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Abstract 

Modeling the early stages of human osteosarcoma development remains 

a significant challenge. Most existing human models are derived from patient 

tumor tissue which is used to establish tumor cell lines or xenograft models in 

immunodeficient mice. These models are largely derived from late or end stage 

disease and do not allow the study of the early events of transformation. Further, 

2D cell lines are largely homogenous and do not replicate the heterogeneity of 

primary tumors. Xenografted models more closely replicate the primary tumor but 

can have low engraftment rates and are logistically challenging to maintain. The 

immunocompromised nature of xenografted mice limits the potential for 

immunotherapy studies. The work presented here establishes a 3D culture 

system to model early-stage osteosarcoma development from engineered human 

iPSC. When cultured as aggregates in a GFOGER (integrin-specific glycine-

phenylalanine-hydroxyproline-glycine-glutamate-arginine) based hydrogel known 

to promote osteoblastic differentiation, osteoblasts engineered with 

osteosarcoma-associated mutations readily form 3D organoids. Histological 

analysis supports that 3D culture of iPSC-derived osteoblasts promotes a more 

tissue-like phenotype with increased mineralization and ECM development within 

the tissue construct. In addition, preliminary functional studies suggest that 3D 

culture promotes transformative properties and an osteosarcoma phenotype. 

This novel approach has potential for future applications in disease modeling, in 

vivo studies, and drug discovery.  
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CHAPTER 1: INTRODUCTION 

Osteosarcoma typically presents itself in children older than age 10 and 

young teenagers and is responsible for roughly 3-5% of pediatric cancers 

(Czarnecka et al. 2020). While osteosarcomas make up overall a small fragment 

of childhood cancers, prognosis is often poor due to roughly 20% of patients 

already having metastasis to the lungs and few treatment options exist outside of 

chemotherapy and surgery. One key factor as to why this disease is challenging 

to treat is due to its genetic chaos, or near unpredictable re-arrangement of 

chromosomes and genetic mutations that are common to the disease (Lorenz et 

al. 2016). 

Osteosarcoma, commonly abbreviated as OS, is a tumor located in the 

bone stroma made up of mesenchymal stem cells (MSC’s) that have mutated 

and become malignant. While OS can occur later in life the most common age to 

develop OS is during adolescence, specifically between the ages of 10-19 years. 

Over the last 10 years, there has been significant evidence that MSC’s and their 

immediate progenitors are likely the source of OS (Abarrategi et al. 2016). Xiao, 

et. al looked into MSC transformation into osteoblasts and its role in forming OS 

and used mouse MSC’s to model sarcomagenesis. A useful feature of mouse 

MSC’s is that they will go into spontaneous transformation in culture, whereas 

human MSC’s have not been observed undergoing spontaneous transformation 

in vitro. Specifically, spontaneous transformation has been observed after long-

term culture in mouse MSC’s, and occasionally in short term culture (Xiao et al. 

https://paperpile.com/c/Gfp35i/TDeAl
https://paperpile.com/c/Gfp35i/ThnW9
https://paperpile.com/c/Gfp35i/ThnW9
https://paperpile.com/c/Gfp35i/7hTGg
https://paperpile.com/c/Gfp35i/rot3d
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2013). This paper by Xiao et al. synthesized several sources about sarcomas 

and what cell types form which sarcomas, and found that MSC’s specifically from 

the limb buds, those of osteoblastic lineage, and bone marrow MSC’s all 

developed into osteosarcomas after undergoing transformation.  

 There are roughly 2-3 cases of OS per million people every year, and the 

disease occurs more frequently in men than in women (de Azevedo et al. 2020). 

Typically OS forms during the rapid growth phases of puberty, and while seen 

later in life, usually at age 65 or older, it normally is a secondary malignancy. 

Primary OS can occur in any bone, but most OS tumors occur in the long bones- 

specifically the distal femur with 30% of OS cases occurring here and proximal 

humerus and tibia with 15%. Regardless of location, roughly 90% of all primary 

OS tumors originate in the metaphysis (growth plate) (Abarrategi et al. 2016). 

The typical location of primary OS tumors is perhaps not surprising considering 

the timing of the disease, as there is rapid cell growth and division during the 

growth spurts of puberty and OS originates in the growth plates.  

Osteosarcomas are truly heterogeneous tumors. Along with chromosomal 

aberrations, there are also often structural abnormalities as well such as 

deletions of entire chromosomal arms or segments. There are certain hereditary 

genetic conditions that can increase a child’s risk of developing osteosarcoma, 

including Li-Fraumeni syndrome, retinoblastoma syndrome, and Werner 

syndrome (Czarnecka et al. 2020). However, while there are genes commonly 

associated with osteosarcoma, there is no one (or even several) definitive 

biomarkers that can serve as a definite prediction that an individual will develop 

https://paperpile.com/c/Gfp35i/rot3d
https://paperpile.com/c/Gfp35i/8MfgU
https://paperpile.com/c/Gfp35i/7hTGg
https://paperpile.com/c/Gfp35i/TDeAl
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osteosarcoma, and the genetic chaos associated with the disease make targeted 

therapies extremely difficult to develop.  

Two genes most frequently mutated in osteosarcoma are TP53 and RB1. 

TP53 is involved in cell cycle regulation and RB1, or Retinoblastoma 1, is a 

known tumor suppressor protein. (Czarnecka et al. 2020). These mutations 

typically occur during cell transformation from MSC to further down the lineage, 

and have to do with cell cycle progression and cell maintenance. Specifically, 

TP53 mutations occur in roughly 50% of tumors, and the majority of TP53 

mutations in osteosarcoma are missense mutations that are localized to the area 

of DNA binding (Czarnecka et al. 2020). RB1 mutations occur in about 70% of 

sporadic osteosarcoma cases and are typically caused by a loss of 

heterozygosity (Czarnecka et al. 2020). Due to this, these two genes make 

excellent potential targets for developing gene-based therapies for fighting the 

disease. In addition to these mutations, overexpression of the cell cycle and 

division regulators c-Myc and H-Ras have been shown to, when expressed in 

tandem, cause hMSC’s to form OS-like tumors in mice (Wang et al. 2017). C-

Myc is involved in cell proliferation and H-Ras regulates cell division (Wang et al. 

2017). In addition to this, oftentimes sporadic mutations occur throughout the 

progression of osteosarcoma, and the genetic profile of an early sarcoma will 

look drastically different than that of a late or end-stage disease in the same 

patient. 

Due to the genetic chaos and variability of osteosarcoma, developing 

disease models for clinical research and drug development is critical in finding 

https://paperpile.com/c/Gfp35i/TDeAl
https://paperpile.com/c/Gfp35i/TDeAl
https://paperpile.com/c/Gfp35i/TDeAl
https://paperpile.com/c/Gfp35i/juxr
https://paperpile.com/c/Gfp35i/juxr
https://paperpile.com/c/Gfp35i/juxr
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ways to target common genes associated with the disease. Animal models are 

common, but often a mouse equivalent of osteosarcoma (frequently the K7M2 

line, for example) is used. If human tumors are xenografted, the mouse must 

either be inoculated with the cells at a very early stage in development (Cohen et 

al. 2020) or the immune system must be suppressed, which virtually eliminates 

the ability to develop immune-based treatment strategies. One potential solution 

to this issue is to use humanized mice. Another solution to these issues is to use 

stem cells: they provide a platform to study common genes associated with the 

disease in detail and how they affect osteoblast development and differentiation.  

       The work discussed in this thesis takes advantage of the plasticity of stem 

cells: differentiating iPSC’s into osteoblasts and utilizing gene editing to look in 

detail at TP53 and RB1, two gene mutations commonly found in osteosarcoma, 

as well as H-Ras and c-Myc, two factors involved in regulating cell division 

(Rickel et al, 2017).  Going forward, the cell lines will be abbreviated as p53 

(TP53 has been knocked out and is non-functioning), p53/Rb (both TP53 and 

RB1 have been knocked out and are non-functioning), and p53/Rb +OE (both 

TP53 and RB1 are knocked out, and the cells also have a constitutive expression 

of c-Myc and an overexpression of H-Ras). The strategy of isolating key genes of 

interest allows a closer look at how these genes specifically impact osteoblast 

development and provides a potential platform for developing targeted gene 

therapies to counteract the effects of the mutation. To generate a comparable 

model to in vivo models, cells cannot be cultured in two dimensions. 

https://paperpile.com/c/Gfp35i/pfJw0
https://paperpile.com/c/Gfp35i/pfJw0
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       Since the early 1900’s cells have been cultured in two dimensions. 

However, two-dimensional culture cannot accurately represent how cells in vivo 

interact, adhere, and move. There are several factors that can be compared 

between 2D and 3D culture, and the first is simple: the shape of the cell itself. In 

2D culture, cells are forced to be elongated and flat due to adherence to the 

bottom of the culture dish. Cells can also only grow in a monolayer instead of in 

aggregates or building off each other, with the exception being stem cells and 

other colony-forming cells (Costa et al. 2016; Langhans 2018). In 3D culture, the 

natural shape of the cell can be preserved and observed, as well as cell growth 

and development. Cells are also able to grow into spheroids and/or aggregates, 

which have multiple cell layers to them and can self-organize. They also adhere 

to each other and have many more points of attachment as opposed to adhering 

to a well plate. In that same vein, cell junctions are much more common in 3D 

culture and allow for increased cell crosstalk via small molecules, electrical 

currents, and ions (Ravi et al., 2015; Costa et al., 2016; Langhans, 2018). Media 

exposure is also different in 2D vs. 3D culture; in monolayer 2D culture each cell 

is exposed to the same amount of nutrients in the media (Dhaliwal, 2012; Costa 

et al., 2016; Langhans, 2018). The oxygen availability is also identical between 

cells, and this equal distribution of resources often results in all cells being 

synchronized in their cell cycle (Dhaliwal, 2012; Costa et al., 2016; Langhans, 

2018). In 3D culture, as in vivo, not every cell has access to the same amount of 

nutrients. This is due to the spheroid/aggregate layering of cells adhering to each 

other. Cells that are in the core of the spheroid have less available nutrients and 

https://paperpile.com/c/Gfp35i/mjK1+oRkY
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oxygen and are more inactive than cells on or near the surface of the spheroid. 

This mimics how tumors behave in vivo, and just as tumors do, the center of the 

spheroid forms necrosis from being too removed from available nutrients (Costa 

et al. 2016; Dhaliwal 2012; Langhans 2018). 

       Even differentiation is affected by culture method; Imamura et. al found 

that cells tend to be better differentiated in 3D culture as opposed to 2D (Costa et 

al. 2016). This is critical for accurately modeling and studying OS, as OS is 

thought to happen when the cell undergoes transformation from MSC to early 

osteoblast. Cells in 2D culture also have poor overall drug resistance and drugs 

are often poorly metabolized, which can give the false impression that a drug trial 

was successful and sets it up to fail in vivo. In 3D culture, it was found that cells 

have better drug resistance and metabolism largely due to limited diffusion due to 

the 3D nature of a spheroid (Edmondson et al. 2014), which gives a more 

accurate representation of how successful the drug would be in vivo (Haisler et 

al. 2013; Imamura et al. 2015; Langhans 2018). Proliferation and apoptosis are 

also impacted; in 2D culture cells often proliferate faster than they would in vivo, 

and apoptosis is easily induced via drugs. 3D culture, largely in part to cells being 

in spheroids/aggregate culture, has more realistic proliferation rates due to not all 

cells being in the same phase of the cell cycle and having varying levels of 

available nutrients. Apoptotic resistance is also notably increased in 3D culture 

systems when drug induced again due to the diffusion gradient due to the 3D 

nature of spheroids (Edmondson et al. 2014), which is more relevant to how a 

tumor would respond to a drug in vivo (Costa et al. 2016). Protein and gene 

https://paperpile.com/c/Gfp35i/mjK1+LIpZ+oRkY
https://paperpile.com/c/Gfp35i/mjK1+LIpZ+oRkY
https://paperpile.com/c/Gfp35i/mjK1
https://paperpile.com/c/Gfp35i/mjK1
https://paperpile.com/c/Gfp35i/apFS+JRqy+oRkY
https://paperpile.com/c/Gfp35i/apFS+JRqy+oRkY
https://paperpile.com/c/Gfp35i/mjK1
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expression levels are also more comparable to in vivo levels in 3D culture as 

opposed to 2D (Ravi et al. 2015; Costa et al. 2016; Langhans 2018). Lastly, 

response to external stimuli is different in 3D culture when compared to 2D. Due 

to cells in 2D culture being adhered to a culture plate instead of each other, there 

is less accurate response to mechanical stimulation and cells aren’t able to 

respond to gravity due to the inability to expand into the third dimension. In 3D 

culture, cells can respond to mechanical stimuli in relation to each other. This can 

be done by introducing rods or posts for the cells to adhere to and bridge or by 

having some sort of agitation in the media. 3D culture also allows spheroids to 

experience gravity as well (Ravi et al. 2015; Costa et al. 2016). In addition to the 

benefits 3D culture offers, it is important to consider the technique used. 

       One type of 3D culture utilizes a hard material, typically a polymer, to 

provide support. This replicates the ECM cells would have in vivo and cells are 

matured and differentiated directly on the scaffold. This technique is easier to 

reproduce than certain other 3D culture techniques and is quite similar to 2D 

culture in many ways. This is useful for cells that typically have a rigid ECM and 

is useful in OS modeling, drug screening platforms, and drug development 

platforms. If applied on a large scale, this culture system has potential to be used 

in tissue regeneration for medical applications (Peppas et al. 2000; Haycock 

2011). Another 3D culture method is using ultra-low attachment plates to culture 

spheroids, and these plates are typically treated with a hydrophobic coating. 

Hydrophobic coatings are typically a layer of covalently bound hydrogel that is 

neutrally charged and hydrophobic either through ionic or hydrophobic 

https://paperpile.com/c/Gfp35i/BcXD+mjK1+oRkY
https://paperpile.com/c/Gfp35i/BcXD+mjK1
https://paperpile.com/c/Gfp35i/dIYi+xTLE
https://paperpile.com/c/Gfp35i/dIYi+xTLE
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interactions with the media and cells in culture (SigmaAldrich).  This is a fairly 

simple way of maintaining spheroids while having a relatively simple set up and 

is easily reproducible. Some examples referencing this culture technique are 

human breast spheroids mimicking in vivo characteristics such as dormancy, 

drug resistance, anti-apoptotic features, and hypoxia. 3D neurospheres have 

also been grown in ultra-low attachment plates and are useful for studying drug 

toxicities and growth kinetics (Coleman et al. 2007; Imamura et al. 2015). The 

last technique to be discussed is the one being used in the experiments 

described in this body of work, and that is hydrogel culture.  

Hydrogel-based culture has a large range of advantages and applications 

and can be customized to any cell type. The hydrogel is typically formed by ion 

crosslinking, polymerization, hydrogen bonding, hydrophobic association, free 

radical polymerization, or irradiation crosslinking. Hydrogels are tunable, and it is 

possible to incorporate proteins found in the ECM of the cell type being used to 

encourage cellular differentiation and ECM production. They can also be 

manipulated to respond to external stimuli such as pH changes, temperature, 

electric fields, and ion concentration (Godugu et al., 2013). Due to hydrogels 

being neither fully liquid nor solid, it is also possible to have flow-through to mimic 

interstitial fluid and diffusive transport (Langhans, 2018). Drugs and other 

substances can also be delivered via diffusion across the hydrogel to the cells. 

However, hydrogels have two main disadvantages: price and reproducibility. 

Depending on the substrate, a few milliliters of hydrogel can cost several 

hundred dollars and depending on the complexity of the set-up it can be hard to 

https://paperpile.com/c/Gfp35i/yl9R+JRqy
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replicate. Some hydrogels require complex preparation processes such as 

vortexing and repeated incubation, and some are quite simple. 

       Polyacrylamides (PA), unlike Matrigel or similar cell-derived matrices, are 

synthetic polymers and therefore always consistent from batch to batch. They are 

produced through a reaction of an acrylamide monomer and crosslinked with a 

bis-acrylamide monomer, typically in the presence of tetramethylethylenediamide 

and ammonium persulfate. It can be complicated to assemble PA matrices, as 

they are formed in thin films that need to be crosslinked together via proteins to 

form an actual 3D scaffold and allow cells to attach. The main advantage of PA 

hydrogels is that the protocols for their fabrication are well-defined and 

established, and due to being synthetic in origin, they are tunable in their protein 

coupling and stiffness to accommodate the desired cell type being cultured. The 

ability to tune the stiffness of the hydrogel was an attractive feature due to having 

osteoblasts in culture, however the main disadvantage of PA hydrogels is that 

they cannot culture encapsulated cells in 3D. This, unfortunately, is because 

certain components of the hydrogel are toxic. Therefore, this hydrogel is useful 

for biomechanical studies and studies where the stiffness of the gel is either a 

variable or needs to be controlled but is not useful to osteoblast culture (Caliari 

and Burdick, 2016). 

       A polysaccharide matrix, such as Cell-Mate 3D, is another useful tool in 

3D modeling and organoid culture. It comprises two key components that make it 

useful for osteoblast culture- hyaluronic acid and CT, which is derived from chitin 

(“Cell Culture Process for Cell-Mate3DTM” n.d.). Hyaluronic acid is found in the 

https://paperpile.com/c/Gfp35i/qgRg2
https://paperpile.com/c/Gfp35i/qgRg2
https://paperpile.com/c/Gfp35i/qgRg2
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ECM of epithelial, neural, and connective tissues and has been found to be 

involved in cell migration, wound healing, proliferation, and embryonic 

development. Hyaluronic acid also plays a role in cancer biology, as CD44 is its 

receptor and is overexpressed in many cancers (Spadea et al. 2019)  including 

osteosarcoma and serves as a potential therapeutic drug target for cancer 

treatments (Mayr et al. 2017). CT is found in crustaceans as part of their 

exoskeleton and while it doesn’t directly impact the growth of osteoblasts or 

necessarily play a role in cancer biology, it is an excellent substrate to support 

cell growth and attachment in 3D. Cell-Mate is also chemically defined- meaning 

there is no variation from batch to batch and therefore variation in the 

microenvironment is not considered to be a variable. Due to the fibers of the 

hydrogel, cells are also spaced out just enough to allow proper nutrient gradient 

and cultures can exist long term without risk of a necrotic core, making them 

more in-vivo like. Because of this substrate being defined and made from 

ingredients that have the potential be useful for targeted cancer therapies, Cell-

Mate will be explored as a substrate option. 

       Another hydrogel is a GFOGER based hydrogel called VitroGel COL by 

TheWell Bioscience. GFOGER is a synthetic peptide that binds specifically to the 

integrin a2�1, which has been shown to play a role in osteoblast and 

chondrogenic differentiation in MSC’s (Mhanna et al. 2014). Interestingly, 

GFOGER has also been shown to increase and promote bone formation in vivo. 

Wojtowicz et al. coated PCL scaffolds with GFOGER to assess whether the 

GFOGER-based hydrogel sped bone formation in segmental defects in rats, and 

https://paperpile.com/c/Gfp35i/eHely
https://paperpile.com/c/Gfp35i/SB94i
https://paperpile.com/c/Gfp35i/mteRC
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they found that while bone quality wasn’t improved (as measured by torsional 

strength), bone quantity was (Wojtowicz et al. 2010). This data supports the idea 

that using a GFOGER based hydrogel, in this case VitroGelCOL, would be 

beneficial for osteoblast culture. In addition to this, one problem other lab 

members have faced in the Webber lab is getting mineralization in in-vivo mouse 

osteosarcoma models. Utilizing a GFOGER-based hydrogel may promote not 

only osteoblast differentiation but also tissue development as a whole and may 

lead to more in-vivo like model systems to explore early stage osteosarcoma.  

 This thesis discusses the development of a 3D culture system to study 

certain genes of interest involved in osteosarcoma. Utilization of an in-house 

differentiated iPSC line that has been genetically edited to reflect four key 

mutations in osteosarcoma (as described above) along with a transparent 

hydrogel allowed for the development of a model system able to be live-imaged 

and studied as time progresses. Extracellular components such as media 

composition are studied regarding how it impacted organoid development, and 

histological analysis of the osteoblast organoids are looked at to study 

development of osteoblast-like characteristics. Optimization is done for hydrogel 

chosen, how best to seed the hydrogel (single-cell or spheroid based), 

visualization, embedding density, and culture protocol. 3D cultured organoids are 

either sectioned and stained for analysis or re-plated into 2D culture for future 

analysis when compared to their non-3D cultured genotypic counterpart. The 

hypothesis for the work discussed in this thesis is that subjecting iPSC-derived 

osteoblasts to 3D spheroid-based culture will create organoids that display 

https://paperpile.com/c/Gfp35i/srwvp
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phenotypic traits of mature osteoblasts and create cell lines that have higher 

proliferation rates and more robust cells when compared to their 2D cultured 

controls.   
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CHAPTER 2:  METHODS 

SECTION 1: PRIMARY EXPERIMENTAL SET UP 

As previously described, Cell-Mate microgels were first used to make 

osteoblast tissue constructs. To do this, the microgel kit from BRTI LifeSciences 

was used as it is straightforward, easy to manipulate, and has been used with 

success in previous organoid culture (Lindborg et al. 2016). Before going into 3D 

culture, iPSC-derived osteoblasts were cultured on 10-cm tissue culture plates 

coated with a 1% gelatin solution. All cell lines used were differentiated in-house 

by a fellow lab member and were labelled “iPOS_1.2” to signify which 

differentiation they were from. There were three genotypes used from the 

iPOS_1.2 differentiation chosen based upon their propensity for transformation in 

previous studies: a TP53 KO line, a double knockout mutation of tumor-

suppressor genes TP53 and RB1, and a line with the double knockout of TP53 

and RB1 and an overexpression of cell cycle and division regulators c-Myc and 

H-Ras (abbreviated as +OE). All cell lines and genotypes were cultured in 

Osteoblast Growth Media (OGM, alpha-MEM media + 5% pen strep + 10% FBS 

+ 100nM Dexamethasone + 0.035 mg/mL Ascorbic Acid + 10mM Beta-glycerol 

phosphatase), which is a maintenance media that does not encourage further 

differentiation. When cells were at roughly 70-80% confluency, they were 

dissociated from the dish with 0.5mL each of 0.25% Trypsin and Accutase and 

counted. Accutase is a commercially available solution of collagenolytic and 

proteolytic enzymes that also contains 0.5 mM EDTA. (See Bibliography of 

Materials- Catalogue Numbers for more information). The wells were then rinsed 
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with 1 mL of OGM media which was added to the cell suspension for a total 

volume of 2mL (1mL OGM media, 0.5mL 0.25% Trypsin, 0.5mL Accutase). 65k 

cells were hand counted and used to seed each hydrogel.  

In order to transition the cells to 3D culture, the total number of cells 

needed per genotype (for example, making 3 hydrogels at 65k cells/gel would be 

195k cells) was spun down at 400 RPM for 5 minutes and resuspended with the 

hydrogel rehydration fluid that came with the kit. The amount of rehydration fluid 

per hydrogel was 40uL. Each individual dried hydrogel came sterile in its own 

container, and the cell suspension was pipetted directly into this container to 

allow the gel to rehydrate. The resuspended cells were carefully pipetted into the 

dehydrated hydrogels and left to sit at room temperature for 5 minutes to 

incubate while the gel cured, and a sterile tweezers was used to carefully transfer 

the gel to one well of a 12-well culture plate. Osteoblast differentiation media was 

then added to cover the gel, and media was changed every two to three days. If 

a monolayer was observed to be growing, the hydrogel was carefully transferred 

to a new well by filling the new well with 5 mLs of OGM media and sterile 

tweezers were used to carefully lift the hydrogel into the new well. In future 

experiments, non-treated tissue culture plates could be used to discourage 

monolayer growth from cell shedding. 

       Throughout the experiment, it became evident that it was impossible to 

image the hydrogels to see if and how an organized tissue was growing due to 

the opaque nature of the hydrogels. To attempt to circumvent this, a td-TOMATO 

lentivirus was used to transduce the osteoblasts. Optimization was needed to 
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determine the minimum MOI needed to achieve reporter expression. Six wells of 

a 24 well plate were coated with 1% gelatin and seeded with 0.05 x 10^6 p53/Rb 

+OE osteoblasts. Since this particular genotype is the most prolific of the ones 

used, it was chosen for the optimization assay for ease of culture. The first well 

was a negative control. The concentration for the lentivirus (SignaGen, LV-EF1α-

tdTOMATO, cat. SL100289) was 1x109 TU/mL. MOI concentrations were set up 

at 2, 5, 10, 20, and 40. A master mix was made with 3.75uL F-108 and 1.5mL 

media and from this, 250uL of the master mix was aliquoted into each well. For 

the negative control, no lentivirus was added. For the varying MOI’s, the amount 

was as follows: 0.1uL lentivirus for the MOI of 2, 0.25uL of lentivirus for the MOI 

of 5, 0.5uL for the MOI of 10, 1.0uL lentivirus for the MOI of 20, and 2.0uL of 

lentivirus for the MOI of 40. The cultures were left to incubate with the lentivirus 

for 24h, and after 24h the wells were rinsed with PBS 1x and 0.5mL of fresh 

OGM media was applied. Cultures were checked for protein expression via 

fluorescent microscopy 5 days post transmission. Even though transmission was 

successful, when the osteoblasts were put into 3D culture (as described above) 

and imaged, the hydrogel appeared to be one red orb instead of individual cells 

being visible (see results).  After it became clear that this experimental set-up 

would not work, it was decided that after two weeks in culture the hydrogels 

would be flash-frozen in OCT blocks and sectioned to study their morphology. 

H&E and Alizarin red staining would be done for tissue and cellular morphology 

and calcium (as increased mineralization is a sign of mature osteoblasts). Due to 

the inability to image the hydrogels as the cells grow, it was decided to repeat the 
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experiment using a different, transparent hydrogel. Due to time constraints the 

OCT blocks were not sectioned, and that data will be analyzed in the future. 

       The hydrogel selected for the repeat experiment is made by TheWell 

Bioscience, and the specific product used was their tunable VitroGel COL. This 

specific hydrogel was chosen because it is composed in part by GFOGER, which 

is a collagen-mimic peptide that was discussed in the previous section. The set-

up for these hydrogels is more complex, but overall serves as a much better 

platform for modelling osteosarcoma. As with the Cell-Mate hydrogels, all 

genotypes and differentiation lines used thawed from stocks originally frozen at 

3e6 cells/mL in CryoStor and plated in 10cm tissue culture plates in 2D culture 

using OGM media. Frozen aliquots were rapidly thawed in a 37°C water bath and 

the cell suspension was transferred into a 15mL conical tube containing 1mL 

OGM media. The transfer was done slowly, 3 drops were added at a time and 

then the solution was gently agitated to incorporate the media and cell 

suspension. The vial was then rinsed with an additional 1.0mL of OGM media 

and this was added to the conical tube following the same 3 drop technique. A 6-

well tissue culture plate coated with 1% gelatin was plated with 3e6 cells; only 

one well was used for all 3e6 cells. Cells were passaged and expanded as 

described above to establish them in 2D culture.  

       Spheroids were made in the following manner. After culturing all 

genotypes and cell lines in 2D culture, cells were resuspended using a 50:50 

0.25% Trypsin/Accutase mixture as described above. A serial dilution was 

performed to yield 500 cells/10 μL of media in a total volume of 10 mLs of OGM 
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media (Spheroid Culture Protocol) and 10 μL droplets were pipetted onto the 

inside of the lid of a 150mm tissue culture dish. 215 droplets were pipetted onto 

each lid using a multi-channel pipettor, and the lids were carefully inverted back 

onto the culture dish and returned to the incubator. This allowed the cells to 

aggregate and adhere to each other, forming a spheroid. After 48h culture time 

as hanging drops, the spheroids were gently rinsed from the plate with 10 mLs of 

OGM media and spun down at 40 RPM for 7 minutes. The spheroids were 

resuspended with a 50:50 mixture of FBS with 10x any critical growth factors in 

the cell’s media and straight media, and then 30 μL of this spheroid suspension 

was added to 120 μL of the hydrogel (diluted at 1:1 with the Dilution Solution 1) in 

the well of a 48 well plate and mixed. The hydrogels solidify via an ionic reaction 

with the media, and need to incubate for at least 15 minutes at room temperature 

(VitroGel COL protocol- 48 well). After solidification, either 0.5 mL of OGM or 

osteoblast differentiation media was added; 70% of the cover media on top of the 

hydrogel was changed out every 48h. For the experiment studying calcification 

and mineralization, hydrogels were harvested at days 3, 5, 7, and 14, fixed in 3% 

PFA for 24 hours and then transferred to 70% EtOH, and embedded in 

Paraplast. For the experiment serving as a positive selection assay for cells that 

have a higher proliferation rate and increased robustness, cells were recovered 

from the hydrogel at 2 weeks and subcultured in 2D on plates coated with 1% 

gelatin, as described above. The cells needed to be returned to 2D culture in 

order to run the proliferation assay to check for increased proliferation rates and 

increased cell robustness. A proliferation assay and soft agar assay were run to 

https://docs.google.com/document/u/0/d/1hCOOhVgvj2gSMBaApQIiPdXy8qt37TzLp3-AHUwg624/edit
https://docs.google.com/document/u/0/d/15VMnZF9gjUOKkVd1qClYY-EdLMvgagVDUP_YHSgtKZM/edit
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compare the robustness, proliferation, and survival of the various genotypes after 

3D culture as opposed to those kept in 2D, which are described in later sections. 

       To harvest the cells from the hydrogels and subculture them, the Cell 

Recovery Solution from TheWell Bioscience was used (Protocol_Cell-Recovery-

from-Gel-Using-VitroGel-Cell-Recovery-Solution). Cover media was removed 

from the hydrogels, which were rinsed two times with PBS, and resuspended in 

0.5 mL of recovery solution. To aid the dissociation process, the tip was cut off of 

a p1000 pipet tip and the hydrogels were gently pipetted up and down 6-8 times 

and added to a 15 mL conical tube containing another 5 mL of the recovery 

solution. After agitation, the hydrogels were placed in the incubator for three 

minutes. This process of agitation and incubation was repeated until the gel 

appeared to be completely dissociated, and the spheroids were pelleted down at 

40 RPM for 10 minutes. Dissociation was detected when there were no 

detectable clumps of hydrogel remaining in the cell suspension to the naked eye, 

and no remaining hydrogel after the cell suspension was spun down. After 

removal of the supernatant, a 50:50 mixture of 0.25% Trypsin/Accutase was 

applied to the spheroids to dissociate the spheroids. After a final spin down at 

400 RPM for 5 minutes, the now dissociated cells were resuspended with OGM 

media and plated into a 48 well plate. To increase chances of cell survival (as 

osteoblasts do best in dense culture conditions) the entire cell pellet was plated 

into the well of the 48 well plate. 

 

https://docs.google.com/document/u/0/d/1Nq2LkIq9OETUsKvTfoxGxT6mO5L4QGicECxg7QZ6fTw/edit
https://docs.google.com/document/u/0/d/1Nq2LkIq9OETUsKvTfoxGxT6mO5L4QGicECxg7QZ6fTw/edit
https://docs.google.com/document/u/0/d/1Nq2LkIq9OETUsKvTfoxGxT6mO5L4QGicECxg7QZ6fTw/edit
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SECTION 2: OPTIMIZING CULTURE CONDITIONS 

       After identifying the best type of hydrogel based on composition and ease 

of live imaging to serve as the scaffold for these experiments, several 

optimization experiments had to be done in order to identify the optimal number 

of cells to seed the gels from a single suspension as well as from spheroid 

culture. Both culture techniques have their advantages and disadvantages, and 

both yield results appropriate to different applications. The protocol provided by 

TheWell Bio (makers of VitroGelCOL) recommends an optimal seeding density of 

anywhere between 0.5e6-2e6 cells/mL. Osteoblasts in culture do best if densely 

plated, otherwise they will become senescent. In order to avoid this, an 

intermediate density of 1.5e6 cells/mL was used. This density, when put in a 48 

well plate, works out to be 250k cells/gel. 

While the single cell seeded hydrogels did well in culture, over the course 

of two months it became apparent that there was no tissue organization taking 

place within the gel. The cells were simply existing in 3D instead of forming a 

monolayer, and no tissue structures formed. However, cells tended to form 

spheroid-like structures around the two-month mark.  After this observation, we 

hypothesized that utilizing cell aggregation prior to creating the hydrogel could 

expedite the process of forming complex tissues. It is necessary to not have the 

aggregates be too large as, due to not being vascularized, the aggregates will 

develop a necrotic due to the nutrient gradient present through diffusion. Due to 

vascularization in vivo tumors do not always have a necrotic core. An aggregate 

size optimization assay was set up, which looked at aggregate formation from a 
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seeding density of 100 cells/aggregate, 500 cells/aggregate, and 1000 

cells/aggregate. The cells used were iPSC-derived p53 knockout osteoblasts 

(differentiation 1.2, iPOS 1210, in-house differentiation), p53/Rb knockout, and 

p53/Rb +OE osteoblasts from the same iPSC-derived line. Each genotype was 

monocultured. Cells were cultured in osteoblast growth medium (OGM) when 

cultured in 2D, and were put into osteoblast differentiation media only when put 

into aggregates. See below for an experimental schematic: 

Table 1: Culture Schematic for Optimal Aggregate Cell Density  

 

100 cells/aggregate 500 cells/aggregate 1000 cells/aggregate 

p53 p53 osteoblasts 

100 cells/aggregate 

p53 osteoblasts  

500 cells/aggregate 

p53 osteoblasts 

1000 cells/aggregate 

p53/Rb p53/Rb osteoblasts 

100 cells/aggregate 

p53/Rb osteoblasts 

500 cells/aggregate 

p53/Rb osteoblasts 

1000 cells/aggregate 

p53/Rb 
+OE 

p53/Rb +OE osteoblasts 

100 cells/aggregate 

p53/Rb +OE osteoblasts 

500 cells/aggregate 

p53/Rb +OE osteoblasts 

1000 cells/aggregate  

Seeding density was calculated as follows:  

● 100 cells/sphere: 1e5 cells were suspended in 1 mL of media, which is 

diluted 1:10 in new media. 10 μL of this is used to form each hanging 

drop, which yielded a final cell concentration of 100 cells/10 μL  
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● 500 cells/sphere: 5e5 cells were suspended in 1 mL of media, which is 

diluted 1:10 in new media. 10 μL of this is used to form each hanging 

drop, which yielded a final cell concentration of 500 cells/10 μL  

● 1000 cells/sphere: 1e6 cells were suspended in 1 mL of media, which is 

diluted 1:10 in new media. 10 μL of this is used to form each hanging 

drop, which yielded final cell concentration of 1000 cells/10 μL  

10 µL droplets were pipetted onto the inverted lid of a 150mm tissue culture plate 

and carefully placed back onto the tissue culture plate, so that the cells could 

aggregate in the bottom of the droplet. After 48h, the spheroids were put into 

culture as described above. 

SECTION 3: EMBEDDING THE SPHEROIDS IN 3D CULTURE 

After the 48h culture time in hanging drop plates, the lids were inverted 

and 10 mL of OGM media was added to the lid. This was gently swirled to 

incorporate the droplets and spheroids into a suspension, and the suspension 

was collected into a 15 mL conical tube. The agitation must be gentle so as not 

to break apart the spheroids. The lids were then rinsed with 5 mL of PBS to 

collect any remaining spheroids, and the cell suspension was centrifuged at 40 

RPM for 7 minutes. After spinning, the supernatant was aspirated off and the 

spheroids were gently resuspended in a mixture of 15 mL media and 15 mL FBS 

with 10x any critical growth factors in the media. Spheroids involved in the media 

study (see results) were put into OGM or osteoblast differentiation media and 

spheroids that were to be harvested and serially cultured were put into OGM. 
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The spheroids that were cultured in OGM media did not have any critical growth 

factors so straight FBS was used, and spheroids cultured in osteoblast 

differentiation media had (per 9 mL FBS) 100 µL Dexamethasone, 352 µL 

Ascorbic Acid, and 500 µL Beta-Glycerol Phosphatase (“VitroGel COL Protocol- 

24 Well” n.d.). 120 µL of hydrogel (diluted 1:1 with VitroGel Dilution Solution #1) 

was placed in a well of a 48 well plate and the plate rocked so the bottom of the 

well was coated. The spheroid suspension was then added to the hydrogel in the 

well plate, gently mixed, and left to set for 15 minutes. The hydrogel sets due to 

an ionic crosslinking process triggered by the ion concentration in the media. 

After 15 minutes, the gels were checked for solidification by tilting the plate. 1-2 

mL of cover media was added on top of the hydrogels, and 75% of the media 

was changed out every other day.  

SECTION 4: HARVESTING THE SPHEROIDS  

 After two weeks of culture time, the hydrogels were dissociated via the 

VitroGel Cell Recovery Media following their Cell Recovery Protocol (“Protocol 

Cell-Recovery-from-Gel-Using-VitroGel-Cell-Recovery-Solution” n.d.). This 

process reverses the ionic bonds which solidified the hydrogel, returning it to a 

soft gel state. Before harvesting, the recovery solution was placed in the 

incubator to reach 37°C and 5 mLs were pipetted into a 15 mL conical tube, one 

for each hydrogel being processed. The hydrogels were rinsed twice with PBS 

and 1 mL Cell Recovery Solution was pipetted onto each well. A p1000 pipette 

was used to gently break up the hydrogel, and the plates were left to incubate for 

3 minutes. If the spheroids were being harvested for embedding, the tip of the 

https://paperpile.com/c/Gfp35i/p7WG
https://paperpile.com/c/Gfp35i/p7WG
https://paperpile.com/c/Gfp35i/DDgb
https://paperpile.com/c/Gfp35i/DDgb
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p1000 was cut off in order to not shear the spheroids apart. The broken-up 

hydrogels were transferred to their respective 15 mL conical, pipetted up and 

down 5-6 times using a 10 mL serological, and returned to the incubator for 

another 3 minutes. This cycle was repeated 3 times, the cell suspensions 

centrifuged at 400 RPM for 5 minutes if re-plated or at 40 RPM for 10 minutes if 

embedded, and the supernatant aspirated off. 

After this process was complete, the spheroid pellet was processed in one 

of two ways. If harvested for paraffin embedding to section and stain, the pellet 

was resuspended in 1 mL 3% PFA and left to fix overnight at RT. After 24h, the 

spheroid suspension was centrifuged at 40 RPM for 10 minutes and the fixative 

aspirated off. The spheroids were resuspended in 70% EtOH and after many 

failed attempts to paraffin embed the spheroids, the samples were sent to an 

outside contractor, HistoWiz, for embedding, sectioning, and staining.  

If the spheroids were to be re-plated for further assays, the supernatant 

was aspirated off and a mixture of 50% 0.25% Trypsin and Accutase was used to 

dissociate the spheroids back into a single cell suspension. In addition to 

incubation, mechanical agitation was required via pipetting to break apart the 

spheroids. When fully dissociated back into a single-cell suspension, the cells 

were spun down at 400 RPM for 5 minutes, the supernatant aspirated off, and 

the cell pellet resuspended in 1 mL of OGM media. The cells were then re-plated 

onto a 1% gelatin coated culture dish, and media was changed 24h after plating.  
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SECTION 5: PROLIFERATION ASSAY TO ASSESS CELL 

TRANSFORMATION  

 In order to assess whether 3D culture served as a selection process for 

cells with a more transformed phenotype, a proliferation assay was set up 

comparing the 3D cultured genotypes (p53, p53/Rb, and p53/Rb +OE) with the 

2D cultured genotypes. Since each genotype had both 2D and 3D cultured cells, 

the 2D cultured genotypes served as the controls. To set up the proliferation 

assay, five wells of a six well tissue culture plate were coated with 1% gelatin for 

each genotype. For each individual genotype, five wells of a six well plate were 

used. Each well was plated at a density of 1e5 cells, and cell counts were taken 

at 24h, 48h, 72h, 96h, and 120h. Cells were hand counted to account for the 

often irregular shapes of osteoblasts. To perform the cell counts, a 50% mixture 

of 0.25% Trypsin and Accutase was used to detach the cells from their well and 

cells were spun down at 400 RPM for 5 minutes. After the supernatant was 

removed, the cell pellet was resuspended in 1.0mL PBS and hand counted using 

a brightfield microscope, a counter slide, and a cell counter to keep track. The 

cell counts were graphed to show population trends over the course of the assay.  
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CHAPTER 3: RESULTS 

SECTION 1: VISUALIZATION OF OSTEOBLASTS IN THE 3D CULTURE 
SYSTEMS 

 

A critical component of 3D culture is being able to see how the tissue 

constructs develop in real time. The first sets of experiments were done using 

Cell-Mate microgels, which were versatile, easy-to-use dried hydrogels that were 

reconstituted with the cell suspension used to seed them. The hydrogels provide 

Figure 1: Imaging of the Cell-Mate Hydrogels. A. Initial confocal microscopy of the Cell-
Mate hydrogels. Arrow is pointing to an air bubble trapped within the gel. Scale bar is 200 µm. 
B. MOI optimization of osteoblasts in 2D culture, fluorescence microscopy, scale bar 75 µm 
C. Fluorescence microscopy of the Cell-Mate hydrogels; note all over red color due to the 
fibers of the gel refracting the light and making individual cells indistinguishable. Scale bar 75 
µm. 
 

A C 
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a defined, repeatable ECM scaffold but fell short in terms of visualization. After 

forming the hydrogels, regardless of cell type, the gels stayed opaque and it was 

not possible to see individual cells within them. The arrow is pointing to an air 

bubble trapped within the gel; this is due to the image being taken immediately 

after making the gel. Regardless of the air bubbles, the opacity made visualizing 

individual cells challenging. (Fig. 1A). To combat this, a lentivirus was used to 

transfect all osteoblast cell types (p53, p53/Rb, p53/Rb +OE) with the gene for 

Td-Tomato. A MOI transfection experiment was done to determine the optimal 

MOI that would allow for the best visualization with the least amount of toxicity to 

the cells, and it was determined that a MOI of 2 would suffice as this MOI 

provided ample lentiviral expression (Fig. 1B) and did not have noticeable toxic 

side effects to the cells such as increased cell toxicity, which would have been 

evident through cell die-off.  

All transfected osteoblasts were then put into new Cell-Mate microgels 

using a single-cell suspension seeding technique, however the fibers of the 

synthetic ECM refracted the wavelengths of the fluorescent microscope, 

rendering visualization using Cell-Mate impossible (Fig. 1C). Due to the results of 

the first failed experimental set up, other hydrogel and scaffold materials were 

investigated. One hydrogel, VitroGel COL by TheWell Bio, was formulated to be 

transparent when solidified. Upon further investigation into the product, the high 

concentration “collagen-mimic” hydrogel was designed specifically for osteoblast 

culture. An excerpt from their product page explains how the gel was designed:  
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“VitroGel® COL High Concentration is a tunable, xeno-free 

hydrogel system modified with collagen-mimetic peptide (GFOGER). 

GFOGER specifically binds the integrin α2β1, promoting the osteoblastic 

differentiation in vitro and enhancing osteoblastic activity in vivo, which 

shows great potential for tissue engineering and regeneration medicine 

application.”               

Several hydrogels were made with this scaffold material and the solidified gel 

was transparent and the cells were able to be easily imaged (Fig. 2A-D).  
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SECTION 2: SEEDING SCAFFOLDS FROM AGGREGATES EXPEDIATES 
THE TISSUE FORMING PROCESS 

I II III 

I II III 

IV V VI 

VII VIII IX 
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 After determining which scaffold material worked best for culture of the 

iPSC-derived osteoblasts, single-cell suspension seeded hydrogels were made 

from iPSC-derived osteoblasts (p53, p53/Rb, p53/Rb +OE). These hydrogels 

were imaged once weekly, both under EVOS microscopy and fluorescent utilizing 

the TD-Tomato reporter. The EVOS microscope is simply a brightfield 

microscope with a built-in camera for recording data. Over time, it was observed 

that the cells weren’t forming any sort of organized structure but instead were 

behaving as they would in a two-dimensional flat culture system (fig. 2A, 2B).   

At the end of two months, it was observed that pockets of high-density cell 

growth formed in the single-cell suspension cultures (fig. 2C). The hypothesis 

was that a hydrogel culture system that was seeded with cell aggregates as 

opposed to a single-cell suspension may yield a 3D tissue construct much more 

quickly. To test this, all three cell lines (p53, p53/Rb, and p53/Rb+OE) were 

cultured in hanging drops (150mm plate lid, inverted) for 48 hours to allow cell 

aggregates to form. An optimization assay was done (see Methods) in order to 

determine optimum aggregate seeding density, and after 48h the aggregates 

were harvested via rinsing the 150mm lids and spinning the aggregates down at 

Figure 2: Development of the Spheroid Culture System.  A. Right to left: genotype p53 
OB’s (I), p53/Rb OB’s (II), and p53/Rb +OE OB’s (III) at 7 days culture time. Scale bar at 500 
µm. Light tan is hydrogel, dark spots are cells. B. Right to left: p53/Rb and p53/Rb +OE OB’s 
at late-stage (~1mo) culture showing no complex tissue development. Scale bar at 500 µm. 
Light tan is hydrogel, dark spots are cells. C. p53/Rb +OE long-term culture (~2 months) 
aggregate formation. Scale bar at 500 µm. Light tan is hydrogel, dark spheres are cell groups. 
D. First row, right to left: p53 spheroid culture at 100 cells/aggregate (I), 500 cells/aggregate 
(II), and 1000 cells/aggregate (III). Second row, right to left: p53/Rb spheroid culture at 100 
cells/aggregate (IV), 500 cells/aggregate (V), and 1000 cells/aggregate (VI). Third row, right 
to left: p53/Rb +OE spheroid culture at 100 cells/aggregate (VII), 500 cells/aggregate (VIII), 
and 1000 cells/aggregate (IX). Scale bars are 200 µm. Light tan is hydrogel, small dark 
specks are cells, large circles with a light cortex and dark core are spheroids.  
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low speeds so as to not break up the aggregates. After this, the aggregates were 

resuspended in osteoblast differentiation media and put into the hydrogels. This 

method was successful, and after putting the spheroids in 3D culture they began 

expanding and, in some cases, extending towards and merging with nearby 

spheroids, suggesting cell to cell communication and migration through the 

matrix. These images are not shown.  

Fig. 2D shows the spheroid density optimization assay. The spheroid-

based cultures made with a density of 100 cells/sphere did not do well in culture, 

as evidenced by brightfield microscopy using the EVOS microscope. The 

spheroids did not grow or expand and were difficult to harvest for serial culture, 

as so many of the p53 cells died off in 3D culture that it would have been 

extremely challenging to plate them post-harvest at a high enough density (~70% 

confluency) where the cells would have survived and expanded. The 500 

cells/sphere and 1000 cells/sphere seeding densities both formed much more 

robust organoids and showed expansion in culture and in some cases even 

merged with neighboring spheroids. Due to the risk of the spheroids getting too 

large and forming a necrotic core due to cells in the middle of the aggregate not 

getting enough nutrients, the optimal seeding density was determined to be 500 

cells/spheroid (Fig. 2D). A necrotic core can happen due to large aggregates not 

receiving enough nutrients due to a gradient that forms from cells on the outside 

of the aggregate in direct contact with media to cells in the core, which have less 

or no contact with the media. The p53 genotype (Fig. 2D, I-III) failed to form 

spheroids and expand in 3D culture and was not used in following assays.  
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SECTION 3: DETERMINING WHICH FACTORS IMPACT MINERALIZATION 

Up until this point all 3D cultures, regardless of the matrix material, had 

been cultured in osteoblast differentiation media. This was to see if the 3D tissue 

constructs develop as they would in vivo, where pre-osteoblastic cells naturally 

continue down their respective differentiation pathway. Logically, inducing 

osteoblasts to continue down the differentiation pathway should increase the 

mineralization capabilities of the cell. However, as there is evidence that the 

microenvironment can spark differentiation (Poulos et al. 2016), it was important 

to look at any impact the media had to mineralization and by extension 

differentiation. If the media used appears to have no impact on the mineralization 

of the cultures, the conclusion can be drawn that further cellular transformation is 

a direct result of cell to cell crosstalk or the microenvironment. To test this 

hypothesis, cultures of both p53/Rb iPS-derived osteoblasts and p53/Rb +OE 

iPS-derived osteoblasts at day 14 of differentiation cultured in aggregates at a 

density of 500 cells/aggregate and put into 3D culture. Spheroid cultures were 

set up in OGM and osteoblast differentiation media for each genotype and 

harvested at D5 and D14.  

Figure 3 A-L shows the staining results for H&E, Von Kossa, and Picro 

Sirius Red for the iPOS_1.2 genotypes p53/Rb. H&E staining of the p53/Rb 

genotype revealed that D14 when compared to D5 had more tissue-like 

morphology. Note that D14 of the OGM spheroids did not process well (meaning 

no slices of the sectioned block contained good organoid samples and therefore 

only a few cells in a cluster are visible) and resulted in only clusters of cells 

https://paperpile.com/c/Gfp35i/qdTiZ
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visible on the slides. Particularly in Fig. 3D the cells appear to have more 

dendritic protrusions that are interweaving amongst other neighboring cells, 

resulting in a tissue-like phenotype. In the Von Kossa staining, there is no 

detectable calcium staining in constructs cultured for 5 days in (Fig. 3E and 3F) 

either the OGM or osteoblast differentiation media. Interestingly, in both OGM 

and osteoblast differentiation media there is positive staining for calcium (fig. 3G 

and 3H) however the staining is present away from the spheroids (the clusters of 

stained circles; each circle is a cell). In fig. 3I and 3J, D5 of OGM and osteoblast 

differentiation media respectively, there is visible collagen staining in between 

neighboring cells and it is more pronounced in the osteoblast differentiation 

media cultured spheroid. It is important to note that the spheroids were allowed 

to form prior to being put in hydrogel culture, so any fibrous staining in between 

cells within spheroids can be classified as collagen, not possible false positive 

staining of the hydrogel. While there was no negative control for the stains done, 

due to the fact of the spheroids being formed prior to embedding it is unlikely any 

staining within the spheroids themselves is a false positive. In addition to this, the 

hydrogel itself is a collagen-mimic peptide, not actual collagen. In future repeats 

of this experiment, it would be prudent to set up a negative control to rule out any 

false positive staining. OGM D 14 of the p53/Rb genotype shows marked 

increase in fibrous cartilage staining, whereas the D14 p53/Rb in the osteoblast 

differentiation media shows some, it is not as pronounced as the D5 osteoblast 

differentiation media cultured timepoint. This could indicate that as little as five 
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days of 3D culture time is enough to cause a collagen ECM to form, however 

analysis at an earlier time point would be necessary to confirm this.  

Fig. 4A-J is the genotype p53/Rb +OE and is set up identically to fig. 3. In 

fig. 4A and 4B, D5 of OGM and osteoblast differentiation media respectively, 

there is not any noticeable difference between them. P53/Rb +OE spheroids in 

D5 and D14 timepoints in both OGM and osteoblast differentiation media look 

quite similar in the H&E staining; the D14 timepoints (Fig. 4C and 4D, D14 

timepoints), look more dense and tissue-like than the D5 timepoints (fig. 4A, B), 

with increased dendritic protrusions between cells and less open space. This is 

indicative of a tissue-like phenotype forming, however the less dramatic 

difference in time points compared to the p53/Rb genotype could be due to the 

p53/Rb +OE genotype’s increased proliferation rate. Fig. 4F, the osteoblast 

differentiation media cultured spheroid stained with Von Kossa, shows more 

dendritic projections than fig. 4E, an OGM cultured spheroid of the same time 

point. Neither D5 time point shows noticeable calcium staining, and there are 

only faint specks of what could be calcium staining on fig. 4H, the D14 timepoint 

in osteoblast differentiation media, which is shown at a lower magnification (200 

µm) to show relative location of the positive staining compared to the spheroid. It 

can be concluded given the data in fig. 4E-H that neither 3D culture nor media 

impacted mineralization for the p53/Rb +OE genotype. It is possible that the 

composition of the hydrogel affected mineralization negatively, but this is unlikely 

due to the GFOGER composition of the hydrogel. GFOGER is a collagen-mimic 

peptide, and the composition of the hydrogel is designed specifically to promote 
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further osteoblast differentiation. Fig. 4I and 4K, OGM culture of D5 and D14 time 

points, show little difference in collagen staining within the spheroid. The 

spheroid itself is bigger at D14, though there is fibrous staining in between the 

cells at both time points. Interestingly, just as with the p53/Rb genotype, the 

timepoints cultured in osteoblast differentiation media (fig. 4J and 4L) show more 

collagen staining within the spheroid at D5 than at D14. This could be explained 

by a possible cellular death event due to crowding or nutrient insufficiency, or the 

spheroid getting too big for adequate nutrient +OE genotype due to its higher 

proliferation rate. 
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Figure 3: Histology of the p53/Rb Genotype: A-D. H&E staining of (clockwise from top left) D5 
OGM, D5 osteoblast differentiation media, D14 osteoblast differentiation media, and D14 OGM 
cultured spheroids. E-H: Von Kossa staining of (clockwise from top left) D5 OGM, D5 osteoblast 
differentiation media, D14 osteoblast differentiation media, and D14 OGM cultured spheroids. 
Fig. 3G-H scale bar 200 µm. I-L: Picro Sirius red staining of (clockwise from top left) D5 OGM, 
D5 osteoblast differentiation media, D14 osteoblast differentiation media, and D14 OGM 
cultured spheroids. Scale 50 µm. 
Figure 4: Histology of the p53/Rb +OE Genotype: A-D. H&E staining of (clockwise from top 
left) D5 OGM, D5 osteoblast differentiation media, D14 osteoblast differentiation media, and D14 
OGM cultured spheroids. E-H: Von Kossa staining of (clockwise from top left) D5 OGM, D5 
osteoblast differentiation media, D14 osteoblast differentiation media, and D14 OGM (scale bar 
200 µm) cultured spheroids. I-L: Picro Sirius red staining of (clockwise from top left) D5 OGM, 
D5 osteoblast differentiation media, D14 osteoblast differentiation media, and D14 OGM 
cultured spheroids. Scale 50 µm. 
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SECTION 4: EFFECTS OF 3D CULTURE ON GENOTYPE ROBUSTNESS 

 

The above figure (fig. 5) is showing total cell counts at each time point of 

the proliferation assay. iPSC-derived osteoblasts (D14 of differentiation, 

iPOS_1.2, iPS1210) were cultured for five days after being seeded at a density of 

1e5 cells/well and hand counted each day. The genotypes used were p53, 

p53/Rb, and p53/Rb +OE. Looking at the p53 genotype, proliferation rates were 

nearly identical for most of the study. However, at D5 there were more cells in 

the 3D cultured genotype. For the p53/Rb genotype, there is a consistent 

increase in cell number in the 3D cultured genotype. Both results support the 

hypothesis that subjecting iPSC derived osteoblasts to 3D aggregate culture 

promotes a more robust phenotype and potentially more OS-like cells, but it is 

Figure 5: Proliferation Assay of 2D and 3D cultured p53/Rb and p53/Rb +OE 
genotypes. Each data point correlates with one counted well. Cells were hand counted to 
ensure accuracy. No replicates.  
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important to note that the “3D cultured genotypes” were precultured in 3D and 

then harvested back into 2D culture and established in 2D culture before this 

assay was ran. However, the p53/Rb +OE genotype shows higher cell counts in 

the 2D cultured line. One possible explanation for this is the extremely high 

proliferation rate of this particular genotype; it’s possible that there was an 

explosion of growth in the 

3D cultured p53/Rb +OE 

genotype that caused a 

percentage of the cell 

population to die off. 

Interestingly, even though 

there was more cell growth 

in the 2D cultured line for 

the p53/Rb +OE genotype, 

there was a consistently 

higher live to dead cell 

ratio on all three 3D 

cultured genotypes. Due to 

there being expected die 

off of cells after initially 

plating them, only days 3-5 

of the proliferation assay 

were recorded regarding 

6A 

6C 

6B 
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live dead counts (Figure 6). The p53 genotype (fig. 6A) showed consistently 

higher live cell percentages in the 3D population than the 2D, and towards the 

end of the assay the 2D cultured genotype saw a slight increase in the dead cell 

count population and a decrease of the live cell percentage. The p53/Rb 

genotype, fig. 6B, showed a steady increase in dead cell percentage for the 2D 

cultured genotype and a steady, if small, increase in live cell percentage for the 

3D cultured genotype. The final genotype, p53/Rb +OE (fig. 6C), mirrored the 

p53/Rb genotype regarding the 2D cultured cell population, a slight decrease of 

live cell percentage and a slight increase in dead cell percentage. While days 3 

and 4 of the assay showed a decrease of live cell percentage in the 3D cultured 

genotype, D5 saw a sharp increase in live cell percentage and decrease in dead 

cell percentage. While the proliferation assay showed increases in the p53 and 

p53/Rb genotypes but not the p53/Rb +OE genotype, there is a higher 

percentage of live to dead cells in all three genotypes. The data shown here 

indicates that subjecting the genotypes to 3D culture resulted in a positive 

selection of hardier, more robust cells however it is important to note that this 

experiment only has an n of 1. More replicates of this experiment are needed to 

provide a strong conclusion, however the initial data is promising.  

 

Figure 6: Live-Dead Cell Percentages of 2D vs. 3D Cultured Genotypes. A. Live-dead 
percentages of the p53 genotype over D3, D4, and D5 of the proliferation assay. B. Live-dead 
percentages of the p53/Rb genotype over D3, D4, and D5 of the proliferation assay. C. Live-
dead percentages of the p53/Rb +OE genotype over D3, D4, and D5 of the proliferation 
assay. Each data point correlates with one counted well.  
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CHAPTER 4: DISCUSSION 

Taking all the data into account, there is evidence to suggest that 3D 

organoid modeling could be utilized as an early-stage model of osteosarcoma. 

The goal of the experiments was to optimize a 3D model of early-stage 

osteosarcoma that can be live-imaged as it develops. Technical challenges 

presented themselves at first with the structure of the hydrogel itself, which 

ultimately led to a more appropriate substrate choice being used. At first, Cell-

Mate provided a useful extracellular matrix for the cells to attach and grow; 

however, it proved impossible to image the cultures as they were developing. 

This was due to the opaque nature of the Cell-Mate hydrogels and light being 

refracted and scattered off the fibers in the gel. In addition to this, the benefit of 

eliminating the formation of a necrotic core Cell-Mate provides by its fibrous 

nature consequently may not allow true aggregation and self-supported tissues. 

Due to this, the GFOGER based hydrogel was investigated as a possible 

substrate and discovered to be even better suited to osteoblast culture 

specifically. Since the GFOGER peptide binds specifically to the integrin α2β1 

which promotes osteoblast differentiation, it provides an ideal matrix with which 

to model early-stage osteosarcoma. It also allowed for complete dissociation of 

the hydrogel, which was useful for serial culture. 

 At first, it seemed logical to use a single cell suspension to seed the 

hydrogel in order to watch the tissue develop three dimensionally in real time, but 

over time it became apparent that this was a slow, impractical process. No real 

structure appeared within the hydrogel and over time the cells began dying off, 
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presumably due to overcrowding. Interestingly, it was noticed that over time the 

single cell seeded cultures formed areas of increased cell density which looked 

similar to cell aggregates. This data suggested that using pre-formed cell 

aggregates to seed a 3D culture could speed up the tissue forming process by 

several weeks. Indeed, developing a protocol of promoting cell aggregates to 

form via hanging drop culture produced compact spheroids that, when put into 

3D culture, began budding and expanding; in some cases growing directionally 

towards nearby spheroids. In future experiments, it would be interesting to carry 

spheroid-based cultures out long-term to see if the aggregates merged with each 

other to form a solid tissue construct. In the short term, 3D spheroid culture 

appeared to allow more mature osteoblasts to form as evidenced by 

mineralization (Fig. 3G-H and Fig. 4H) and collagen development (Fig. 3J-K and 

Fig. 4J-L). The primary data in Fig. 5 and 6 suggests that subjecting the 

genotypes to 3D culture creates cell lines with a higher viability rate (seen in the 

slightly higher percentage of live to dead cells) and in the p53 and p53/Rb 

genotypes a higher proliferation rate. The spheroids also displayed more tissue-

like morphology as evidenced by the H&E staining in Fig. 3D and Fig. 4C-D 

which showed more dendritic protrusions interwoven between the cells, 

suggesting more cell-to-cell junctions and possible ECM being formed. 

The primary data from Figures 3 and 4 suggests that 3D culture impacts 

the phenotype of the spheroids and cells. Historically, our lab does not typically 

observe evidence of a transformed phenotype (e.g. absence of anchorage-

independent growth in soft agar assays and normal proliferation rates) in 
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engineered iPSC-derived osteoblasts unless associated with a spontaneous 

transformation event linked to acquired chromosomal abnormalities. Due to the 

combination of collagen development, calcium deposition, and a more tissue-like 

phenotype in the sectioned spheroids, as well as higher cell viability in post-3D 

culture compared to 2D it appears that a 3D culture system could be useful to 

promote, or select for, transformed cells that more closely represent OS. 

Typically, calcium deposition occurs localized to the cells, but the positive Von 

Kossa staining not localized to the spheroid could be the result of mechanical 

agitation during harvesting. Interestingly, media used did not appear to have a 

significant impact on tissue development. Time, however, did. In the H&E (fig. 

3A-3D and 4A-4 and Von Kossa staining (fig. 3E-3H and fig. 4E-4H), the D14 

timepoints show more complex, interwoven cells within the spheroids and 

indicate a tissue-like phenotype was forming. There is also possible 

mineralization for the p53/Rb genotype at D14. There does not appear to be 

much difference in collagen formation as shown by Picro Sirius red staining in 

either genotype between D5 and D14. Collagen formation is desirable as this 

suggests a more mature osteoblast phenotype in the cell producing its own ECM. 

This leads to the conclusion that short 3D culture is sufficient to form a more OS-

like phenotype, and long-term culture is not necessary. The data from the 

proliferation assay further supports this conclusion. 

In the proliferation assay, our results could not conclusively determine 

whether 3D culture contributes to increased cell proliferation in subsequent 2D 

culture. We observed a trend toward increased proliferation in the p53/Rb 
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genotype, however in the p53/Rb +OE genotype (high baseline proliferation) we 

observed decreased proliferation following 3D culture. It’s possible that the 

proliferation of p53/Rb +OE genotype cells is so uniformly high at baseline that 

3D culture does not lead to further increases. Whereas the p53/Rb cell 

population may harbor a subset of cells with higher proliferation that are enriched 

during 3D culture. However, the percentage of live to dead cells suggests that 3D 

cultured cells may have a survival advantage compared to 2D controls. These 

findings will require further validation and confirmation but could have several 

implications for future studies; for instance, it may be possible to promote 

spontaneous transformation events in the OS-like stem cell model by subjecting 

the cells to a selective pressure in 3D culture. One potential hypothesis for the 

decreased cell proliferation rate of the 3D cultured genotypes is that in 3D culture 

cells are subjected to varying levels of nutrients. It is possible that in some of the 

larger spheroids the inner cells become nutrient or oxygen starved and entered a 

state of senescence. This could likely be overcome with further optimization of 

culture timing or media composition, etc. 

Due to the positive results of creating a transformed phenotype in these 

cell lines and increasing the ECM, mineralization, and tissue-like phenotypes in 

the spheroids, using 3D culture on iPSC derived osteoblasts has many future 

applications. One such application is to make spheroids for mouse injection; the 

increased ECM and tissue complexity may raise engraftment rates by increasing 

cell survival upon implantation. In addition to this, using spheroids for injections 

may lead to more mineralization of the tumors and create more OS like primary 
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tumors. This is evidenced by the calcification observed in the Von Kossa staining 

in the p53/Rb 3D cultured genotype. Typically, when calcium staining is present it 

is localized to the area just outside of the cells as that is the area of deposition, 

however this may be explained by the samples needing to be mechanically 

dissociated from hydrogel culture.  

Having mouse models with more OS-like primary tumors leads to 

generating more relevant data in preclinical studies, which may better inform 

future clinical studies. Because this 3D culture system allows for harvesting and 

serially culturing, it is possible to use the transformed cells in disease modelling. 

This paves the way for a more OS-like early stage disease model to be easily 

reproducible, which could be used not only for drug testing but also for studying 

specific genotypes not explored in this body of work. One last possibility is to 

utilize this 3D culture process for OS patients with tumors that are difficult to 

biopsy or patients that for whatever reason cannot undergo tumor biopsy 

surgery. Induced pluripotent stem cells from the patient can be differentiated into 

osteoblasts, and a patient-specific disease model could be created. Genotype 

sequencing would need to be done both on the iPSC and the patient’s tumor 

cells, and genetic editing would need to be done on the iPSC for them to match 

the tumor. This would allow for different experimental treatments to be tested 

without subjecting the patient to them. In summary, subjecting iPSC derived 

osteoblasts to 3D culture increased ECM development, mineralization, and 

overall tissue complexity. In addition, 3D culture may be a useful strategy to 
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enrich cells with a transformed phenotype, which could accelerate the 

development of iPSC models of OS. 
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BIBLIOGRAPHY OF MATERIALS- CATALOGUE NUMBERS 

Tissue Culture Plates 

 6 Well……………………………………………………………….…..Corning, 25-105 

 48 Well……………………………………………………………...Corning, 08 772 1C 

 100 mm TC plates………………………………………..………...Corning, CX11543 

 150 mm TC plates………………………………………..………….Corning, 08 772 6 

Tips, Serologicals and Pipettes 

 P1000 Tips………………………………………...…Genesee Scientific, 24-865RLC 

 P200 Tips…………………………………………….Genesee Scientific, 24-150RLC 

 P10 Tips………………………………………………Genesee Scientific, 24-821RLC 

 10 mL Serologicals…………………………………………….MIDSCI, PR-SERO-10 

 5 mL Serologicals………..……………………..Genesee Scientific, Cat #: 12-102C 

 15 mL Conical Tubes…………………………Thermo Fisher Scientific, 12-565-269 

 50 mL Conical Tubes………………………………………………...…MIDSCI, C50R 

 Eppendorf Tubes…………………………………Thermo Fisher Scientific, cx15575 

 Single Channel Pipettes………………………..MedSupply Partners, 66-P3942-4P 

 Multi-Channel Pipette………………………………………………...Gilson, FA10013 

 

Media:  

 FBS……………………………………………………...……...R&D Systems, S11550 

 OGM……………………………………………………….Cell Applications, #417-500 

 αMEM……………………………………….…………………………Gibco, 32561102 

 Penicillin/Streptomycin………………..……………………Sigma-Aldrich, 32561102 

 Dexamethasone……………………..………………………...Sigma-Aldrich, #D1756 

 Ascorbic Acid……………………………………………...Sigma-Aldrich, A4544-25G 
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 Beta-Glycerol Phosphatase……...……………………..Sigma-Aldrich, 50020-100G 

 0.25% Trypsin…………………………………………………….Corning, MT25053CI 

 Accutase…………………….…………….Innovative Cell Technologies, AT104-500 

 1% Gelatin…………………………………………………...EMD Millipore, ES-006-B 

Cell-Mate Products 

 µGel 40………………………………………………...…BRTI Life Sciences, CM-402 

VitroGel Products 

 VitroGel COL with Dilution Solution Type 1……..…TheWell Bioscience, TWG009 

 Cell Recovery Solution……………………….TheWell Bioscience, SKU: MS03-100 

 

 

 


