decrease in MMP2 expression in the BMP-2 groups and significant
increase in Caspase 3 expression in the PDGF group in our earlystage model (Figure 4G,H).
Investigating the regenerative or stimulatory eﬀects of osteogenic growth factors on the surrounding stromal cells, without Doxorubicin osteogenic growth factors significantly increase
VEGF and Calcium production. However, once Doxorubicin is
added this stimulatory eﬀect is completely diminished (Figure 4A,D,E). We next performed PCR analysis for an array of
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Figure 3. Eﬀects of osteogenic growth factor on tumor growth and progression. A) Live/dead and H&E staining of the early-stage model. DNA content
(B) and average spheroid diameter (C) following 7-day culture in the presence of osteogenic growth factors PDGF and BMP-2. D,E) mRNA levels of
MMP2, 𝛽-Catenin were analyzed by qRT-PCR. F) Analysis of the ratio of MSCs+ to SaOS2+ cells present within the spheroids following 7-day culture
with osteogenic growth factors. G) Live/dead and H&E staining of the late-stage model. DNA content (H) and average spheroid diameter (I) following 7day culture in the presence of osteogenic growth factors PDGF and BMP-2. J,K) mRNA levels of MMP2, 𝛽-Catenin were analyzed by qRT-PCR. L) Analysis
of the ratio of MSCs+ to SaOS2+ cells present within the spheroids following 7-day culture with osteogenic growth factors. All data is represented as
means ± SD n = 6 (25 spheroids per experimental replicate) for biochemical assays, n = 3 (100 spheroids per experimental replicate) for PCR and
flow cytometry analysis. All PCR data was normalized to Day 0 control. Statistical diﬀerences were assessed using one-way ANOVA with the addition of
Tukey’s correction for multiple comparisons testing. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4. Combinational eﬀects of Doxorubicin and osteogenic growth factors on our model for early-stage osteosarcoma. A) Brightfield, live/dead,
alizarin red, and H&E staining of the tumor spheroids following treatment with both osteogenic growth factors and Doxorubicin. DNA content (B),
average spheroid diameter (C), VEGF expression (D), and calcium content (E) following 7-days of culture. F) Heatmap representing PCR analysis for
an array of prognostic, apoptotic, and bone stimulatory genes. G–J) mRNA levels of MMP2, Caspase 3, RUNX2, and Col1A were analyzed by qRT-PCR.
All data is represented as means ± SD n = 6 (25 spheroids per experimental replicate) for biochemical assays, n = 3 (100 spheroids per experimental
replicate) for PCR analysis. Statistical diﬀerences were assessed using one-way ANOVA with the addition of Tukey’s correction for multiple comparisons
testing. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5. Combinational eﬀects of Doxorubicin and osteogenic growth factors on our model for late-stage osteosarcoma. A) Brightfield, live/dead,
alizarin red, and H&E staining of the tumor spheroids treated with both osteogenic growth factors and Doxorubicin. DNA content (B), average spheroid
diameter (C), VEGF expression (D), and calcium content (E) following 7-days of culture. F) Heatmap representing PCR analysis for an array of prognostic,
apoptotic, and bone stimulatory genes. G–J) mRNA levels of MMP2, Caspase 3, RUNX2, and Col1A were analyzed by qRT-PCR. All data is represented as
means ± SD n = 6 (25 spheroids per experimental replicate) for biochemical assays, n = 3 (100 spheroids per experimental replicate) for PCR analysis.
All PCR data was normalized to Day 0 control. Statistical diﬀerences were assessed using one-way ANOVA with the addition of Tukey’s correction for
multiple comparisons testing. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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prognostic, apoptotic, and bone stimulatory genes, with this data
represented in a heatmap (Figure 4F). Interestingly, a similar effect can be seen at a genetic level with the addition of osteogenic
growth factors significantly increasing RUNX2 and type 1 Collagen (Col1A) expression, but once Doxorubicin is administered
this eﬀect is lost (Figure 4I,J).
Using our late-stage model we see similar trends in the cytotoxic eﬀects of the Doxorubicin with a significant decrease in
DNA content, average spheroid diameter, percentage cell survival, and an increase in cell debris—increase positive staining
for dead cells (live/dead) and negligible positive nuclear staining
(H&E) (Figure 5A–C; Figure S3B, Supporting Information). Interestingly, in our late-stage model the Doxorubicin alone or in
combination with osteogenic growth factors had no significant
eﬀect on prognostic marker MMP2 (Figure 5G). Like in our earlystage model, there was a significant increase in the apoptotic gene
Casp 3 when both Doxorubicin and PDGF is administered (Figure 5H).
We see a similar trend in the regenerative or stimulatory markers where the addition of osteogenic growth factors significantly
enhances VEGF and calcium production but that this aﬀect is
lost in the presence of Doxorubicin. A complete account for the
changes in the prognostic, apoptotic, and bone stimulatory genes
is found in the heatmap (Figure 5F). Specifically, we see an increase in RUNX2 expression and no change in Col1A expression
in our PDGF group (Figure 5G,H). On the other hand, the BMP2 group follows similar trends as the biochemical data whereby
there was a significant reduction in both Col1A and RUNX2.
Taken together, our results demonstrate the combinational
eﬀects of both growth factor delivery and chemotherapeutics.
As expected, the addition of Doxorubicin led to a reduction
in prognostic gene expression (MMP2, 𝛽-Catenin) but only in
our early-stage tumor model cultured with BMP-2. In our latestage model we see an increase in RUNX2 expression and no
change in MMP2 expression. Previously, studies have shown
that a decrease in RUNX2 expression has been found to sensitize osteosarcoma to chemotherapy-induced apoptosis.[42] This
result further verifies how our early and late-stage models mimic
trends seen clinically, where late-stage tumors tend to be more
chemoresistive.[37]
Furthermore, our model also provides insight into the dual
role MSCs may play in the tumor microenvironment. Although
MSCs are stromal cells, they have been widely used a potential cell source for bone regeneration due to their ability to
undergo osteogenic diﬀerentiation.[43] Therefore, although our
model does not incorporate a bone-like mineralized matrix like
previously established models for bone cancers such as Ewing’s
Sarcoma,[44] it does incorporate MSCs which also have the capacity to diﬀerentiate down an osteogenic pathway. Furthermore,
while these studies did have a mineralized matrix, they did not
incorporate MSCs which, as evident from results from this study
along with others,[6] play a vital role in the tumor microenvironment. Therefore, future studies will investigate combining our
early and late-stage model with a bone like matrix which we’ve
previously developed[45] to further analyze the eﬀects on disease
progression.
Although the current gold-standard therapy for osteosarcoma
patients involves extensive surgical intervention from total limb
reconstruction to amputation, there has been limited research
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into developing tissue-engineering based approaches following
tumor resection even though such approaches could significantly
enhance bone regeneration in these young patients. Despite the
stimulatory eﬀects seen when growth factors were applied to our
models alone, these eﬀects were completely diminished when
Doxorubicin was added. Our results perfectly correlate with results seen clinically whereby there is limited regeneration in
damaged bone tissue during chemotherapeutic treatments.[19]
Furthermore, in both our early and late-stage models the addition
of osteogenic supplements does not increase the regenerative potential of the surrounding stromal cells when used in combination with Doxorubicin. Thus, a growth factor delivery approach
may not be an eﬀective therapy to aid with the regenerative capability of the damaged bone caused by excising the tumor during
chemotherapy. However, further in vivo studies are needed to validate this finding.

3. Conclusion
This study presents a novel model of both early and late-stage osteosarcoma. The spheroidal co-culture model provides a unique
platform to investigate not only the interactions of cancer cell to
cancer cell but also the interactions of cancer cell to the nearby
stromal cell in a 3D environment. This interaction has previously been shown to be pertinent in osteosarcoma tumor progression. Following validation with Doxorubicin, we were able to
use this model to further understand the paradoxical relationship
between tumor elimination and bone regeneration. Specifically,
our model validated that osteogenic supplements have a stimulatory eﬀect on the stromal cells, but minimal eﬀect of cancer
cell growth. However, when these osteogenic supplements are
delivered along with chemotherapeutics this stimulatory eﬀect
is completely abolished. Taken together, we have developed and
validated a model that mimics the vital relationship between stromal and osteosarcoma cells as well as models their response to
chemotherapeutics and regenerative cues, providing vital information that can inform the design of future therapies for these
young patients.

4. Experimental Section
Cell Culture: Human osteosarcoma cell line (SaOS2, HTB-85) and human MSCs (PCS-500-012) were commercially purchased from American
Type Culture Collection (ATCC). Expansion of both cell types was conducted in normoxic conditions and growth medium (Dulbecco’s modified
Eagle medium [DMEM; Biosciences] supplemented with 10% fetal bovine
serum [FBS, Gibco], 1% penicillin [100 U mL−1 ], and 1% streptomycin
[100 µg mL−1 ] [Biosciences]), was changed twice weekly. Both cell types
were used at the end of passage 6.
Spheroid Formation and Culture Conditions: Microwells were created
using molding system as previously described.[46] Briefly, agarose (SigmaAldrich) was dissolved in phosphate buﬀered saline (PBS) (Sigma-Aldrich)
at a concentration of 4% (w/v) and autoclaved to ensure sterility. The
molten agarose solution was pipetted into a well of a 6 well where custom made 3D printed positive molds were inserted (see Figure 1A; Figure
S5, Supporting Information). Once cooled, the positive mold was pulled
from the agarose, leaving 401 microwells within each well. All agarose microwells were soaked overnight in DMEM prior to cell seeding.
Early and late-stage osteosarcoma spheroids were generated by manipulating the cell ratio of MSCs to SaOS2 cells. Early-stage osteosarcoma
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spheroids were seeded at a ratio of 3:1 MSCs:SaOS2 cells, whereas latestage osteosarcoma spheroids were seeded at ration of 1:3 MSCs:SaOS2
cells. This cell ratio was initially chosen as previous 2D co-culture papers
looking at direct co-culture of MSCs and osteosarcoma cell lines used similar cell ratios.[30] Following on from this a pilot study was conducted to
see what eﬀect these ratios, along with a 1:1 cell ratio, would have in 3D
culture. The results from the pilot study revealed that a 3:1 (early) versus 1:3 (late) cell ratio led to a significant increase in ALP expression and
spheroid diameter and was therefore taken forward as the authors′ chosen
cell ratios for the larger study (Figure S6, Supporting Information). Cells
were seeded into the microwells by pipetting an appropriate density (4000
cells/microwell) into each well. After seeding, plates were centrifuged at
700 × g for 5 min to collect cells at the bottom of each well. Plates were
then incubated in growth medium for 72 h to allow for formation of tumor
spheroids.
Plates were then incubated under the following experimental conditions
for a further 7 days: 1) control: growth medium + 50 µg mL−1 L-ascorbic
acid-2-phosphate and 100 nm dexamethasone (both from Sigma); 2)
PDGF: growth medium + 50 µg mL−1 L-ascorbic acid-2-phosphate, 100 nm
dexamethasone, 20 ng mL−1 of platelet derived growth factor[38] (PDGF,
Peprotech); and 3) BMP-2: growth medium + 50 µg mL−1 L-ascorbic acid2-phosphate, 100 nm dexamethasone, 50 ng mL−1 of bone morphogenic
protein-2[39] (BMP-2, Peprotech).
IC50 Analysis to Establish Concentration of Doxorubicin: MSCs and
SaOS2 cells were seeded in 96-well plates at 10 000 cells per well and incubated overnight to roughly 80% confluence prior to before treatment
with Doxorubicin (Cayman Chemicals). Cells were treated with a variety of
concentrations of Doxorubicin (0–10 000 nm). At 48 h after the treatment,
cell viability assay was performed using the MTS assay (Promega), as previously have been described.[47] IC50 of each condition was determined
using GraphPad Software.
Doxorubicin Treatment: For validation of the authors′ spheroid model
using established chemotherapeutic Doxorubicin, early- and late-stage osteosarcoma spheroids were seeded and following 72 h were cultured under
the following conditions for a further 7 days: 1) − DOX: growth medium +
50 µg mL−1 L-ascorbic acid-2-phosphate and 100 nm dexamethasone; and
2) + DOX: growth medium + 50 µg mL−1 L-ascorbic acid-2-phosphate,
100 nm dexamethasone, and 1.8 µm of Doxorubicin (IC50 concentration
for SaOS2 as determined in Section 4.3).
Combination Treatment (Growth Factors + Doxorubicin): Cells were
seeded as described in Section 4.2 to create tumor spheroids for both
early- and late-stage osteosarcoma. Following 72 h tumor spheroids were
cultured for a further 7 days under the following conditions: 1) control:
growth medium + 50 µg mL−1 L-ascorbic acid-2-phosphate and 100 nm
dexamethasone; 2) PDGF: growth medium + 50 µg mL−1 L-ascorbic acid2-phosphate, 100 nm dexamethasone, and 20 ng mL−1 of PDGF; 3) BMP2: growth medium + 50 µg mL−1 L-ascorbic acid-2-phosphate, 100 nm
dexamethasone, and 50 ng mL−1 of BMP-2; 4) control + DOX: growth
medium + 50 µg mL−1 L-ascorbic acid-2-phosphate, 100 nm dexamethasone, and 1.8 µm of Doxorubicin; 5) PDGF + DOX: growth medium + 50 µg
mL−1 L-ascorbic acid-2-phosphate, 100 nm dexamethasone, 20 ng mL−1
PDGF, and 1.8 µm of Doxorubicin; 6) BMP-2 + DOX: growth medium +
50 µg mL−1 L-ascorbic acid-2-phosphate, 100 nm dexamethasone, 50 ng
mL−1 BMP-2, and 1.8 µm of Doxorubicin.
Harvesting Tumor Spheroids: After 1 week, tumor spheroids were liberated from the microwells as previously described[46] by flushing media
over the surface of the agarose using a pipette. The spheroid suspension
was then passed through 300 µm pluriStrainer (pluriSelect, Leipzig, Germany) to capture any agarose fragments. The density of this purified microtissue suspension could then be quantified and multiple spheroids can
be aliquoted into triplicate samples for further analysis. Spheroids were
prepared in one of the following ways: 1) snap-frozen and stored at −80 °C
for biochemical analysis; 2) snap-frozen using liquid nitrogen and stored
at −80 °C for PCR analysis; or 3) embedded within 2% agarose stained and
imaged for Live/Dead imaging or fixed overnight in 4% paraformaldehyde
before being placed in PBS and refrigerated for histochemical analysis.
Real-Time Polymerase Chain Reaction (PCR): RNA from spheroids was
extracted using Trizol Reagent and assessed for concentration and pu-
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rity using the NanoDrop 2000c UVis spectrophotometer. RNA was equalized and reverse transcribed using the Applied Biosystems High-Capacity
cDNA reverse transcription kit. Real-time PCR was carried out on triplicate cDNA samples with the use of the CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories, California). Real-time PCR for the
detection of MMP2, 𝛽-Catenin, FADD, Casp 8, Casp 3, and BAX mRNA
was performed using the TaqMan fast universal PCR Master Mix (Applied
Biosystems) and predesigned TaqMan gene expression primers. mRNA
amounts were normalized relative to the housekeeping gene Ribosomal
Protein 18s. For the assessment of growth factor gene expression Sigma
primers for VEGF, SOX9, RUNX2, TGF𝛽3, and ALP (Table S1, Supporting
Information) were used and mRNA amounts were normalized to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as housekeeping gene.
Flow Cytometry: Prior to cell seeding MSCs and SaOS2 cells were
stained with cell tracker dyes; QTracker705 and QTracker585 (Thermo
Fisher), respectively, according to manufacturer’s instructions. Cells were
seeded as described in Section 4.2 and cultured for 7 further days under the
culture conditions described in Section 4.2. Following 1 week of cultures,
spheroids were harvested as described in Section 4.5, and aliquoted into
triplicates such that there was a minimum of 100 spheroids per sample. A
single cell suspension was created by incubating the tumor spheroids with
0.25% Trypsin-EDTA at 37 °C for 15 min. Following 1 wash with PBS, cells
were stained with LIVE/DEAD Fixable Near-IR fluorescent dye (L10119,
Thermo Fisher) according to the manufacturer’s instructions. Following
fixation, the cell suspensions were analyzed by flow cytometry using a BD
LSR II HTS-1 flow cytometer (BD Biosciences) to determine the ratio of
MSC+ to SaOS2+ cells for each culture condition. All data was analyzed
using Flowjo software (Flowjo LLC), gating strategy can be found in Figure
S3, Supporting Information.
Enzyme-Linked Immunosorbent Assays: An enzyme-linked immunosorbent assay was used to quantify the levels of VEGF (Bio-Techne, MN, USA)
released by the tumor spheroids. The cell culture media was analyzed over
the 7 days of culture. Assays were carried out as per the manufacturer’s
protocol and analyzed on a microplate reader at a wavelength of 450 nm
as previously described.[48]
Biochemical Analysis: To assess DNA content for all constructs, 0.5 mL
of papain digestion buﬀer (100 mm sodium phosphate buﬀer containing
10 mm L-cysteine [Sigma-Aldrich], 125 µg mL−1 papain [Sigma-Aldrich],
and 5 mm Na2EDTA [Sigma-Aldrich] in ddH2O at pH 6.5) was added to the
spheroids that were placed on a rotator in an oven at 60 °C overnight, as
previously described.[45] Once the spheroids were digested, DNA content
was performed using Quant-iT PicoGreen dsDNA Assay (BD Biosciences),
with calf thymus DNA as a standard as previously described.[45]
Using a brightfield microscope images were taken at 20 × 6 spheroids
per group per timepoint and were used to analyze average spheroid diameter. Using ImageJ software 4 measurements of spheroid diameter were
taken for each spheroid and averaged to obtain the average spheroid diameter. This was measured before and after the 7-day treatment period.
Calcium deposition within the scaﬀolds was measured using the Calcium LiquiColor Test (Stanbio Laboratories) according to the manufacturer’s protocol. Briefly, a cell lysate was prepared by digesting the samples in a 0.5 m hydrochloric acid solution at 60 °C overnight, as previously
described.[45,49]
Histological Staining: Cell viability was established using a live/dead
assay kit (Invitrogen) as previously described.[45,50] Following embedding
in 2% agarose, spheroids were rinsed in 2% agarose spheroid were incubated for 1 h in phenol-free DMEM (Sigma-Aldrich) containing 2 µm
calcein and 4 µm of ethidium homodimer-1 (Invitrogen). After incubation,
the embedded spheroids were rinsed with PBS and imaged with Olympus
FV1000 point scanning confocal microscope at 488 and 543 nm.
Following embedding within 2% agarose and fixation overnight samples were dehydrated and embedded in paraﬃn using an automatic tissue
processor (ASP300; Leica, London, UK). All samples were sectioned at a
thickness of 4 µm using a rotary microtome (Leica). Sections were stained
with H&E and 2% Alizarin Red solution (all Sigma-Aldrich).
Statistical Analysis: Results were expressed as means ± SD. Statistics was performed using the following variables: i) when there were two
groups and one time point, a standard two-tailed t-test was performed;
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ii) when there were more than two groups and one time point, a one-way
analysis of variance (ANOVA) was performed with the addition of Tukey’s
correction for multiple comparisons testing. For PCR heatmaps data was
normalized between 0–100 between each group for each specific gene. All
analyses were performed using GraphPad (GraphPad Software, La Jolla,
CA, USA; www.graphpad.com). For all comparisons, the level of significance was p ≤ 0.05.
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Supporting Information is available from the Wiley Online Library or from
the author.
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