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ABSTRACT 

Tissue-Engineered Tumor Microenvironments for Bone 
Sarcoma 

by 

Eric R. Molina 

Preclinical methods interrogation of cancer biology and of evaluation of potential 

therapeutics rely heavily on the use of monolayer, adherent culture on tissue culture treated 

polystyrene dishes. However, these techniques ignore characteristics of the tumor 

microenvironment that have been found responsible for essential elements of pathogenesis 

in tumors. While a variety of in vitro tumor models exist and mouse models with patient 

derived xenograft (PDX) tissue remain the gold standard in preclinical testing, there is 

more investigation needed into how various physical and biochemical elements of the 

microenvironment contribute to cancer pathogenesis. Osteosarcoma (OS) and Ewing’s 

sarcoma (ES) are the two most common primary tumor of bone. Although advancements 

in combination therapy and surgical resection have improved outcomes, identification and 

targeting of essential pathogenic signaling has been difficult as evidenced by myriad failed 

clinical trials and the absence of biologically targeted therapeutics for these diseases. 

In this thesis, we employ the techniques of tissue engineering to develop bone 

tumor microenvironments suitable for the interrogation of elements in sarcoma tumor 

niche. We sought to determine how these elements contribute to changes in cell phenotype, 

proliferation, activation of critical pathogenic pathways, and response to therapy. The first 

objective of this thesis was to engineer a 3D electrospun poly(ε-caprolactone) (PCL) 

microenvironment to determine the effects of bone-like extracellular matrix (ECM) and 

mineral components on ES cells. We achieved this by culturing mesenchymal stem cells 

in osteogenic medium on electrospun scaffolds PCL scaffolds and decellularizing the 

scaffold after 12 days to generate PCL-ECM constructs. In our first specific aim we show 

that 3D microenvironments contribute to decreased proliferation and the downregulation 



 
 

 iv 

of the insulin-like growth factor 1(IGF-1R)/mechanistic target of rapamycin signaling 

(mTOR) cascade compared to monolayer controls. Further we determine that cells in 3D 

environments also became resistant to combination therapy with doxorubicin and IGF-

1R/mTOR targeted therapy. While the ECM and mineral components in 3D scaffolds 

increased growth and recapitulated some morphological aspects characteristic of ES 

tumors in patients, there did not appear to be any difference in IGF-1R/mTOR activation 

or therapeutic response between ES cultured in either electrospun PCL scaffolds or PCL-

ECM constructs. 

Our second objective was to engineer a mechanically tunable 3D electrospun 

environment that could be used to interrogate the effects of architecture and stiffness on 

osteosarcoma. In our second aim, we develop a system of 3D mechanically tunable 

scaffolds utilizing coaxial electrospinning of PCL:gelatin (core:shell) fibers. We determine 

by quantitative confocal image analysis that as stiffness is decreased in 3D 

microenvironments, OS cells increase the nuclear to cytoplasmic ratio (N:C ratio) of the 

mechanoresponsive proteins, yes-associated protein 1 (YAP) and transcriptional co-

activator with PDZ-binding motif (TAZ). We further determine that 3D 

microenvironments contribute to a downregulation of the IGF-1R/mTOR cascade and 

resistance to combination therapy with chemotherapy and IGF-1R/mTOR targeted therapy 

compared to monolayer controls in OS.  

Our third objective was to correlate YAP N:C ratio, TAZ N:C ratio, nuclear IGF-

1R, and nuclear phosphorylated IGF-1R (pIGF-1R) in tumor sections from 37 

osteosarcoma patients with clinical aspects of disease, histological characterization of 

tumors, and overall survival. We determined that strong correlations exist between YAP 

and TAZ N:C ratio and IGF-1R nuclear staining intensity and pIGF-1R staining intensity. 

Interestingly we also found that pIGF-1R nuclear staining strongly correlated with YAP 

and TAZ N:C ratio. We determine that nuclear pIGF-1R and YAP N:C ratio were higher 

in tumors with a chondroblastic histotype and that Nuclear pIGF-1R, YAP N:C ratio, and 

TAZ N:C ratio were lower in high grade bone osteosarcoma subtypes compared to all other 

subtypes. Univariate and multivariate analysis of outcomes indicated that high pIGF-1R 

and possibly low YAP N:C ratio may be negative prognostic indicators for overall survival.  
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The overall goal of this work was to examine how the microenvironment can be 

engineered to modulate and study essential pathogenic signaling and the generation of 

therapy resistant phenotypes in sarcoma. Through this thesis, we have demonstrated that 

architectural elements and the stiffness of tumor environments contribute to phenotypic 

changes, herald increased therapy resistance in vitro, and affect the expression and 

localization of potentially prognostic indicators in sarcoma. We highlight the importance 

of incorporating controllable microenvironmental elements in in vitro cancer biology 

which can be engineered to study myriad aspects of the tumor microenvironment and 

recapitulate more accurately the phenotypes of cells found in tumors from patients.  
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Chapter 1 

Objectives 

 
Overview  

 

The cancer research community currently relies heavily on monolayer culture 

methods that do not accurately recapitulate essential pathogenic elements of the tumor 

microenvironment. In order to bridge the gap between in vitro culture methods that 

contribute to phenotypic drift and in vivo experimentation with animals, it is necessary to 

determine how elements of the microenvironment contribute to pathogenesis in tumors. To 

that end, our lab has focused on the application of tissue engineering techniques to build 

bone tumor environments to interrogate the relationship between cancer cells and elements 

of the tumor niche. 

The focus of this thesis is the engineering of 3D bone tumor microenvironments 

built on polymeric scaffolds suitable for the assessment of how elements of the tumor 

microenvironment contribute to pathogenesis of bone sarcoma. In Specific Aim 1, we 

engineer a 3D bone tumor niche by incorporating bone-like extracellular matrix (ECM) 

into electrospun poly(ε-caprolactone) (PCL) scaffolds to generate hybrid PCL-ECM 

constructs suitable for the culture of Ewing’s sarcoma (ES) cells. We then use the 

constructs to determine the changes in regulation of the insulin-like growth factor 1(IGF-
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1R)/mechanistic target of rapamycin signaling (mTOR) cascade. We then evaluate the 

changes in therapeutic response to chemotherapeutics and agents targeting IGF-1/mTOR 

for cells grown in 3D microenvironments compared to monolayer controls. In Specific Aim 

2, we engineer a mechanically tunable 3D microenvironment utilizing coaxial 

electrospinning techniques suitable for the culture of OS cells. We then investigate the 

effects of stiffness and culture architecture on the mechanoresponse of OS cells by 

interrogating changes to the localization of the mechanoresponse proteins YAP and TAZ 

and to the activation of the IGF-1R/mTOR cascade. We further characterize how the 

mechanical microenvironment modulates cell phenotype with respect to the IGF-

1R/mTOR pathway and the mechanoresponsive proteins Yes-associated protein 1 (YAP) 

and transcriptional co-activator with PDZ-binding motif (TAZ). We then evaluate how 

changes in stiffness and architecture of the mechanical microenvironment contribute to a 

differential response to therapy targeted to IGF-1R/mTOR. In Specific Aim 3, we examine 

by image segmentation and quantitative image analysis tumor sections in a tissue 

microarray of 37 osteosarcoma patients stained for YAP, TAZ, IGF-1R and phosphorylated 

IGF-1R (pIGF-1R). We then determine the relationship between marker staining profiles 

and clinical features of disease including histopathological characteristics and patient 

outcomes.  
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Specific Aim 1: Development of a 3D electrospun bone tumor 

microenvironment that incorporates bone-like ECM to study IGF-1R 

activity and therapy resistance in Ewing’s sarcoma.   

In this specific aim, we developed a 3D bone tumor niche by culturing 

mesenchymal stem cells (MSCs) in osteogenic media on electrospun poly(ε-caprolactone) 

(PCL) scaffolds to generate a PCL-ECM construct. We then cultured ES cells on these 

constructs and evaluated changes in to IGF-1R/mTOR signaling, IGF-1R localization, and 

response to combination therapy. 

 

Study 1.1 Fabrication and characterization of PCL-ECM constructs as bone 

tumor microenvironments. 

In this study, PCL meshes were electrospun from a 14 wt% solution of PCL in a 

5:1 (vol:vol) solution of chloroform:methanol. Human MSCs were then cultured in 

osteogenic media conditions on sterilized PCL constructs for 12 days to generate PCL-

ECM constructs. Cultured MSCs were evaluated for ALP activity after 12 days and PCL-

ECM constructs were evaluated for calcium and ECM deposition.  

Study 1.2: Evaluation of IGF-1R activation and therapeutic response of ES 

cells in 3D PCL scaffolds and PCL-ECM constructs compared to monolayer 

controls. 

In this study we investigated the influence of 3D culture environments with and 

without bone-like ECM on the activation of canonical IGF-1R/mTOR pathway, the non-

canonical nuclear localization of IGF-1R, and therapeutic response. We evaluate the 

mechanisms of clathrin dependent nuclear localization of IGF-1R in our system by treating 

ES cells with a clathrin inhibitor and determine changes in the localization of IGF-1R 

through image segmentation. We then evaluate the effects of culture architecture and 
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deposited mineralization and ECM in the microenvironment on the response to 

combinational therapy with doxorubicin and IGF-1R/mTOR targeted therapy.  

Specific Aim 2: Development and characterization of a 3D mechanically 

tunable microenvironment to interrogate mechanoresponse in 

osteosarcoma.  

In this Specific Aim, we use coaxial electrospinning techniques to modulate the 

mechanical properties of electrospun scaffolds. We characterize the coaxial fiber meshes 

through a series of macroscale and microscale mechanical testing. We then culture 

osteosarcoma cells on these mechanically tunable microenvironments and determine the 

effects of stiffness and architecture on YAP and TAZ expression and localization. We also 

examine changes in activation of the IGF-1R/mTOR pathway, which has been the subject 

of recent clinical trials in osteosarcoma patients. We conclude by determining the effects 

of culture architecture and stiffness on response to combinational therapy with doxorubicin 

and IGF-1R/mTOR targeted therapy.  

Study 2.1: Development and mechanical characterization of mechanically 

tunable, coaxial electrospun scaffolds. 

We developed a mechanically tunable system by modulating the ratios of PCL and 

gelatin in fibers electrospun from a coaxial needle. PCL was the core polymer and gelatin 

was the shell polymer in our set-up. Pure PCL and gelatin meshes and three coaxial fiber 

meshes in the gelatin:PCL percentage ratios of 20:80, 50:50, and 80:20, hereafter referred 

to as 20%, 50%, and 80% gelatin coaxial were electrospun in a vertical electrospinning set-

up. We then characterize the mechanical properties of individual fibers with uniaxial tensile 

testing and atomic force microscopy.  
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Study 2.2: Effect of changes in stiffness of 3D substrate on YAP and TAZ 

localization and expression in osteosarcoma. 

In this study we first determine the that OS cells respond to the stiffness and 

architecture of their microenvironment by modulating the nuclear to cytoplasmic ratio (N:C 

ratio) of mechanosensitive effectors, YAP and TAZ. We cultured cells in the various 

mechanical microenvironments we had developed and characterized in Study 2.1. We 

collected z-stack image sets of OS cells cultured stained for YAP and TAZ in each 

environment. We segmented images into nuclear and cytoplasmic domains and determined 

the mean intensity ratios for YAP and TAZ in the variable microenvironments.  

Study 2.3: Effect of changes in stiffness of 3D substrate on activation of the 

IGF-1R/mTOR pathway and the response to combination chemotherapy and 

IGF-1R/mTOR targeted therapy in osteosarcoma.  

In this study we evaluate the activation of the IGF-1R/mTOR cascade in OS cells 

cultured in mechanically tunable 3D environments through western blot. We further probe 

the IGF-1R/mTOR pathway by determining the influence of mechanically tunable 3D 

substrates on modulating the response to chemotherapy and IGF-1R/mTOR targeted 

therapy.  

 

Specific Aim 3: Evaluation of osteosarcoma patient tumor biopsies for 

correlations between YAP, TAZ, and IGF-1R and determination of 

associations between stained markers and clinical aspects of disease in 

37 osteosarcoma patients with known outcomes. 

In this specific aim, sequential sections of 37 patient tumor represented in a tissue 

microarray were stained for YAP, TAZ, IGF-1R and phosphorylated IGF-1R (pIGF-1R). 

Marker staining characteristics were evaluated with confocal microscopy and image 

segmentation for each patient. Patient average staining values were correlated with 
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histological and clinical aspects of disease. Patient average staining values were then 

correlated with outcomes in these patients in univariate and multivariate modeling.  

Study 3.1: Correlation of staining profiles for YAP, TAZ, IGF-1R, and 

pIGF-1R in tumors with clinical features of disease, histological 

characterization of osteosarcoma subtypes, and overall survival in 

osteosarcoma patients.  

For this study, we had access to sequentially sectioned tumors in tissue microarrays 

of 37 osteosarcoma patients. We stained one slide for YAP, TAZ, actin, and nuclei and 

another for IGF-1R, pIGF-1R, and nuclei. Samples for each patient were then evaluated by 

image segmentation of stitched confocal images covering the entirety of the tumor section. 

Average values for IGF-1R nuclear intensity, pIGF-1R nuclear intensity, YAP nuclear to 

cytoplasmic ratio (N:C ratio), and TAZ N:C ratio were calculated for each patient. 

Calculated values for each marker were correlated with one another and then were probed 

for correlations with clinical and histological aspects of disease. Lastly, markers were 

correlated to outcomes in univariate Kaplan Meier analysis and multivariate Cox 

(proportional hazards) models.  
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Chapter 2 

Tumor Engineering: Modeling the Tumor 
Microenvironment and Pathogenic Signaling 

in Bone Sarcoma. 

 

 

 

Abstract 

Screening of potential therapeutics for efficacy and safety in the preclinical setting 

generally begins in the basic science laboratory. A staple of most basic research in cancer 

involves the use of tissue culture plates where immortalized cells lines are grown in 

monolayers. However, these practices have been in use for over six decades and do not 

take into account vital elements of the tumor microenvironment that are thought to aid in 

initiation, propagation, and ultimately metastasis of cancer. Information gleaned from these 

techniques is not always translatable to animal models or, ultimately, to clinical trials. 

Monolayer culture techniques, although inexpensive compared to animal models or clinical 

testing, can be cost-prohibitive for pharmaceutical companies seeking profit from a large 

consumer base leading to a greater focus on cancers that are more common. While 

osteosarcoma and Ewing’s sarcoma are the most common tumors of bone, the American 
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Cancer Society reports that they collectively account for only about 3% of all childhood 

cancers. In this chapter on the growing field of tumor engineering, we review the clinical 

aspects of osteosarcoma and Ewing’s sarcoma, the microenvironmental elements present 

in the sarcoma microenvironment, and engineering approaches to model the cancer 

microenvironment.  
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Description of Clinical Need 

Introduction 

In a recent study of ten pharmaceutical companies, the median cost of bringing a 

therapy successfully through research and development was a staggering $648.0 million 

(USD), yet only 13.8% of all drugs that begin clinical trials ultimately see approval by the 

U.S. Food and Drug Administration [1, 2]. For oncologic drugs, the success rate has proven 

to be even lower at just 3.4% [2]. The high failure rate of drugs in early phase trials can 

partially be blamed on the lack of translatability of current in vitro models. Indeed, many 

promising oncologic therapies are met with diminished enthusiasm after being tested in 

humans [3, 4].  

A fundamental tool for in vitro study of cancer is tissue culture on hard glass or 

modified polystyrene substrates. However, in vitro culture techniques suffer from myriad 

problems in recapitulating essential hallmarks of cancer including the incorporation of 

tumor clonal heterogeneity, stromal interactions, and physical elements in experimentation 

[5]. Compounding the problem, these non-physiologic substrates have drastic effects on 

cell phenotype, expression of clinically relevant biomarkers, and therapeutic resistance 

profiles [6]. As a result, many conclusions drawn about cancer biology and therapeutic 

response from this type of tissue culture have proven to be, ultimately, context dependent. 

Rare cancers including osteosarcoma (OS) and Ewing’s sarcoma (ES) represent an 

unfortunate quandary for both medical researchers and pharmaceutical companies. On one 

hand, these two sarcoma types represent the two most common primary tumors of bone 

and predominantly affect adolescents, often robbing decades of life expectancy and 

representing an urgent clinical need. However, because the incidence of these tumors is 

dwarfed by other more common cancer types including leukemias and a variety of 

carcinomas that affect a much broader range of the population, research into therapy and 

mechanisms of disease of these sarcomas is tragically overlooked by the pharmaceutical 

industry and generally remains under the purview of academic institutions and the National 

Institutes of Health [7-12]. This lack of enthusiasm on the part of the pharmaceutical 

industry is understandable as these are rare tumors and the costs of bringing new therapy 
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to market often exceed $1 billion in total. A smaller patient population inevitably has fiscal 

implications [13, 14].  

While survival rates of other cancers in children such as leukemia have steadily 

improved over the last few decades, 5-year survival rates for OS and ES for patients that 

present with metastatic disease remain abysmally low at about 30% [11, 12]. Thus, there 

remains a significant unmet clinical need for these patients with rare cancer types such as 

sarcoma. 

Osteosarcoma 

In the case of OS, approximately 15-20% of patients will present to their physician 

with detectable metastasis, most commonly to the lung (85%). However, OS is considered 

a systemic disease and many patients will have undetectable metastasis on presentation [9]. 

Osteosarcoma most often occurs in the metaphysis of long bones in which lesions at the 

distal femur, proximal tibia, and humerus represent over 75% of cases [11].  

The current standard of care includes a combination of neoadjuvant and adjuvant 

chemotherapeutics and surgery [15]. Both drug selection and dosage have been the subject 

of clinical trials involving chemotherapy regimens with the additions of surgical and 

radiation therapy. The current standard chemotherapy regimens include methotrexate (M), 

cisplatin (P), and doxorubicin (A or D) with the additions of ifosfamide (I) and etoposide 

(E) as options for relapsed or refractory disease [11]. These chemotherapy agents have 

been part of OS care for decades and remain the standard of care as new biologically 

targeted therapies have been met with limited success in either preclinical or the clinical 

trial settings. Some of the targets of these agents include microtubule formation, receptor 

activator of nuclear factor κ-B ligand (RANKL), the IGF-1R/mTOR axis, and 

transmembrane glycoproteins [11, 16-19]. Additionally, clinical oncologists have turned 

to bisphosphonates, commonly used for osteoporosis, in attempt to preserve bone ravaged 

by the destructive disease [20].  While strides have been made in improving outcomes, 

only 2/3 of patients with localized disease and 1/3 of patients with detectable metastatic 

disease will achieve remission [21, 22]. To date, no molecular signatures, which would 

make biologically targeted therapy promising, have been identified as robust prognostic 

indicators of overall survival or response to chemotherapy [22].  
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Ewing’s Sarcoma 

The Ewing’s sarcoma family of tumors (ESFT) are aggressive and malignant 

neoplasms that arise predominately in bone but also occasionally in soft tissue sites [23]. 

Overall survival for these patients with localized disease is 70%. Yet, despite advances in 

multimodal therapy, 5-year survival rates for patients with metastatic disease is between 

20% to 30% [24]. Patient outcomes are affected by patient age—older patients have more 

adverse outcomes—tumor volume, and existence of cytogenic abnormalities such as 

deletions of p16 and mutations of p53, which common in many cancers [25, 26].  

ES and ESFTs are generally characterized by their small round cell appearance and 

CD99 positivity. They are identified cytogenetically by a specific group of chromosomal 

translocations, which are believed to be the cancer initiating event. These translocations 

almost invariably involve the fusion of the amino-terminal domain of EWSR1 (EWS) to 

the carboxyl-terminal DNA-binding domain of a fusion partner. In 90% or more of cases 

this EWS N-terminal domain is fused to the FLI1, leading to the translation of the EWS-

FLI1 oncoprotein [25, 27]. This fusion protein acts as an aberrant transcription factor that 

is essential for ES development. As in other cancers with specific cytogenetic signatures 

such as acute promyelocytic leukemia or chronic myelogenous leukemia, this fusion target 

has been investigated as a therapeutic target. Unfortunately, although preclinical studies 

suggest that knockdown with siRNA had limited success in decreasing cell proliferation, 

siRNA has yet to be harnessed in a therapeutic delivery mechanism suitable for use in 

humans [23]. Several next generation EWS-FLI1 targeted drugs are in preclinical 

development, and at least one compound (TK-216) has entered phase clinical testing. 

Downstream targets of the EWS-FLI1 fusion oncoprotein transcription factor have been 

the subject of ongoing research although, to-date, there are no robust molecular predictors 

for outcomes in these patients [23, 24].  

As in OS, current treatments for ES involve combination chemotherapy utilizing 

vincristine, doxorubicin, and cyclophosphamide with ifosfamide and etoposide in the 

adjuvant and neoadjuvant settings. The usage of radiation therapy alone has declined in 
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these patients and surgical resection of the primary tumor is generally considered standard 

of care when margin-negative resections can be achieved [23]. 

Targeting Essential Pathogenic Signaling in Sarcoma 

IGF-1R/mTOR signaling 

Conventional chemotherapy has been the mainstay of treatment for OS and ES used 

in the adjuvant and neoadjuvant settings for decades, and clinical outcomes, particularly 

for patients presenting with aggressive disease and metastatic lesions, remain poor [22]. 

Targeting the insulin-like growth factor 1 receptor (IGF-1R)/mechanistic target of 

rapamycin (mTOR) pathway, which represents the convergence of a variety of chemical 

and mechanical signaling mechanisms, has been identified as an attractive target in OS and 

ES [16, 25, 28-31].  

While IGF-1R has traditionally been thought of a cell surface receptor, in recent 

years there have been reports of IGF-1R translocation into the nucleus where it may play 

an important transcriptional role [32-36]. Interestingly, some groups have suggested that 

increased nuclear staining of the IGF-1R in sarcomas may predict increased response to 

IGF-1R monoclonal antibody targeted therapy in certain sarcomas [32]. Further 

investigation is needed to determine if nuclear IGF-1R may be a prognostic indicator of 

response to biologically targeted therapy. 

Monoclonal antibody therapies developed to target IGF-1R have been the subject 

of extensive clinical trials, many times in combination with mTOR inhibitors, which have 

been traditionally used in mitigating transplant rejection [30, 31, 37-39]. Unfortunately, 

these trials have yielded less than stellar results indicating that a stratification of the patient 

population was likely necessary to select patients that would ultimately benefit from IGF-

1R targeted therapy [40].  

Ridaforolimus, an mTOR inhibitor, has been the subject of a recent phase III 

clinical trial that demonstrated statistically significant but clinically insignificant outcomes 

[41]. The attractiveness of the mTOR pathway as a target of therapy highlights the 

importance of understanding the heterogeneous cells within individual tumors. Zhang et 

al. have recently demonstrated that mTOR signaling is critical in the maintenance of a non-
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adherent population in spheroids that are capable of generating aggressive SSEA-4+ tumor 

cell phenotypes and in the initiation and subsequent propagation of orthotopic tumors in 

severe combined immunodeficient mice [42]. Furthermore, inhibition of the mTOR 

pathway allows for a derepression of p27, which contributes to the terminal differentiation 

of these tumor initiating cells (TICs), demonstrating the biological tug-of-war between 

aggressive, poorly differentiated, tumor initiating phenotypes and terminal differentiation 

of cancer cells.  

The osseous ECM and mineralized portions of bones are major reservoirs for IGF-

1 in the human body [43]. These IGF-1 reservoirs are essential to correct osteogenic 

response to mechanical loading of long bones [44]. Further, studies from our lab and others 

have shown that shear stress, a part of the normal bone mechanical microenvironment, 

increases IGF-1 secretion and increases the activation the mTOR cascade in regular tissue 

and in cancer cells of mesenchymal origin [45-48]. Thus, both the ECM components and 

mechanical environment converge to affect the IGF-1R/mTOR signaling axis. 

Targeting and study of the IGF-1R/mTOR pathways represent a step forward in 

treating high grade OS and ES refractory to chemotherapy and in the understanding of the 

complexity of differentiation states and plasticity that underlie mechanisms of resistance 

in these sarcomas. Further elucidating the complex regulation of this pathway across 

patients will hopefully yield a strategy for patient selection for future trials with these 

biologically targeted therapies [40, 49, 50].  

The Hippo pathway and the mechanoresponsive proteins YAP and TAZ 

Yes-associated protein 1 (YAP) and transcriptional coactivator with a PDZ-binding 

domain (TAZ) are have been traditionally understood as downstream targets of the Hippo 

pathway, which has been speculated to be a druggable target in bone and soft tissue 

sarcomas [51]. In canonical Hippo pathway activation, phosphorylation of YAP and TAZ 

and their subsequent confinement to the cytoplasm prevents their binding to transcriptional 

enhanced associate domain (TEAD) effector complexes in the nucleus which are 

responsible for modulating cell phenotypic changes and transcriptional regulation [52]. 

However, Dupont et al. showed that YAP and TAZ are also regulated by mechanical 

signals independent of the Hippo pathway, which in turn have dramatic effects on lineage 
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specification, stem cell properties, and proliferation rates [53]. Localization of YAP and 

TAZ to the nucleus in mesenchymal stem cells is associated with stiffer environments and 

increased propensity towards osteogenic lineage commitment, whereas less stiff 

environments favor an adipogenic phenotype and cytosolic YAP and TAZ [54]. The 

mechanical environment has also been suspected in the regulation and perhaps the 

generation of cancer stem cells (CSCs) [55]. Investigations into the roles mechanical 

elements of the microenvironment play in OS and ES tumor cells, which are believed to 

derive from genetically aberrant MSCs or slightly more differentiated osteoblastic daughter 

cells, are needed to assess the implications these microenvironmental elements have for 

prognosis and possibly therapy selection [56-59]. 

Indeed, YAP and TAZ have been the subject of recent clinical interest with some 

suggesting that high marker expression, marker localization to the nucleus, or upregulation 

of downstream effectors may herald chemoresistance and worse outcomes for 

osteosarcoma patients [60-62]. Further, YAP expression induces the expression and 

activation of AXL, a receptor tyrosine kinase, that that has been implicated in other cancers 

such as hepatocellular carcinoma and lung adenocarcinoma [63, 64]. 

Crosstalk between the Hippo Pathway and Canonical IGF-1R/mTOR 

signaling 

The IGF-1R/mTOR signaling cascade has significant crosstalk with 

mechanotransduction pathways that modulate the Hippo pathway effectors at multiple 

levels (reviewed in Figure 1).  
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Figure 1: Crosstalk between the IGF-1R/mTOR and Hippo pathways via the mechanical 
microenvironment. 

 

The canonical IGF-1R/mTOR pathway (pink backdrop) begins with binding of 

IGF-1 to IGF-1R, a receptor tyrosine kinase. When activated, a cascade of phosphorylation 

steps, beginning with the conversion of PIP2 to PIP3 by PI3K, is initiated and mTOR 

effectors, s6 and eIF4E, become phosphorylated (active) to promote translation and 

proliferation of osteosarcoma cells (57). Increased mechanical stimulation through focal 
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adhesions and actin stress fibers (blue backdrop) interface with the Hippo pathway in at 

least two ways. First, the FAK complex through a series of events (dotted line), activates 

Akt through the canonical IGF-1R/mTOR pathway by promoting the activity of PI3K 

(proteins in common to mechanical signal and IGF-1/mTOR cascades are colored orange) 

(53). Akt then inhibits MST1/2 leading to a downregulation of the core Hippo pathway and 

subsequently increased nuclear YAP (green proteins) (52, 56). Second, a substrate stiffness 

signal cascade dependent on actin stress fiber formation and Rho GTPases (magenta 

proteins) interact with the Hippo pathway by suppressing LATS1/2 and/or directly 

inhibiting the phosphorylation of YAP and TAZ preventing the nuclear their translocation, 

causing their subsequent degradation (17, 55). Nuclear YAP and TAZ then potentiate the 

IGF-1R/mTOR pathway by inhibiting the activity of PTEN via the inhibitory miRNA, 

miR-29 (red effectors) (54). Thus, mechanical cues can potentiate the IGF-1R/mTOR 

cascade either by promoting the activity of PI3K through FAK mediated signaling or by 

inhibiting PTEN through nuclear YAP induced miR29 expression. 

The Tumor Microenvironment 

The tumor microenvironment comprises a diverse array of elements including 

architectural cues, heterotypic cell interactions, biochemical signals including trophic 

factors, oxygen and nutrient gradients, and mechanical properties [65]. Additionally, the 

elements in the tumor niche appears to corrupt immune cells such as macrophages 

ultimately resulting in an immune-privileged environment that evades the body’s innate 

and adaptive immune systems [66, 67].  This convergence of factors facilitates the 

formation of a complex network of biological and physical cues the contribute to 

pathogenesis in cancer (reviewed Figure 2).  
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Figure 2: The intersection of biological and physical elements in the tumor microenvironment 
 

 

Biological and physical cues are initiated by many of the same elements and can be 

studied in a variety of systems and contexts. Tumor cell interactions with non-cancerous 

cells play myriad important roles [68-70]. Endothelial cells in sarcoma facilitate the 

ingrowth of vasculature that leaky and fragile into cancerous lesions providing nutrients 

and trophic factors as well as a route for metastases [71, 72]. Cancer-associated fibroblasts 

secrete ECM contributing to physical changed in the microenvironment and trophic factors 

responsible for tumor growth and possibly, resistance to therapeutics [46, 73, 74]. Similar 

to cancer-associated fibroblasts, the bone marrow stromal cells and perhaps bone marrow 

mesenchymal stem cells contribute to immune evasion and growth of tumors [46, 75, 76]. 

Macrophage programming is corrupted by tumor cell signaling and other elements in the 

tumor milieu contributing to evasion of lymphocytes and other cells part of adaptive 

immunity [66, 67, 77-79].   
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Apart from biological factors in the microenvironment, it has been increasingly 

manifest that physical factors such as metabolic and oxygen gradients, tissue architecture 

and mechanical properties, and shear stress from interstitial fluid contribute to tumor 

pathogenesis. While these many of these elements have ‘biological’ origin, indeed they all 

effect biological change in cancer, these physical elements appear particular amenable to a 

reductionist, bioengineering approach in investigation into the role these elements play in 

cancer biology. Stiffness and architecture are greatly influenced by ECM and heterotypic 

cell interactions and have been shown to induce changes in cancer cell phenotypes and 

increase therapeutic resistance [80-84]. Interstitial fluid flow drives phenotypic shifts in 

cancer cells and also delivers important shear stress and hydrostatic cues [46, 85-87]. 

Gradients of oxygen and pH also greatly affect the tumor microenvironment contributing 

to increased drug resistance and facilitating vascular ingrowth [88-91]. 

Particularly interesting to bioengineers attempting to model cancer in ex vivo 

architecture and stiffness, cancer cells tend to alter the ECM composition in their 

immediate environment leading to an ultimate collapse of dimensionality of tissues which 

facilitates not only cancer progression but possible metastasis [92, 93]. Further, this 

alteration in ECM composition reinforces the differential expression of adherens junctions 

and other surface interactors with the biochemical signaling provided by the ECM. This 

differential expression drives the development divergent phenotypes of cancer and can 

assist in processes cancer propagation processes such as the epithelial-to-mesenchymal 

transition.  In normal developing tissue, the stiffness of the microenvironment plays a 

critical role in determining stem cell fate and lineage specificity [54, 94, 95]. For 

mesenchymal lineages in particular that derive from mesenchymal stem cells, the 

mechanical environment alone can direct lineage specificity [53, 56]. As cancer is 

essentially a disease of aberrant differentiation resulting in malignant phenotypes of cells, 

remodeling of the tumor microenvironment mechanical properties plays an essential role 

in tumor biology [92, 96-98].  

Current Ex Vivo Models of Cancer: 

Because of the shortcomings of monolayer models, many groups, including our 

own have turned to modeling tumors in three dimensional (3D) microenvironments that 
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more accurately can incorporate structural and architectural elements of tumors, 

mechanical elements of the tumor environment, bioactive molecule signaling through 

soluble factors and integrins, and heterotypic cell interactions [99, 100]. The most popular 

tumor models are reviewed in this section and in Figure 3. 

Traditional cell culture began with immortalized cell lines first developed in the 

1940s. The first human cell line, HeLa cells, were first derived from a cervical cancer in 

1952 where Gay et al. were able to culture cells in a “roller tube method.” Wider use of 

tissue culture techniques as monolayers increased in popularity in the 1950s and 1960s as 

immortalized cell lines began to be cultured on 2D substrates such as glass and later, 

plastics such as polystyrene [101]. Later, transwell assays that could recapitulate 

heterotypic cell interactions and migration integrated a variety of monolayer and 

suspension culture techniques by physically separating cells but allowing them to share a 

culture chamber and media. These assays are adaptable and useful for determining 

important signaling mechanisms governing migration, invasion and metastasis [102-104]. 

 

 

 

 

Figure 3: Overview of preclinical models of cancer 
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The earliest and most widely used 3D system was tumor spheroids, which comprise 

multicellular aggregates in suspension culture that fails to adhere to plastic. These tumor 

spheroids have shown differential expression of key oncogenic pathways and response to 

therapeutics compared to their adherent counterparts. Indeed, in OS, Gibbs et al. 

demonstrated that tumor spheroids upregulated stem cell markers while decreasing 

susceptibility to standard chemotherapy [105]. Tumor spheroids have use in the study of 

basic cancer biology, specifically in studying mechanisms of generation of stem-like 

character in cancer which is intimately related to evasion of therapy, metastasis, and 

quiescence following therapy, and some groups have expressed interest in using them in 

drug screening [106]. However, due to diffusional constraints, they are limited in size to 

less than 1 mm in diameter and express a heterogeneous cellular phenotype that varies with 

distance from the spheroid surface. This makes them a good model of micrometastases, but 

limits their use in modeling established, vascularized tumors [107].  

More recently, some groups have created more structurally complex polymeric and 

hydrogel support systems some of which include basement membrane extracts, collagen, 

synthetic polymers, and chitosan [108]. Hydrogels have been used to model 3D bone tumor 

niches that are amenable to culture of sarcoma cell lines. These hydrogel environments 

have been shown to affect ECM secretion, remodeling of the mechanical 

microenvironment and resistance to radiotherapy [109]. Further, hydrogels have been used 

to model hypoxic effect and can be used in conjunction with in vivo systems [110]. 

Other groups have begun to experiment with and test microfluidic or vascular 

growth systems which is especially pertinent to highly vascularized tumors such as 

osteosarcoma [111, 112]. Microfluidic devices have been used to model vascular ingrowth, 

migration, metastasis in addition to heterotypic cell interaction in vitro [113-116].  

More homogeneous in vitro constructs capable of longer-term drug exposure 

studies can be obtained using 3D polymeric scaffolds that are commonly utilized in the 

field of tissue engineering. Our group has experience with 3D printed and electrospun 

polymeric scaffolds for modeling the bone tumor microenvironment. Many of the same 

principles applied to bone tissue engineering can be applied to the fabrication of bone 

mimetic environments suitable for the study of cancer biology.  Furthermore, the use of 

solid 3D constructs affords the ability to use bioreactors which can simultaneously 
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overcome diffusional limitations of spheroids by providing greater mass transport and 

recapitulate accurately some of the biomechanical forces inherent to the tumor 

microenvironment.  

In what we have termed in vivo+ models, other groups have turned to 

decellularization of tissue from animal sources in order to study the effects of native ECM 

and architecture in cancer pathogenic signaling and metastatic potential and how cancer 

cells remodel their tumor niche [117-120]. However, it is still the patient-derived xenograft 

model (PDX) where cancer cells are injected into immunodeficient mice that remains the 

gold standard for preclinical testing for therapeutic efficacy and safety assessments [121].  

Although many groups are beginning to realize the importance of a complex tumor 

microenvironment for accurate drug testing and study of cancer biology, there is still a 

tremendous need in the nascent field of tumor engineering for a model system that 

recapitulates in vivo behavior of tumors while providing a robust therapeutic testing 

platform. 

Conclusion 

Recapitulation of the tumor microenvironment in the in vitro setting represents a 

challenge as it relies on the convergence of the diverse fields of tissue engineering, 

materials science, cancer biology, and immunology. However, the rewards wrought from 

the development of these techniques could herald increased efficiency in the discovery of 

new knowledge and pathogenic mechanisms in basic cancer biology and in the 

development of therapeutics and/or diagnostics for cancer patients. In the case of complex 

cancers such as sarcoma, a critical understanding of the microenvironment is necessary for 

the research and development of new targeted therapeutic approaches. While the field of 

tumor engineering remains in the early stages, the scientific community has begun to 

understand the adaptability of heterogeneous cancer cells that are generated and aided by 

the tumor microenvironment and has identified many key elements of cancer biology that 

would not have been with standard culture techniques. Tumor engineers now have a vast 

array of tools at their disposal and are should embrace the task of building the tools for the 

future of cancer research and therapeutic development. 



 

 

Chapter 3 

Immunomodulatory Properties of Stem Cells 
and Bioactive Molecules for Tissue 

Engineering1 

Abstract  

The immune system plays a crucial role in the success of tissue engineering 

strategies. Failure to consider the interactions between implantable scaffolds, usually 

containing cells and/or bioactive molecules, can result in rejection of the implant and 

devastating clinical consequences. However, recent research into mesenchymal stem cells, 

which are commonly used in many tissue engineering applications, indicates that they may 

play a beneficial role modulating the immune system. Likewise, direct delivery of bioactive 

molecules involved in the inflammatory process can promote the success of tissue 

engineering constructs. In this article, we will review the various mechanisms in which 

 
1 This chapter was published as E.R. Molina*, B.T. Smith*, S.R. Shah, H. Shin, and A.G. Mikos, 
“Immunomodulatory Properties of Stem Cells and Bioactive Molecules for Tissue Engineering,” 
J. Controlled Release, 219, 107-118 (2015). 
* denotes equal contribution  
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modulation of the immune system is achieved through delivered bioactive molecules and 

cells and contextualize this information for future strategies in tissue engineering. 
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Introduction  

The canonical tissue engineering paradigm encompasses a combination of scaffold, 

cells, and bioactive factors to regenerate injured or diseased tissues. While many efforts 

have focused on the implantation of the particular tissue cell type in order to encourage 

tissue growth, delivery of progenitor cells has also become a common theme in tissue 

engineering strategies. More recently, as the importance of the local environment 

surrounding regenerating tissue has become increasingly recognized, attention has turned 

to how the immune system can be manipulated to serve the goals of implantable scaffolds, 

particularly with regards to suppressing the rejection of foreign bodies and enhancing the 

integration of scaffolds with native tissue. To this end, this review focuses on the potential 

implications of mesenchymal stem cell and immunological bioactive factor delivery on the 

success of tissue engineered constructs and emphasizes how they may be leveraged to 

move the field towards the goal of healing large tissue defects. 

 

The Mesenchymal Stem Cell: Definition and Inherent Properties 

The mesenchymal stem cell is defined broadly by the International Society for 

Cellular Therapy (ISCT) by minimal criteria:  (1) the MSC must be plastic-adherent in 

standard culture, (2) the MSC must express CD73, CD90 and CD105 with absence of 

CD45 and CD34 among others, and (3) the MSC must be able to differentiate in vitro to 

osteoblasts, chondroblasts, and adipocytes [122]. There are numerous sources for the 

collection of MSCs including the bone marrow, adipose tissue, peripheral blood, dental 

pulp and various neonatal tissues each with slightly varying phenotype reviewed in Haas 

et al. 2011 [123]. Their usefulness in tissue regeneration is punctuated not only by their 

differentiation capacity but by their low immunogenicity. MSCs exhibit low levels of major 

histocompatibility complex (MHC) I and II, and are negative for surface markers CD40, 

CD80, and CD86, which are necessary for antigen presentation and co-stimulation of 

lymphocytes and allow these cells to generally evade host immune systems [124].  
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Mesenchymal Stem Cells as Potent Immunomodulators for Tissue 
Engineering 

The manipulation and delivery of cells for tissue regeneration arguably marked the 

inception of the field and has become a common strategy employed in tissue engineering. 

Delivery of cells can be achieved through injection or implantation of devices composed 

of natural or synthetic materials. Delivered cells can be used to replace injured or damaged 

cells, to serve as progenitors to mature cells, or to secrete trophic factors that stimulate the 

local environment. More recently, the role of delivered cells in the modulation of the 

immune system has become a central point in the development of tissue regeneration 

strategies. Multiple studies have shown that mesenchymal stem cells (MSCs) can be used 

for both regeneration of tissues and modulation of immune response in diseases such as 

multiple sclerosis (MS), graft-versus-host disease (GvHD), and solid organ transplant 

rejection. There are currently 210 open and ongoing pre-clinical and clinical studies 

investigating the various roles of MSCs in potential therapies in immune therapy available 

on the National Institutes of Health registry. The immunomodulatory effects of MSCs, 

especially in concert with other immune cell types, hold incredible promise for the 

advancement of regenerative medicine and tissue engineering, and most studies on 

immunomodulation by delivered cells involve MSCs.  

 MSCs have long been studied for their regenerative potential in tissue engineering 

applications. More recently, MSCs have been examined for their low immunogenicity, 

immune masking properties, and immunomodulatory capabilities, including both immune 

stimulation and immunosuppressive effects, which have been the subject of extensive 

review [125, 126, 127 ]. In the realm of tissue engineering, their intrinsically low 

immunogenicity makes them attractive candidates for “off the shelf” products that 

incorporate allogenic cells for tissue engineering [124].  

The immune system plays a critical role in the reorganization of tissues following 

injury. Delivered cells have aided in the repair of ischemic tissue through modulation of 

immune environments to facilitate not only repair of tissues, but also augmentation of 

vasculature remodeling through trophic effects [128-131]. In the majority of cases, such as 

those involving injury to the nervous system [132, 133] or myocardial infarction (MI) [134, 

135], MSCs have been championed for their ability to reduce inflammation and tissue 
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damage. In other cases, however, enhanced immune response in damaged tissue is 

beneficial for overall vasculature remodeling, a critical component of any tissue engineered 

graft [136, 137].  

MSCs exert effects on both the innate and acquired immune systems with profound 

implications for not only monocyte differentiation and macrophage response but also in 

the behavior of T and B lymphocytes. Moreover, these immune cells in turn modulate the 

expression profiles and behavior of MSCs, painting a dynamic picture of complex crosstalk 

between cells of the immune system and MSCs with broad implications for the fields of 

regenerative medicine and tissue engineering. Figure 4 summarizes the effects of MSCs on 

the different cell types in both the innate and adaptive immunity. The majority of efforts in 

regenerative medicine have been in pursuit of hard tissue regeneration; accordingly, studies 

of immunomodulation in tissue engineering have largely been contextualized with hard 

tissues. As such, this review will focus on hard tissue engineering strategies primarily and 

will address some soft tissue applications.  
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Figure 4: Summary of effects on immune cell types in the innate (A) and acquired immune systems 

(B).  
Green denotes increased expression and red denotes decreased expression. 

 

MSCs and the Innate Immune System 

NK cells and MSCs 
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Natural Killer (NK) cells are a critical element of the innate immune system and 

make up about 10 to 15% of peripheral blood lymphocytes. They are principally involved 

in the destruction of viral and tumor afflicted tissues as they kill without MHC I restriction, 

thus giving them the name ‘natural killers’ [138]. 

MSCs can inhibit the proliferation of NK cells and alter their cytokine release 

profiles. In vitro evaluation of co-cultured MSCs and NK cells shows that while NK cells 

are able to kill allogenic MSCs, MSCs also inhibit the interleukin-2 (IL-2) mediated 

proliferation of NK cells [139]. The lethality of NK cells is substantially reduced if MSCs 

are primed by IFN-γ, as they would be in an inflammatory environment. MSCs express 

low levels of MHC I in vivo, allowing them to avoid cytotoxic T lymphocytes (CTLs) 

[124]. However, in response to IFN-γ, MSCs downregulate NK receptors and upregulate 

MHC in order to avoid being killed by NK cells [138, 140]. This phenomenon emphasized 

the need for MSCs to be activated in an inflammatory environment in order to begin 

modulating the immune system, a theme in many studies involving other aspects of the 

immune system [140-143].  

The complex interactions between MSCs and NK cells highlight the importance of 

understanding the time dependent effects of MSC administration in vivo, as has been 

explored for hematopoietic stem cell transplantation [140]. MSCs strongly inhibit the 

proliferation of resting NK cells but only partially inhibit the proliferation of NK cells that 

have already been activated by IL-2. Activated NK cells have the ability to kill allogenic 

MSCs, which may reduce the efficacy of any MSC-centric treatment. This effect was found 

to be the result of three soluble factors secreted by MSCs: indoleamine2,3–dioxygenase 

(IDO) and prostaglandin E2 (PGE2) and transforming growth factor-β (TGF-β) [140 ].  

Together these studies present a complex dialogue between NK cells of the innate 

immune system and MSCs. MSCs have obvious modulation potential in altering NK 

response, but any tissue engineering approach will have to consider timing and the 

inflammatory milieu in order to adequately predict NK behavior in future approaches to 

tissue regeneration.  
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Dendritic Cells and MSCs 

Dendritic Cells (DCs) are specialized, phagocytic antigen presenting cells that 

serve as a liaison between the innate and adaptive immunities in mammals by helping to 

activate T and B lymphocytes. They are derived from peripheral blood monocytes and take 

on specific characteristics upon activation that allow for the activation of acquired immune 

system responses [144]. 

MSCs exert their effects on DCs through secreted, soluble factors as well as cell-

cell contact signaling, possibly involving Notch signaling [145-147]. In vitro experiments 

have shown that MSCs inhibit the differentiation of CD34+ and monocyte progenitors to 

DCs [148]. MSCs also reduce the expression of costimulatory molecules on immature DCs; 

MHCII, CD40, CD83 and CD86 are downregulated and upregulation of HLA-DR is 

attenuated [148, 149]. These effects are mediated by IL-6 and granulocyte macrophage 

colony-stimulating factor (GM-CSF) which potently inhibit differentiation of DCs and, in 

the case of IL-6, can switch differentiation potential of monocytes toward the macrophage 

phenotype [150, 151]. Another report suggests PGE2 and not IL-6 is the main soluble 

mediator in the arrest of DC maturation in vitro [147]. The addition of a PGE2 inhibitor to 

the culture restored DC maturation with no effect on IL-6 production [147]. These reports 

suggest that MSCs can have a profound effect on early stages of DC maturation through 

paracrine and contact effects.  

Because DCs are not the main cell of the innate immune system responsible for 

phagocytosis, the effects of MSCs on DCs largely reflect the indirect effect of MSCs on T 

and B-cell stimulation [144]. Chronic solid organ rejection is due in large part to cell 

mediated immunity and the dendritic cell is a critical component of the activation of this 

response [152]. This attenuation of DC maturation and subsequent loss of DC stimulatory 

molecules including secreted factors emphasizes the role of the MSC in the abrogation of 

the link between innate and acquired immunities, which could be extremely beneficial for 

regenerative applications if exploited appropriately. In the future, these 

immunomodulatory effects could obviate the need for life long immunosuppression if 

tissue engineering constructs were to involve allogenic material, as has begun to be studied 

in the context of regulatory T-cell (Treg) and anergy induction through dendritic cells in 

islet transplantation [153]. 
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Macrophages and MSCs 

Macrophages are monocyte derived, phagocytic cells that function as part of the 

innate immune system and serve to facilitate clearance of damaged and diseased areas in 

tissue and also aid in the complex remodeling as these tissues begin to heal. The 

polarization paradigm between pro-inflammatory macrophages (M1) and wound healing 

macrophages (M2) highlights how macrophage response is a balance between two 

opposing phenotypes. This phenomenon is of great interest to the field of regenerative 

medicine and has been the subject of extensive reviews [154, 155]. Macrophages are in 

large part responsible for the well-understood foreign body reaction (FBR), which is a 

substantial hurdle in tissue engineering and implantable medical devices in achieving 

biocompatibility [156, 157]. Briefly, FBR is dependent on monocyte/macrophage 

chemotaxis, signaling through integrins, and ultimately the mannose receptor and soluble 

factors, including IL-4 and IL-13, to induce fusion into foreign body giant cells that 

mediate the inflammatory reaction, reviewed in Anderson et al. [156]. The foreign body is 

essentially sequestered by adherent macrophages and foreign body giant cells. 

The FBR can be modulated by a wide variety of factors including biomaterial 

composition and surface topography of implanted devices [158]. Likewise, for MSCs, the 

morphology, stem cell character and, more recently, the immunomodulatory properties on 

macrophages can be affected by topography and material surface properties. MSCs co-

cultured with THP-1 cells, a monocytic cell line, in porous ECM structures showed 

increased secretion of anti-inflammatory cytokines PGE2 and TSG-6 and decreased 

secretion of pro-inflammatory cytokines IL-6 and MCP-1 over two-dimensional adherent 

controls. Furthermore, the authors showed a reduction in TNF-α and increase in IL-10 

secretion from monocytes which was accompanied by an attenuation of monocyte 

migration [159].   

Activation of the pro-inflammatory M1 type through Toll-Like receptors assists in 

the activation of inflammatory cytokines in response to injury [160 Toll-like receptor-4]. 

The temporal relationship between early predominance of inflammatory M1 macrophage 

response and the late predominance of wound healing M2 macrophage response is a 

delicate balance. The inflammatory state is required for clearance of debris and eradication 

of potential infections; conversely, the M2 response is required for ultimate resolution of 
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the injury [161, 162]. It is often the case that prolonged inflammation leads to excess and 

unnecessary tissue damage before the tissue is, often inadequately, regenerated. 

Biomaterial properties alone can affect macrophage polarization [154, 161]. Taken 

together, choice of biomaterial and encapsulation with immunomodulators such as MSCs 

are of paramount importance when considering the modulation of the immune response 

effectively from pro-inflammatory to wound-healing. 

Recent studies have shown the effects of MSCs in the modulation of macrophage 

phenotype and surface marker profile. Hydrogel scaffolds are attractive in tissue 

engineering applications since they are generally easily fabricated, can be made to have 

low immunogenicity, and can support delivered or native cell proliferation and 

differentiation. In one study, MSCs encapsulated within hyaluronic acid hydrogels exerted 

effects on CD14+ peripheral blood monocytes in a co-culture system causing them to adopt 

a less inflammatory macrophage profile with high CD206 and low CD16 and HLA-DR 

expression [163]. In a poly(ethylene glycol)-gelatin (PEG-Gelatin) hydrogel scaffold, it 

was shown that MSCs could increase IL-6 and IL-10 expression while down regulating 

TNF-α and IL-12 in macrophages which is favorable for wound resolution [164]. In PEG 

hydrogels encapsulating MSCs, co-culture with macrophages stimulated by 

lipopolysaccharide (LPS) caused the downregulation of pro-inflammatory cytokines IL-6 

and TNF-α and an upregulation of the enzyme arginase. Arginase is required for the 

conversion of arginine to ornithine and the subsequent production of collagen, and its 

expression within macrophages is indicative of a wound-healing phenotype [142]. This 

effect was likely mediated by PGE2 as treatment with a COX2 inhibitor partially recovered 

TNF-α expression in macrophages indicating a more inflammatory phenotype. In vivo, it 

was observed that the fibrotic response in FBR to the hydrogel constructs with encapsulated 

MSCs was partially attenuated, but this phenomenon was progressively lost as MSCs were 

further differentiated into an osteogenic lineage [142]. 

The effect of delivered stem cells on the local immune environment apart from their 

trophic effects has been studied within the context of myocardial infarction and vascular 

remodeling. Dayan et al. showed that MSCs were able to increase the activation of M2 

macrophages while suppressing M1, pro-inflammatory macrophage activation possibly 

through an IL-10 mechanism in a mouse model for MI [134]. At 3 days, the proportion of 
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CD206+ monocytes increased while overall levels of macrophage/monocyte derivative 

infiltration decreased strongly suggesting an anti-inflammatory effect of MSCs in the acute 

phase following MI. Another study showed that embolized MSCs in the lung following 

acute MI secreted anti-inflammatory cytokines that reduced the severity of MI in a mouse 

model [135]. 

MSCs have also been investigated for their immunomodulatory effects on 

macrophages following acute spinal injury. Nakajima et al. demonstrated that in an acute 

spinal cord injury (SCI) model in rats, injected MSCs did not differentiate but instead 

supported the generation of M2 macrophages over M1 macrophages via increases in IL-4 

and IL-13 with concurrent decreases in TNF-α and IL-6. This modulation led to better 

functional outcomes and corresponded with better histological outcomes for myelin 

sparing, scar formation and axon preservation [133]. Barminko et al. sought to immobilize 

MSCs via encapsulation in alginate beads for increased cell viability following injection in 

the spinal fluid post SCI [132]. The investigators believed that suspension could increase 

cell viability, decrease the number of cells needed for therapeutic effect and increase the 

immunomodulatory potential by using 3D culture [165]. Indeed, the investigators used 

orders of magnitude fewer cells than studies not using encapsulation and also observed a 

similar upregulation in CD206+ macrophages [166].  

The role of macrophage polarity is also of paramount important in skin wound 

healing through the classical sequence of events of cutaneous repair, reviewed by Brown 

et al. [154] Multiple studies involving MSCs derived from various sources have shown that 

enhanced cutaneous wound repair can be achieved with MSCs by polarizing macrophage 

response to M2. This effect was accompanied by an increase in IL-6 and IL-10 expression 

and a downregulation of TNF-α [167, 168].   

MSCs and acquired immunity 

MSCs and T-cells 

The role of MSCs in the immunomodulation of T-cell response of most subtypes 

of T-cells has been extensively documented [127, 169]. In general, their effects can be seen 

as immunosuppressive as they modulate T-cell response from an inflammatory to a 
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quiescent, regenerative mode for effector (Th1 versus Th2 paradigm) and Tregs. However, 

their exact effect on the differentiation and generation of T-cells are subject to debate with 

conflicting studies. This may be a result of heterogenous populations used for in vitro 

assays [170].  

Krampera et al. reported that MSCs cultured in vitro suppress proliferation of 

CD4+ and CD8+ cells as well as NK cells with no observable effect on B-cell proliferation 

[171]. Additionally, the investigators noted no production of FOXp3 transcription factor, 

indicating the generation of Treg cells, which is at odds with other studies [172-174]. 

The immunosuppressive effect of MSCs on T-cells likely includes soluble factors, 

cell-cell contact mediators, and cellular crosstalk between MSCs and T-cells [141, 175, 

176]. Meisel et al. suggested that tryptophan depletion by IDO induced by priming MSCs 

with IFN-γ caused suppression of T-cell proliferation [175]. Another study suggested that 

nitric oxide (NO) produced by MSCs was involved in the suppression of STAT5 

phosphorylation in T-cells, subsequently halting proliferation [175]. That same study found 

that MSCs from mice lacking NO synthase had no suppressive effect when cultured with 

T-cells; inhibitors to IDO and TGF-β had no restorative effect on T-cell proliferation 

whereas a PGE2 inhibitor did.[175, 176] This may be due to interspecies variation for the 

roles of NO and IDO [177]. 

In addition to trophic effects and angiogenic properties of MSCs on islet cells that 

could potentially be of use in treating type 1 diabetes, the immunosuppressive properties 

of MSCs in graft survival have also been evaluated [178-180]. One study showed that the 

immunosuppressive effects on T-cells were mediated by specific metalloproteinases that 

reduced surface expression of CD25 on T-cells. This attenuated T-cell proliferation in vitro 

and, in an in vivo model for islet cell transplantation, prolonged survival of fully allogenic 

grafts [181]. Another study concluded that co-administration of MSCs and sub-therapeutic 

cyclosporine A, but not either alone,  induced an anti-inflammatory response largely 

mediated by IL-10 in a rat islet graft model [182]. Davis et al. encapsulated islet cells with 

MSCs in silk hydrogels with ECM and observed increased islet cell survival while 

attenuating the proliferation of splenocytes [178]. 

When primed by inflammatory markers such as IFN-γ, MSCs cultured in vitro with 

CD4+ peripheral blood mononuclear cells (PBMCs) showed the induction of an anti-
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inflammatory cytokine profile including IL-3, IL-10 and IL-13, which are indicative of a 

Th2 response. Furthermore, there was strong downregulation of Th1 pro-inflammatory 

cytokine profile including IFN-γ, IL-1a and b, TNFα, and TNFβ [141]. In addition, MSCs 

were found to be able to inhibit IFN-γ release from Th1 cells and increase IL-4 production 

in Th2 cells in vitro [172]. These results provide some explanation for the promising results 

of Le Blanc et al. who utilized MSCs as a treatment for GvHD [183]. 

In addition to skewing differentiation of T-cell progenitors toward a Th2 

phenotype, MSCs have been implicated in the production and recruitment of a subset of 

Tregs and in the induction of anergy [141, 184-186]. It has been suggested that MSCs effect 

this modulation via direct contact and expression of MHC II in the absence of co-

stimulatory molecules, as T-cell activation requires a two-signal process [141]. However, 

addition of costimulatory molecule B7 or anti-CD28 antibody to in vitro co-cultures of 

CD4+ T-cell progenitors and MSCs did not induce T-cell activation, suggesting that MSCs 

may be exerting their regulatory effect in a different manner [187]. Ultimately, T-cells 

generated under these conditions demonstrated a CD4+/CD25low/CD69low/FoxP3+ Treg 

profile. Soluble factors have also been implicated in modulation of this T-cell response; 

candidates include IL-10, hepatocyte growth factor (HGF), PGE2 and TGF-β [173, 187]. 

However, conflicting reports exist in which suppression of antibody blocking of these 

factors in vitro did not result in the attenuation of the generation of the anti-inflammatory 

phenotype. The exosome of MSCs had been shown to induce the Treg phenotype as well 

[188]. 

While CD4+ cells have been shown to upregulate FoxP3 and be modulated into a 

Treg phenotype, MSCs secrete a soluble factor that inhibits the formation of CTLs; 

however, MSCs had no effect on CTL activity once they had entered the cytotoxic phase 

[189]. Furthermore, although MSCs express low levels of MHC I, they do not activate 

allogenic CTLs and do not induce TNF-α or IFN-γ expression. This result indicates that 

not only are MSCs immune privileged in that they do not elicit CTL response but they also 

contribute to an immunosuppressed environment [190]. Prevosto and colleagues have 

demonstrated the generation of a regulatory CD8+ cell in response to co-culture with 

MSCs, although without upregulation of the traditional Treg marker FoxP3 [191]. 

Together, these studies indicate that MSCs are able to modulate the lineage and 
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differentiation of CD8+ cells but probably do not play a role in suppression once they are 

active or in their effector state.  

Another study demonstrated that MSCs primed with IFN-γ and TNF-α enhanced 

the expression of CD54 in MSCs, facilitating CCL20 binding to pro-inflammatory Th17 

cells and inhibiting their effect. Cord blood cells briefly cultured in Th17 differentiation 

conditions or Th17 cells collected from patients with inflammatory disease were utilized 

in MSC co-culture assays where it was observed that MSCs inhibited the secretion of pro-

inflammatory cytokines, IL-17, IL-22, IFN-γ, TNF-α, while upregulating IL-10. These 

effects are likely a result of soluble factors secreted by MSCs that are not differentiating; 

exosomes alone are enough to decrease T-cell proliferation and decrease IFN-γ production 

[142, 192]. This result could have implications for tissue engineered devices that may not 

require MSCs for immune modulation but only the contents of their exosomes or secreted 

factors.  

Additionally, FoxP3, which has been implicated in the specification of Treg 

differentiation, was upregulated in fully differentiated Th17 cells and accompanied 

immunosuppressive activity in vitro, suggesting that MSCs have an effect of making Th17 

cells more quiescent even after lineage specification [173, 193].  MSCs also have inhibitory 

effect on the differentiation of Th17 cells from naïve T-helper and on effector cells that is 

cell contact and prostaglandin dependent; downregulation of IL-17A and CD25 was 

observed in these cells cultured from CD4+ progenitors and from Th17 effector memory 

cells from a urinary obstruction model [194]. 

Aberrant T-cell responses have been implicated in many diseases such as GvHD, 

MS, rheumatic disease, and MSCs represent a promising avenue for therapy, extensively 

reviewed by Miguel et al. [195]. The modulation of T-cell response from pro-inflammatory 

Th17 and Th1 cells to a Th2 and Treg response could be invaluable for potential therapies 

in these diseases as well as for tissue engineering. While the majority of trials focusing on 

immunomodulation of T-cells have involved transplant rejection and systemic disease, 

these conclusions should be considered in the future of tissue engineering. Chronic 

rejection of foreign tissue is in large part mediated by T-cells, and long term grafts with 

allogenic material may be feasible in the future through immunomodulation with MSCs 

[152]. 
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MSCs and B-cells 

Studies regarding the effects of MSCs on B-cells have been limited, and none have 

been performed with tissue engineering constructs. There have been differing results in the 

effect of MSCs on B-cells. One study using T-cell depleted PBMCs cultured with MSCs 

indicated no effect on proliferation [171]. However, other studies indicate an arrest of B-

cell proliferation accompanied by an inhibition of B-cell differentiation, as evidenced by 

decreased production of immunoglobulin and decrease in chemotaxis [196, 197]. This 

difference can possibly be attributed to processing and isolation of B-cells from PBMCs as 

another study showed that the effect of MSCs on B-cells of both differentiation and 

inhibition of proliferation required the mediation of a CD3+ T-cell and that direct MSC to 

B-Cell contact was not necessary to cause the observed effect [170, 198]. Indeed, direct 

co-culture of MSCs with CD19+ B-cells had no effect on their proliferation [176]. 

MSCs as immune system activators: The other side of the coin 

While MSCs are attractive for therapies because of their immunosuppressive 

capabilities, activation of the immune system by MSCs in low inflammatory states where 

TNF-α or IFN-γ signaling is suboptimal or when MSCs were administered with other 

immunosuppressants has been reported [126, 199, 200]. 

An important soluble factor for the modulation of T-cell proliferation is NO 

produced by MSCs. However, it has been shown that when cytokine signaling is inadequate 

for the production of sufficient levels of NO, MSCs enhance T-cell proliferation in vitro 

and increase the delayed-type hypersensitivity response in a mouse model [126]. In human 

MSCs, a knockdown of IDO causes similar immune cell proliferation as seen in mouse NO 

synthase inhibition. These results are consistent with the result of Renner et al. in which 

pretreatment with MSCs contributes to the acceleration of solid organ transplant rejection 

in mice [201]. 

Additionally, the immune privileged, low MHC I phenotype of MSCs is quickly 

lost as the cells differentiate. This represents a problem in tissue engineering implants with 

heterogeneic cells including MSCs that will rapidly increase MHC I expression upon 

differentiation. Indeed, many studies report that the immune privileged phenotype only 



  

 57 

persists for a week [142, 163]. To combat that, some groups have begun to develop 

composite biomaterials for co-delivery of cells and immunosuppressants such as 

cyclosporine A loaded into PLGA microspheres within a polymeric framework [202]. 

Because MSCs play a dual role in enhancement or suppression of the immune 

system, further studies need to be performed to delineate the role of soluble factors and 

activation parameters for MSCs immunomodulation if MSCs are to be used in 

transplantation or tissue engineering applications. Though MSCs have strong potential in 

immunosuppression, recent clinical trial failures for GvHD and failure of T-cell 

suppression in a mouse model [203] accompanied by reports of worsening disease should 

give basic science and clinical investigators pause before attempting to leverage immune 

properties of MSCs before they are well defined [183]. 

Delivery of Bioactive Molecules  

While the future of stem cells in tissue engineering looks bright, adequate control 

over stem cell differentiation and proliferation remains a major limitation in current stem 

cell based therapies. Biomaterials research has fostered the discovery of a variety of 

strategies that improve tissue regeneration. Many tissue engineering strategies involve the 

implantation of a biomaterial scaffold for delivery of bioactive substances to facilitate 

tissue regeneration. The implantation procedure compounded with foreign body reaction 

to the implanted scaffold cause local injury to vascularized tissues or organs and elicits an 

inflammatory response [204]. Historically, materials that are biologically inert were at the 

focal point of biomaterial research. However, by permitting and exploiting specific cellular 

responses to materials, a better integration and biomaterial performance can be achieved 

[204]. The immune system can be modulated by a wide variety of techniques such as 

surface modification of the biomaterial, generation of artificial extracellular matrix, and 

delivery of anti-inflammatory drugs from the biomaterial [204, 205].  The effect of 

biomaterial type, shape, and surface chemistry has been the subject of extensive review 

elsewhere [206, 207]. The following sections focus on the delivery of bioactive molecules 

with the goal of regulating the immune system to improve tissue regeneration.  
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Delivery of Pro-inflammatory Cytokines 

 As previously discussed, pro-inflammatory cytokines have been shown to be 

intricately linked with the pathophysiology of several disease states such as osteoarthritis 

and MS [208, 209]. In the field of biomaterials, several pro-inflammatory molecules are 

well established mediators of the foreign body reaction [210]. However, the pathological 

consequences seen in these conditions are largely due to unregulated chronic exposure to 

inflammatory mediators. An acute inflammatory response results in the immediate 

recruitment of neutrophils and macrophages, which release a temporally and spatially 

varying “cocktail” of pro-inflammatory cytokines and growth factors.  As discussed 

previously, local elevation of several cytokines, including IL-1, IL-6, IL-11, IL-18 and 

TNF-α, are required to remove damaged or necrotic tissue, break down extracellular matrix 

proteins and stimulate angiogenesis [211, 212]. Again, it is critical that anti-inflammatory 

mediators follow these pro-inflammatory signals in order to prevent excessive 

inflammation and chronic inflammation [131]. Prolonged exposure to an environment rich 

in pro-inflammatory mediators leads to the formation of fibrotic scars, granulation tissue 

and increased formation of type I and III collagen [156].  It has been shown that a quick 

resolution (less than two weeks) to inflammation favors tissue regeneration and implant 

acceptance, while an unresolved inflammatory phase indicates therapeutic failure [213]. A 

thorough understanding of these bioactive molecules is critical for constructive tissue 

remodeling and regeneration [162].  Thus, the direct modulation of pro-inflammatory 

cytokines offers a new strategy that can further enhance tissue regeneration. Although the 

delivery of pro-inflammatory molecules is largely limited to the bench top due to the risk 

of systemic inflammation, these studies have revealed the importance of the modulating 

the initial pro-inflammatory response rather than circumventing the immune system.  

Tumor Necrosis Factor-α 

The TNF-α superfamily is composed of 19 different ligands that are critical for 

mediating a wide range of processes such as regulation of the immune system, protection 

against microbial infection, and immune surveillance [214]. In addition, TNF-α can 

promote apoptosis or cell survival, depending on the specific cell surface receptor 



  

 59 

activated [212]. During the initial acute inflammatory response, high levels of TNF-α are 

secreted, along with other pro-inflammatory cytokines such as IL-1 and IL-6, resulting in 

the infiltration of other inflammatory cells and initiating the process of angiogenesis [215-

217]. Intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion protein-1 

(VCAM-1) are upregulated in order to enhance the recruitment of mesenchymal cells from 

the surrounding tissues [218]. Notably, recent studies have revealed that in the complete 

absence of TNF-α, osteogenic stem cell differentiation is delayed [219]. This is likely due 

to TNF-α stimulating the release of BMP-2 from neighboring osteoblasts and the activation 

of two stem cell receptors tumor necrosis factor receptors 1 and 2 [217, 218].  Within the 

initial 24 hours after injury, the local concentration of TNF-α reaches a maximum and 

returns to baseline at 72 hours [212]. During this interval, macrophages are a major 

producer of this pro-inflammatory cytokine and this temporal pattern is believed to induce 

the release of other bioactive molecules that are critical for bone regeneration [212]. Zhou 

et al. revealed that blocking TNF-α signaling does not alter the acute inflammatory 

response; rather, it decreases mesenchymal and osteoprogenitor cell infiltration [220].  At 

post-injury day eight, daily treatment with a TNF-α antagonist resulted in a significantly 

decreased angiogenic response and production of FGF-2 compared to saline controls, yet 

it induced an increase in osteoblastic differentiation at the growth plate [220]. Conversely, 

a significantly increased fracture callus mineralization at 4 weeks was noted when daily 

local injections of TNF-α were administered during the first couple of days post-fracture 

[221]. These studies highlight the diverse actions of TNF-α that are dependent upon the 

microenvironment and regenerative mechanisms. Though few in vivo studies have been 

published it appears that TNF-α is a critical regulator of de novo bone formation and should 

be considered in future of bone tissue engineering and repair [222].   

IL-1 

 Both TNF-α and IL-1 are best known as acute phase mediators. The family of IL-1 

cytokines are intimately involved in innate and adaptive immune responses [223]. The 

effects of IL-1 on bone regeneration are largely similar to that of TNF-α. It is secreted in 

the same temporal manner initially. However, there is a second peak in local levels around 

post injury week three [212]. In vitro studies have shown IL-1 to promote osteoblastic 
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proliferation, activate osteoclastic dependent bone resorption and inhibits differentiation of 

chondrocytes [224, 225]. While an in vivo study by Lange et al. revealed little influence of 

IL-1 on fracture healing [225]. Despite little influence on bone regeneration in vivo, in skin 

wounds IL-1 works in an autocrine manner to encourage keratinocyte migration and 

proliferation and activates fibroblasts to increase FGF-7 secretion [226]. Thus it helps to 

indirectly catalyze the re-epithelialization. However, high local levels of IL-1 for an 

extended time has an injurious effect on wound healing [226].  Additionally, Gorth et al. 

showed that the in vivo delivery of poly(lactic-co-glycolic acid) (PLGA) microspheres 

loaded with IL-1 antagonist attenuated IL-1β dependent intervertebral degeneration [227]. 

Although further investigation into the efficacy of cytokine-based therapy is needed, this 

underscores the future potential of modulating cytokine levels for the regeneration of 

damaged tissue.  

IL-6 

Although IL-1 and TNF-α are known to be potent stimulators of the acute phase 

reaction, neither cytokine is able to induce the full spectrum of acute phase proteins alone 

[228]. It has been shown that IL-6 is required in order to generate the full acute phase 

spectrum [224]. Despite IL-6 being a powerful inducer of acute phase proteins, it has 

several anti-inflammatory properties and pro-regenerative properties [229]. Local levels of 

IL-6 influence the differentiation of osteoblast and osteoclasts, trigger secretion of vascular 

endothelial growth factor and thus trigger angiogenesis, and play both a neuroprotective 

and neurotrophic role in the central nervous system (CNS) after traumatic injury [230, 231]. 

Rozen et al. injected IL-6 and parathyroid hormone fragments in vivo for two weeks 

following bone fracture [232]. It was shown that the delivery of these factors significantly 

increased the mechanical properties of the fracture callus, and full healing was achieved 5 

weeks post-fracture [232]. In the area of skin wound healing, IL-6 deficient mice have been 

shown to have impairment in wound healing as compared to wild type controls [233]. 

While Lin et al. could not rule out that the reduction in inflammatory response was 

responsible for this finding, it is more probable that IL-6 mediates crucial aspects of 

proliferation and remodeling [233]. Even though there are a limited number of in vitro and 

in vivo studies into the local delivery of pro-inflammatory cytokines there is an increasing 
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appreciation to the role these important mediators play on tissue regeneration. 

Delivery of Anti-inflammatory Cytokines  

Because the immune system has the potential to cause extensive and systemic 

secondary damage, biomaterials have been designed to evade or modulate the host’s 

immune response. These methodologies have been largely focused around limiting protein 

deposition by using materials that are immune-inert, altering the surface topology or by 

using surface coatings [205, 213]. Additionally, the use of systemic anti-inflammatory 

cytokines that modify the immune response have been utilized in order to dampen the 

inflammatory response. Clinical studies have previously investigated the inhibition of 

specific pro-inflammatory cytokines with biologics [234, 235]. However, this strategy 

leaves the host vulnerable to infection [213]. By using localized controlled delivery of 

soluble factors that can either create an anti-inflammatory microenvironment or influence 

the infiltrating cell type, modulation of the local immune response can be tuned for more 

favorable tissue regeneration. 

Interleukin-10 

IL-10 is a family of Type II anti-inflammatory cytokines that includes IL-19, IL-

20, IL-22, IL-24, IL-26, IL-28, and IL-29 [236]. IL-10 was originally discovered as a 

bioactive molecule secreted from Th2 cells that blocks the activation and cytokine 

production from Th1 cells [237]. Further investigation has shown that IL-10 influences 

several important functions of macrophages and monocytes, inhibits the production of IL-

1β and TNF-α, and downregulates the expression of MHC class II and co-stimulatory 

molecules [238]. Additionally, IL-10 has been shown to play an integral role in scarless 

would healing [239]. Peranteau et al. investigated the effect of transfecting adult murine 

stromal cells to overexpress IL-10 on scar healing. It was shown that at 72 hours post-

injury, the stromal cells that overexpressed IL-10 failed to display any histological 

elements of scar formation and regained normal dermal architecture [240]. Recently, the 

localized delivery of IL-10 from PLGA scaffolds has been shown to modulate the cytokine 

production from leukocytes [241]. Gower et al. examined whether PLGA scaffolds seeded 

with an IL-10 encoding vector and implanted within the intraperitoneal fat of a murine 
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model was effective at modulating the inflammatory response [241].  The study revealed 

that IL-10 delivery significantly decreased the number of leukocytes present within the 

scaffold. In addition, macrophages upregulated IL-10 secretion while dendritic cells, CD4+ 

T-cells and macrophages down regulated IFN-γ [241].  

As discussed previously, macrophages possess the unique ability to switch 

phenotype based upon cues present in the microenvironment (the M1 versus M2 paradigm) 

[155, 242]. IL-10 is a powerful stimulus for the induction of the M2c macrophage 

phenotype, which plays a major role in matrix deposition and tissue remodeling [243]. 

Additionally, M2c macrophages secrete soluble bioactive molecules such as TGF-β and 

platelet derived growth factor (PDGF) that are critical for the proper regeneration of native 

tissue [244].  In fact, PDGF derived from macrophages may be a critical source of this 

growth factor during tissue repair and regeneration [245]. Expanding upon this knowledge, 

Boehler et al. hypothesized that a sustained anti-inflammatory microenvironment would 

induce, retain and maintain an M2 macrophage response even when challenged with pro-

inflammatory cytokines [246]. The study revealed that gene delivery of IL-10 stimulated 

the transition to an M2 phenotype [246]. Moreover, when IL-10 transfected cells were 

challenged with pro-inflammatory cytokines they maintained their M2 phenotype while 

macrophages treated with recombinant IL-10 protein quickly reverted to a pro-

inflammatory state [246]. This was characterized by significantly reduced levels of TNF-

α at day 6 in the lentiviral treated group when compared to the recombinant IL-10 treated 

group. This study demonstrated that genetic delivery of IL-10 could compete with pro-

inflammatory signals present within the microenvironment to favor an M2 phenotype and 

thus help to resolve inflammation and further enhance regeneration. 

Interleukin-4  

IL-4 is an anti-inflammatory mediator that is part of the type I cytokine family. It 

is secreted by basophils, mast cells, certain phenotypes of CD4+ T-cells, and Th2 cells 

[247], and it is an important modulator of a wide variety of cell types including T-cells, B-

cells, monocytes, macrophages, fibroblasts, hematopoietic progenitors, and endothelial 

cells [248]. Investigation into IL-4 has revealed a host of functions such as inducing the 

differentiation of naïve T-cells, stimulating the production of other cytokines such as IL-5, 
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IL-10 and IL-13, discouraging the migration of pro-inflammatory CD4+ IFN-γ secreting 

cells, and preventing the apoptosis of hematopoietic stem cells [247].   

 In patients with end-stage arthritis of the hip or lower extremities, total joint 

replacement is a very successful treatment strategy to alleviate pain and improve daily 

function [249].  Following implantation all prosthetic surfaces undergo wear-associated 

damage. This results in particles being generated that can remain in the joint, spread to the 

regional lymph nodes, or even worse, be released systemically [250]. These particles elicit 

a chronic inflammatory response, leading to the destruction of bone within the implant bed. 

Additionally, patients may require additional surgical procedures or suffer from 

pathological fractures due to implant failure or degradation [162, 249]. Rao et al. found 

there was a higher expression of M1 macrophages in the tissue of revision surgeries, 

compared to synovia from patients undergoing primary joint replacement [251]. Thus, the 

local delivery of cytokines that influences macrophage plasticity towards the M2 

phenotype could suppress the inflammatory reaction and prevent implant failure. To this 

end, several studies have investigated the delivery of IL-4 to modulate the polarization of 

macrophages and synthesized bioactive factors [248, 251-255]. One such study 

investigating the effects of local delivered IL-4 on human monocytes following in vitro 

challenge to polymethylmethacrylate (PMMA) revealed that IL-4 inhibits the expression 

of GM-CSF, IL-6, and TNF-α at 48 hours post exposure [248]. These studies strongly 

suggest that strategies that utilize IL-4 to influence macrophage phenotype may be a viable 

strategy to reduce the resorption of periprosthetic bone. As previously discussed, not only 

do M2 macrophages encourage an anti-inflammatory microenvironment but they play an 

important role in tissue regeneration.  

 Mokarram et al. demonstrated that incorporation of recombinant IL-4 inside 

polysulfone conduits for peripheral nerve repair polarizes macrophages towards an M2 

regenerative phenotype, significantly increases the number of axons by about 20 times, and 

improves the rate of axon growth when compared to non-cytokine treated and IFN-γ treated 

groups [256]. The use of anti-inflammatory cytokines to enhance or accelerate tissue 

regeneration has the potential to enhance the current treatment of several pathological 

conditions. Although our current knowledge of the critical interaction between tissue 

regeneration and the immune system for tissue engineering is rather unsophisticated, 
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several in vivo studies have exemplified the utility of modulating the inflammatory 

response by anti-inflammatory cytokines.  

Growth factors  

Growth factors can facilitate cellular communication by binding specialized 

cellular receptors located on target T-cells. After growth factor binding to the target 

receptor, the cellular response depends upon the specific growth factor, the target T-cell, 

cell density, receptor type, and other signals present within the microenvironment [257]. 

Research has revealed that wound healing involves a complex and intricate coordination 

between the immune system and the tissue cells [204].  Several growth factors such as 

vascular endothelial growth factor (VEGF), TGF-β and PDGF are responsible for 

orchestrating wound healing and has been the subject of other reviews [258, 259]. TGF-

β1, for example, has been shown to play a critical role in the recruitment of inflammatory 

cells [260]. In the presence of IL-6, TGF-β1 stimulates the differentiation of Th17 cells 

[261]. Additionally, it induces monocytes to increase production of pro-inflammatory 

cytokines. Given the previously presented material, one might think that TGF-β1 only acts 

solely in a pro-inflammatory manner. However, while TGF-β1 stimulates the production 

of IL-1 from monocytes it suppresses the ability of IL-1 to induce lymphocytic proliferation 

[260]. Additionally, in fracture healing TGF-β1 secreted from platelets localized to the 

initial hematoma has been shown to increase the mechanical properties and induce callus 

formation [218]. Thus, even though TGF-β1 influences several pro-inflammatory 

processes it may ultimately protect the host from a prolonged inflammatory state. 

Furthermore, PDGF in combination with TGF-β1 has been shown to direct macrophage 

migration towards the injury site [204]. While biomaterials loaded with various growth 

factors has been extensively investigated for their in vivo potential at regenerating 

numerous types of tissue, strategies to exploit their immunomodulatory properties are still 

young.  

Small Bioactive Molecules  

Due to several drawbacks associated with exogenous delivery of proteins, such as 

high production cost, off target protein activity, and purification concerns, the utilization 
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of small immunoregulatory molecules has emerged. The term small molecule refers to a 

non-protein based bioactive compound that is typically less than 1000 Da [262]. A review 

by Laurencin et al. has examined several in vitro and in vivo studies on the effects of several 

small bioactive molecules in the field of bone tissue engineering [263]. This systematic 

review identified fifteen small molecules that have been investigated for their pre-clinical 

efficiency to regenerate bone. Sphingosine-1-phosphate (S1P) activates several G-couple 

protein receptors that are responsible for endothelial cell migration and the recruitment of 

lymphocytes [264]. Additionally, it has been shown that S1P facilitates the migration of 

pre-osteoblasts and pre-osteoclasts [264]. In a study by Sefcik et al., S1P was encapsulated 

in PLGA microspheres and used to study their effect on bone regeneration in a critical-size 

rat cranial defect [265]. The local delivery of S1P promoted luminal expansion of arterioles 

and significantly enhanced new bone formation [265]. Other studies have suggested that 

this effect is due to S1P promoting M2 macrophage phenotype and encourages the 

recruitment of anti-inflammatory monocytes [162].  The potential utility of small molecule 

based immunomodulation for tissue engineering is vast and has shown great promise in the 

field of musculoskeletal tissue engineering. Several reviews have focused on the influence 

these compounds have on regeneration [262, 263, 266-268]. However, the interaction 

between these small bioactive molecules and the immune system is only beginning to be 

understood.  

 

Conclusions 

As the field of tissue engineering matures, sophisticated biomaterials and delivery 

strategies have emerged to leverage cells and bioactive molecules for regeneration. The 

immune system plays a significant role in the normal growth and repair of tissues, and 

given this knowledge, it is unsurprising that successful tissue regeneration would require 

optimal modulation of local inflammation. Future directions for immunomodulatory tissue 

engineering strategies are diverse at this point. While direct controlled delivery of proteins 

and cells can be challenging, there are an abundance of materials that show promise as 

carriers. In addition, the search continues for small molecule drugs capable of mediating 

cell responses in vivo and that present fewer challenges for local delivery. Incorporation of 
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these small molecules directly into biodegradable tissue engineering scaffolds, either with 

or without MSCs, may enhance scaffold-host tissue integration, improve regeneration, and 

reduce foreign body response. Significant challenges to this ideal remain to be addressed, 

such as the optimal kinetics of immunomodulatory effector delivery, the appropriate 

balance of pro- and anti-inflammatory mediators, and further elucidation of the effects of 

exogenous MSC or other immune cell delivery in vivo. The increasing recognition of the 

immune system as a major player in tissue regeneration heralds a promising direction for 

the field, one that recognizes that modulation of the immune system is beneficial not only 

for growth of new tissue but for practical translation of scaffolds into clinical use.



 

 

Chapter 4 

A 3D tissue-engineered tumor model for 
Ewing’s sarcoma that incorporates bone-like 

ECM and mineralization  

Abstract 

The tumor microenvironment harbors essential components required for cancer 

progression and therapy evasion including biochemical signals from the extracellular 

matrix and soluble factors, mechanical and architectural cues, and stromal cell interactions. 

To study the effects of microenvironmental elements on Ewing’s sarcoma (ES) 

pathogenesis, we tissue-engineered an acellular three-dimensional (3D) bone tumor niche 

from electrospun poly(ε-caprolactone) (PCL) scaffolds that incorporates bone-like 

architecture, extracellular matrix (ECM), and mineralization. To generate biologically 

relevant ECM and mineral components, human mesenchymal stem cells (MSCs) were 

allowed to differentiate in osteogenic conditions in electrospun PCL scaffolds. Scaffolds 

were decellularized after 12 days of culture to yield acellular PCL-ECM constructs. ES 

cells were successfully seeded and cultured on these constructs as well as PCL scaffold 

controls. The PCL-ECM constructs simulated in vivo like tumor architecture and increased 

proliferation of ES cells compared to PCL. Further, both 3D groups (PCL and PCL-ECM) 
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facilitated the downregulation of the canonical insulin-like growth factor 1 receptor (IGF-

1R) signal cascade through mechanistic target of rapamycin (mTOR), both of which are 

targets of recent clinical trials. We further observed that in 3D environments, decreased 

nuclear localization of IGF-1R leads to a downregulation of c-Jun and FAM21A, which 

are noncanonical downstream targets of IGF-1R transcriptional activity. The increased 

nuclear localization of IGF-1R was abrogated by clathrin inhibition in monolayers. In 

contrast, the nuclear IGF-1R fraction in 3D groups was not sensitive to clathrin inhibition, 

suggesting active clathrin-dependent shuttling of IGF-1R was not as prominent in 3D 

conditions. In vitro drug testing revealed 3D environments generated cell phenotypes that 

were resistant to mTOR inhibition and chemotherapy compared to monolayer controls. Our 

versatile PCL-ECM constructs allow for the investigation into roles microenvironmental 

elements play in ES tumor growth, cancer cell morphology, and induction of resistant cell 

phenotypes. 
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Introduction 

Ewing’s sarcoma is the second most common primary tumor of bone and 

predominately affects the pediatric population [10]. Although advancements in combined 

therapy regimens and treatments have steadily improved outcomes, patients with recurrent 

disease have less than 20% overall survival over five years [269]. This poor prognosis has 

not improved in recent decades due to failures in identifying new treatment strategies and 

biologically targeted therapies. Unsatisfactory results from recent clinical trials punctuate 

the need for more accurate preclinical testing as drugs shown to have dramatic efficacy in 

vitro and in mouse models lacked meaningful clinical efficacy and were not approved by 

the U.S. Food and Drug Administration [37, 38, 41]. 

Many investigations of potential therapeutics begin with standard monolayer 

culture on tissue culture treated polystyrene or glass due to the ease of use of these systems 

and the ability to run high-throughput experiments. However, these non-physiologic plastic 

or glass surfaces do not incorporate features of the tumor microenvironment, which have 

been recognized as essential to elements of cancer biology and therapy resistance [6, 70, 

270]. The tumor microenvironment comprises a varied array of signals that includes tissue 

architectural properties, stromal cell interactions, biochemical cues from soluble factors 

and extracellular matrix (ECM), and tissue mechanical properties [12]. This convergence 

of factors facilitates the formation of a complex network of tumor cell phenotypes that are 

highly adaptive. Indeed, others have shown that certain aspects of the bone tumor niche in 

sarcoma such as architecture, ECM cues, stromal cell interactions, and interstitial fluid 

flow have dramatic effects on pathogenic signaling, proliferation rates, and therapy 

resistance profiles [46, 271]. In our lab, we have observed a reduced growth rate and 

increased resistance to doxorubicin when ES cells are cultured in 3D environments [272]. 

Further, shear stress appeared to increase sensitivity of ES cells to inhibition of insulin-like 

growth factor 1 receptor (IGF-1R) with monoclonal antibodies and showed mechanically 

induced resistance to the IGF-1R blockade [45]. 

In this study, we aimed to build a model system mimicking the bone tumor niche 

that was suitable for assessing the roles of key microenvironment components in Ewing’s 

sarcoma (ES) cellular proliferation, pathogenic signaling, and therapeutic efficacy. 

Specifically, we set out to understand how the tumor niche including elements of three-



  

 70 

dimensional (3D) architecture and bone-like ECM and mineralization affect ES cell 

growth, morphology, and activation of the canonical IGF-1R signal cascade through 

mechanistic target of rapamycin (mTOR) or through noncanonical signaling as a 

transcription factor after translocation to the nucleus. We engineered a 3D bone tumor 

niche by culturing human mesenchymal stem cells (MSCs) in osteogenic conditions on 

electrospun poly(ε-caprolactone) (PCL) scaffolds for 12 days. The resulting constructs 

were then decellularized and used to model the bone tumor niche in Ewing’s sarcoma by 

examining the effects on ES cells seeded directly on these engineered bone tumor niches. 

We then investigated how the interplay of the engineered microenvironmental elements 

affects the activation of canonical and noncanonical IGF-1R activity and sensitivity to both 

chemotherapy and IGF-1R/mTOR targeted therapy.  

 

Materials and methods 

Cell culture and reagents 

Human MSCs were obtained from the Institute for Regenerative Medicine at the 

Texas A&M College of Medicine. MSCs at passage 2 were cultured in alpha MEM 

(Thermo Fisher) supplemented with 20% fetal bovine serum (FBS, Gemini Bio-Products) 

and 1% Pen-Strep (Thermo Fisher). Cells were seeded at 1 × 106 cells per T225 tissue 

culture treated polystyrene plates (Corning) and cultured up to passage 4 before being used 

in subsequent experimentation. 

TC-71 Ewing’s sarcoma cells were sourced from the Characterized Cell Line Core 

Facility at the University of Texas MD Anderson Cancer Center. TC-71 cells were cultured 

in RPMI 1640 medium supplemented with 10% FBS and 1% Pen-Strep (Thermo Fisher) 

on tissue culture treated polystyrene plates (Corning). Medium was changed every other 

day except for the cases drug response assays.  

 

Electrospinning and scaffolds preparation 

Nonwoven electrospun poly(ε‐caprolactone) (PCL) scaffolds were fabricated as 

previously described [273]. Briefly, a syringe pump was oriented towards a copper 
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collecting plate that was covered with aluminum foil. A 60mL syringe was loaded with 14 

wt% PCL (average Mn = 80,000, Sigma-Aldrich) in a 5:1 (vol:vol) solution of 

chloroform:methanol (Sigma-Aldrich) and fit with an 18-gauge blunt tip needle. A direct 

voltage range of 25-28kV was applied and the polymer solution was extruded at a rate of 

10 mL/hr.  The resulting meshes were electrospun for a total of 45 min to achieve a uniform 

thickness. Individual scaffolds were then die-punched using 6 mm dermal biopsy punches 

(Thermo Fisher), placed in open 50 mL conical tubes (Falcon), sterilized for 12 hrs with 

ethylene oxide (AN73, Andersen Products), and allowed to vent for 24 hrs. PCL scaffolds 

were wet using an ethanol dilution gradient and washed 3 times with phosphate buffered 

saline (PBS) as described previously [272]. The day before cell seeding, all scaffolds were 

placed in complete RPMI 1640 medium overnight in a humidified 37 °C incubator with 

5% CO2. 

Generation of PCL-ECM Constructs 

Sterile PCL scaffolds that had been pre-wet and incubated in complete RPMI 1640 

medium overnight were collected and press-fit into 96-well plates. MSCs at passage 4 were 

seeded onto scaffolds in 200 µL of alpha MEM medium at a seeding density of 25,000 

cells per scaffold. After one day, scaffolds were moved into fresh 96-well plates with 200 

µL of osteogenic medium (alpha MEM, 10% FBS, 1% Pen-Strep, 10 mM β-glycerol-2-

phosphate, 10 nM dexamethasone, 50 mg/mL ascorbic acid [all supplements from Sigma-

Aldrich]) [274, 275]. After culture in osteogenic medium for 12 days, scaffolds were 

removed and placed in 200 µL of sterile filtered water in 2 mL sample tubes for storage at 

-20 °C. 

 

Characterization of OsMSCs 

To assess whether the osteogenic culture MSCs (OsMSCs) had taken an 

osteoblastic phenotype, we lysed the OsMSCs using three cycles of freezing and thawing 

followed by 10 min of ultrasonication generating a decellularized PCL-ECM construct. We 

then probed the lysate for total cellularity, alkaline phosphatase (ALP) activity, and total 

calcium content. To measure cellularity, 50 µL of lysate was pipetted into a black 96-well 
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plate with 100 µL of Tris-EDTA buffer and 150 µL of PicoGreen dye buffer and was 

analyzed for total DNA content using a Quant-iT™ PicoGreen™ dsDNA assay kit (Thermo 

Fisher). Samples were run in duplicate (n = 5) following the manufacturer’s protocol using 

an excitation fluorescence of 485 nm and measurement at 528 nm in a FLx800 

spectrophotometer (BioTek Instruments). A conversion factor of 10.87 pg of DNA per cell 

was used based on samples with known cell numbers (n = 4).  

The ALP activity was measured in a 1.5 M alkaline buffer solution containing 

phosphatase substrate capsules and compared with dilutions of a 10 mM p-nitrophenol 

standard solution (all materials from Sigma). 50 µL of lysate was diluted 1:10 in PBS. 80 

µL of the diluted cell lysate solution was mixed with 100 µL of substrate solution and 20 

µL of the buffer solution in a transparent 96-well plate and allowed to incubate at 37 °C 

for 1 hr [276]. The reaction was then stopped with 100 µL of 0.5 M NaOH, and the 

absorbance was measured at 405 nm on a PowerWave X340 microplate spectrophotometer 

(BioTek Instruments). Samples were run in duplicate (n = 5).  

To measure total calcium deposition, a volume of 1 N acetic acid equal to the 

remaining lysate volume was added to sample tubes. The samples were then placed on a 

shaker table at 100 RPM for 24 hrs to dissolve calcium from each scaffold. 100 µL of the 

dissolved lysate/acetic acid solution was diluted 1:5 in PBS. 50 µL of each diluted sample 

was pipetted into clear 96-well plates with 90 µL of Chromogenic Reagent and 60 µL of 

Calcium Assay Buffer and allowed to incubate at room temperature for 10 min (Sigma 

Calcium Colorimetric Assay Kit, MAK022). Samples were run in duplicate (n = 5) and 

total calcium per scaffold was then calculated and divided by the mass of the dry scaffold 

to give the calcium content per gram weight of scaffold. 

Sterilization of PCL-ECM constructs.  

After three rounds of serial freeze-thaw cycles for 10 min each and subsequent 

sonication for 10 min to remove OsMSCs, PCL-ECM constructs were placed in a 24-well 

plate and allowed to air-dry for 24 hrs before being sterilized for 12 hrs by ethylene oxide 

gas exposure as described above (AN73, Andersen Products). 



  

 73 

ES cell seeding on scaffolds and proliferation number 

PCL scaffolds and PCL-ECM constructs were press-fit into individual wells of a 

tissue culture treated 96-well plate (Corning). For all experiments, TC-71 ES cells were 

seeded at a density of 10,000 cells per 6 mm diameter PCL scaffold or PCL-ECM construct 

and at a density of 5,000 cells per well in monolayers to account for decreased seeding 

efficiency of 3D scaffolds compared to monolayers. Cells were suspended in 100 µL of 

RPMI 1640 medium and seeded into wells that contained 100 µL of medium with or 

without the PCL scaffold or PCL-ECM construct. 24 hrs after seeding, PCL scaffolds or 

PCL-ECM constructs were sterilely moved from the 96-well plates into new 96-well plates 

with 200 µL of fresh medium. Medium was changed every other day thereafter until sample 

collection.  

Cellularity was determined at days 1, 3, and 5 of culture utilizing serial freeze-thaw 

lysis and sonication. Quantitation of total DNA was performed as was done for MSC cell 

number determination described above using the Quant-iT™ PicoGreen™ dsDNA assay kit 

(Thermo Fisher).  

 

Scanning electron microscopy 

3D constructs were fixed in an aqueous 2.5% solution of glutaraldehyde for 20 min. 

Samples were then dehydrated with a serial ethanol gradient where each sample was placed 

in a 70% ethanol solution initially and placed in solutions of increasing ethanol 

concentration (by 10%) every 5 min until reaching 100% ethanol. Samples were then 

placed in sterile 24-well plates and allowed to dry overnight in a chemical fume hood. 

Samples were then sputter coated with 20 nm of gold and imaged with a FEI Quanta 400 

scanning electron microscope at 150× and 1000× magnification.  

 

Confocal microscopy 

Samples of monolayers on coverslips or electrospun scaffolds were washed in 1× 

PBS and fixed in a 4% paraformaldehyde solution for 15 min at room temperature. Samples 

were then washed 3 times in 1× PBS for 5 min before being blocked with blocking buffer 
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(1× PBS, 5% normal goat serum, 0.3% Triton™ X-100) for 60 min. Primary antibodies 

were then diluted 1:100 in antibody dilution buffer (1× PBS, 1% BSA, 0.3% Triton™ X-

100) and samples were incubated in primary antibody overnight at 4 °C. Primary antibodies 

used targeted IGF-1R (Santa Cruz, sc-461), pIGF-1R (Santa Cruz, sc-101703), and clathrin 

(Cell Signaling 4796 [rabbit]; Abcam, 2731 [mouse]). Samples were then washed 3 times 

with 1× PBS before incubating with secondary antibody (diluted 1:500, Cell Signaling 

Technology) and phalloidin conjugated to iFluor 488 (Abcam, diluted 1:1000) in antibody 

dilution buffer for 1 hr in the dark at room temperature. After a final 3 washes, cells were 

incubated for 10 min in a 1:2000 dilution of a 1 mg/mL Hoechst 33342 stock solution 

(Thermo Fisher). Samples were then rinsed once with PBS. Coverslips were mounted onto 

slides using Prolong® Gold Antifade Reagent (Cell Signaling Technology). 3D scaffolds 

were placed in 0.5 mL of PBS and imaged on 35 mm 1.5 glass bottom dishes as sample 

holders (Ibidi 81218). A Nikon A1-Rsi confocal microscope was used to capture images 

with a 40× objective with 1× or 3× optical zoom. Some image panels were digitally 

enhanced for screen display equally for all groups but not for analysis of intensities or 

localization. Locations of images were selected in order to maximize the area of the sample 

in the focal plane of the seeding surface of the scaffolds, constructs, or coverslips and for 

increased cellularity to maximize the number of cells in the analysis.  

Clathrin inhibition with Pitstop® 2.  

Clathrin inhibition was achieved using Pitstop® 2 (Abcam ab120687) according to 

manufacturer’s instructions and previous studies [277]. Briefly, stock solutions of Pitstop® 

2 were prepared in DMSO at a concentration of 25 mM. Working solutions were made by 

diluting the stock 1:1000 in serum-free RPMI 1640 medium to prevent serum albumin 

sequestration of the small molecule inhibitor. Medium was removed from cell cultures after 

5 days and replaced with serum-free medium supplemented with 25 µM Pitstop® 2 for 15 

min. Samples were then washed in PBS and immediately fixed using 4% paraformaldehyde 

as described above.   
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Quantitative image analysis 

All image analyses were performed using ImageJ software with FIJI plugins 

installed (NIH). Six confocal microscopy images were taken with a 40× objective at 

random from each culture condition. Measurement of colocalization was performed in 

accordance to established colocalization procedures reviewed by Dunn et al. and corrected 

Manders Correlation Coefficients (MCC) were determined using the Coloc 2 plugin for 

ImageJ after Costes Thresholding [278, 279]. 

For each image, to reduce the influence of background and uneven illumination in 

3D environments and to increase the accuracy of MCC calculation, three Rolling Ball 

background subtractions were applied to each channel (Pixel Radius = 10). Using the Coloc 

2 plugin on ImageJ, channels containing signal from nuclei (stained with Hoechst 33342 

in the blue channel) and either IGF-1R or pIGF-1R (stained with secondary antibody in the 

red or far red channels, respectively) underwent Costes Thresholding. Thresholded MCCs 

were then calculated for colocalization of either IGF-1R or pIGF-1R with the nucleus for 

each image for intensities above the Costes Threshold.  

 

Western blot 

TC-71 Ewing’s sarcoma cells were seeded as described above in 96-well plates. 

Samples from 10 wells in 96-well plates were pooled into one protein lysate sample. For 

cells grown as monolayers, cells were lifted with TrypLE Express (Thermo Fisher), 

pelleted, and pooled into one sample. For 3D groups, samples were washed in PBS and 

placed into one pooled 1.7 mL sample tube (VWR). Cells were then lysed in 250 µL of 

lysis buffer (1% Triton X-100, 50 mM HEPES, pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 1 

mM EGTA, 100 mM NaF, 10 mM sodium pyrophosphate, 1 mM Na3VO4, 10% glycerol) 

containing freshly added protease and phosphatase inhibitors (Roche). Protein 

concentration for samples were measured using a Micro BCA™ protein assay kit (Thermo 

Fisher). 30 µg of protein in lysate per sample were prepared in SDS and underwent 

polyacrylamide gel electrophoresis (SDS-PAGE); the remainder was stored at -80 °C. 

After SDS-PAGE, proteins were transferred to PVDF membranes (EMD Millipore). 

Membranes were blocked using SuperBlock™ Blocking Buffer (Thermo Fisher) for 1 hr 
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and then allowed to incubate overnight in primary antibody at a dilution of 1:1000 for all 

antibodies. The primary antibody to pIGF-1R was purchased from Santa Cruz 

Biotechnology (sc-101703). The primary antibody targeting FAM21A was purchased from 

ThermoFisher (PA5-71089). Primary antibodies targeting c-Jun (9165), mTOR (2972), 

IGF-1R (3027), pEIF4E (9741), ps6 (2211), s6 (2217), Histone H3 (12648) and GAPDH 

(2118) were purchased from Cell Signaling Technology. Membranes were washed in PBS 

with 0.1% Tween® 20 three times and incubated with horseradish peroxidase-conjugated 

secondary anti-rabbit IgG (Cell Signaling Technology) for 45 min. Blots were then washed 

as before adding a final wash of PBS and signals were visualized using SuperSignal West 

Dura Chemiluminescent Substrate (Thermo Fisher). Images of chemiluminescent bands 

were then recorded using a ChemiDoc™ Imaging system (Bio-Rad). Blots were digitally 

enhanced in the same manner for each target across all groups for publication and represent 

samples from a single blot for each detected protein. 

Drug response analysis 

TC-71 Ewing’s sarcoma cells were seeded onto 96-well plates in monolayer or 3D 

electrospun PCL and PCL-ECM scaffold conditions as described above. Cells were 

allowed to adhere for 24 hrs. After seeding, 100 µL of medium was removed from 

monolayers and 100 µL of medium with the indicated therapeutic agents was added. For 

3D conditions, scaffolds were sterilely moved from an original 96-well plate to a new plate 

with 200 µL of medium containing therapeutic agents at the appropriate concentrations. 

To determine the single agent effects of ridaforolimus and dalotuzumab on proliferation, 

ridaforolimus (10 µM, Merck) and dalotuzumab (10 µg/mL, Merck) were added to the 

medium for ES cells in monolayers, PCL, or PCL-ECM (n = 8).  To generate dose-response 

curves for doxorubicin (Selleck), a 2.5 µM stock solution was serially diluted 1:2 for 8 total 

doxorubicin concentrations tested along with a no-drug control. For combination drug 

experiments, 10 µM ridaforolimus and 10 µg/mL dalotuzumab were diluted with medium 

containing the appropriate concentrations of doxorubicin such that the inhibitor 

concentration remained constant in every well. The no-doxorubicin control wells in each 

combination drug experiment contained only ridaforolimus or dalotuzumab respectively. 

All drug concentrations were applied in triplicate wells in separate 96-well plates for all 
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groups. After 3 days of treatment, 100 µL of medium was removed from each sample well 

and replaced with a WST-1 solution in medium to a final concentration of 10% WST-1 

solution (Sigma-Aldrich) in 200 µL of culture medium per the manufacturer instructions. 

Cells were incubated at 37 °C with the WST-1 reagent for 1 hr. After incubation, 100 µL 

was removed from sample plates and placed in a new, clear 96-well plate. Absorbance of 

the medium with formazan product was read at 440 nm with a reference wavelength of 650 

nm in a PowerWave X 340 microplate spectrophotometer (BioTek Instruments). 

Background medium-only absorbance was subtracted from all sample values. Sample 

values with no doxorubicin were averaged and were considered to be the 100% live cell 

control for each experiment to which all values were normalized. For doxorubicin dose-

response experiments, IC50 and 95% confidence interval (CI) for cell viability values were 

determined by fitting a sigmoidal 4-parameter logistic curve using the least squares 

method. 

Statistical analysis 

All statistics were done in either GraphPad Prism 7 or Microsoft Excel. All data are 

presented as mean ± standard deviation or as dot plots as indicated in figure captions. For 

comparison of 2 groups, students t-test was used and for comparisons of 3 or more groups 

a one- or two-way ANOVA was used with post-hoc Tukey’s Honestly Significant 

Difference (HSD). Letters represent independent groups (p < 0.05) where the same letter 

indicates no statistical difference between groups. For all figures n.s. = no significance, *p 

< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.  

 
 

Results 

Generation of 3D bone tumor microenvironments 

To develop 3D poly(ε-caprolactone) (PCL) scaffolds that incorporate bone-like 

extracellular matrix (ECM) that recapitulates the tumor microenvironment in Ewing’s 

sarcoma (ES), we devised a work flow in which electrospun PCL scaffolds were seeded 

with human mesenchymal stem cells (MSCs), placed in osteogenic culture conditions, 
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decellularized, and subsequently used to study ES cell-microenvironment interactions 

(Figure 1A). 

Electrospun meshes were produced in a horizontal electrospinning set up (Figure 

S1). Individual scaffolds were punched, sterilized, and seeded with MSCs at a density of 

25,000 cells/scaffold. After 1 day, MSC-seeded scaffolds were placed into osteogenic 

medium and cells were differentiated into osteoblastic human mesenchymal stem cells 

(OsMSCs) in order to generate PCL-ECM constructs over 12 days [275]. 12-day 

osteogenic culture of MSCs was selected because it produced sufficient ECM without 

overly obstructing pores in the electrospun PCL, thereby maintaining a 3D 

microenvironment for ES cell growth. After osteogenic differentiation, constructs were 

decellularized using a previously described serial freeze-thaw method [276]. To confirm 

that OsMSCs had proliferated in PCL scaffolds, we imaged the surfaces of scaffolds 

utilizing confocal microscopy (Figure 5B, top panel). To ensure that our freeze-thaw 

process had adequately decellularized PCL-ECM constructs, we visually inspected 

scaffolds for intact MSCs after the decellularization process and observed no intact cells 

(Figure 5B, bottom panel). We determined that construct topography and deposition of 

extracellular material was not drastically changed by the process of decellularization by 

collecting a series of scanning electron microscopy (SEM) micrographs before and after 

the freeze-thaw cycles (Figure 5C).   
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Figure 5: Generation of three-dimensional PCL-ECM constructs.  

(A) Schematic representation of the process of fabricating three-dimensional bone tumor niches 
from electrospun PCL and osteogenic MSC culture (OsMSCs). (B) Representative confocal images 

of OsMSCs cultured for 12 days in osteogenic medium on electrospun PCL scaffolds before and 
after decellularization (blue, Hoechst for nuclei; green, phalloidin for actin; scale = 50 µm). (C) 

Representative SEM micrographs of OsMSCs cultured for 12 days in osteogenic medium on 
electrospun PCL scaffolds before and after decellularization (left panel: scale = 200 µm; right panel: 

scale = 20 µm) 
 

After establishing that OsMSCs had proliferated and visually appeared to deposit 

ECM and mineralized components on the PCL scaffolds, we sought to confirm the 

osteoblastic properties of the cells. Alkaline phosphatase (ALP) plays an important role in 

normal skeletal mineralization and has been shown to be a reliable marker in MSCs 

undergoing osteogenic differentiation [274-276]. Therefore, to establish that our OsMSCs 

in generated PCL-ECM constructs developed osteoblastic characteristics, we examined the 

ALP activity of cultured OsMSCs and calcium deposition per scaffold. We compared the 

ALP activity in OsMSCs generating our PCL-ECM constructs to monolayer controls of 

MSCs with and without osteogenic differentiation medium. We observed an increase of at 

least two-fold in the amount of functional ALP per cell in cultures with OsMSCs compared 

to undifferentiated MSCs (Figure 6A). OsMSCs cultured as monolayers or in PCL 

scaffolds exhibited statistically equivalent ALP activity. We then compared the calcium 

content of PCL scaffolds with or without OsMSCs that had been placed in osteogenic 
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differentiation medium for 12 days. We observed an over 6-fold increase in the amount of 

calcium per gram of scaffold when OsMSCs were cultured on PCL scaffolds (472.5 ± 154.0 

µg calcium/g scaffold) compared to acellular PCL controls (75.1 ± 68.0 µg calcium/g 

scaffold, Figure 6B). Electrospun PCL scaffolds were thus used to culture OsMSCs in order 

to generate a PCL-ECM construct comprising a 3D bone-like microenvironment with ECM 

and mineralized calcium.  

Proliferation and morphology of ES cells in 3D microenvironments 

Work in other laboratories has indicated that culture substrate properties including 

architecture can induce changes in proliferation rates and morphology of cancer cells [118, 

280]. Previous studies in our lab have shown that ES cells reduce proliferation rates, 

increase chemoresistance, and change morphological characteristics in 3D environments 

compared to monolayer cultures [45, 272]. To examine the combined effects of substrate 

architecture, ECM signaling and mineralization on proliferation, we cultured TC-71 ES 

cells in monolayer conditions, electrospun PCL scaffolds, and in the PCL-ECM constructs 

for 5 days. After 1 and 3 days of culture, there was no statistically observable difference in 

overall cell count between groups as assessed by total DNA per well. However, by day 5, 

cells grown in monolayers proliferated more than in 3D conditions, which is consistent 

with previous studies [272]. Additionally, by day 5 of culture, PCL-ECM constructs had 

induced greater proliferation than the PCL scaffolds alone (Figure 7A). These results 

suggest that while 3D culture architecture reduces ES proliferation, the mineralized and 

ECM components in our PCL-ECM construct facilitated greater proliferation through 

biochemical signaling and/or topographical changes in the microenvironment.   
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Figure 6: Characterization of osteogenic properties of OsMSCs in PCL scaffolds.  

(A) Detected alkaline phosphatase (ALP) activity in the lysate of undifferentiated MSCs cultured as 
monolayers in basal medium (MSC) and MSCs cultured in osteogenic medium as monolayers 

(OsMSC) or in PCL scaffolds (PCL + OsMSC) for 12 days (n = 5). One-way ANOVA with post-hoc 
Tukey’s HSD: n.s. = no significance, *p < 0.05. (B) Calcium content of scaffolds incubated in 
osteogenic medium without cells (PCL) or with OsMSCs (PCL + OsMSC) for 12 days (n = 5). 

Student’s t-test ***p < 0.001. 
 

ES is typically a malignancy characterized by high cellularity and sparse 

intercellular stroma [281]. As such, we aimed to determine through SEM and confocal 

microscopy if our generated PCL-ECM constructs induced this morphology in ES cells. 

SEM micrographs of PCL scaffolds and PCL-ECM constructs after 5 days of ES cell 

culture reveal topological differences on fibers likely constituted by ECM and mineralized 

deposits generated by the OsMSCs (Figure 7B, red arrows). Confocal microscopy of ES 

cultures after 5 days also revealed morphological differences between the groups. Cells in 

monolayers spread into small clusters of a single layer of cells while cells in PCL and PCL-

ECM readily attached to fibers and penetrated the 3D environments. Interestingly, in the 

absence of ECM, cells grown in PCL scaffolds did not appear to grow as large clusters but 

instead formed small clusters of 3 to 4 cells or singular cells with limited cell-cell contact. 

In contrast, cells grown in PCL-ECM constructs appeared to grow as much larger clusters 

(Figure 7C). At higher magnification, filopodia can be seen projecting from the cytoplasm 
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of ES cells in monolayers; however, these projections are starkly absent in 3D conditions, 

giving the characteristic small round cell appearance of ES (Figure 7D, white arrows) 

[282]. Cells in PCL scaffolds and PCL-ECM constructs could be observed to wrap around 

fibers by visualizing the actin cytoskeleton (Figure 3D, red arrowheads). In PCL-ECM 

constructs exclusively, ES cells formed spheroid-like clusters that nucleated around dense 

deposits of ECM and mineralization not present in the PCL scaffold or monolayers groups 

(Figure 7D, white arrowheads).  

 
Figure 7: Proliferation and morphology of ES in bone tumor microenvironments. 

(A) Cell count of ES cells cultured in 96-well plates as monolayers, on 6 mm diameter PCL scaffolds, 
or on 6 mm diameter PCL-ECM constructs (n = 5). Two-way ANOVA with post-hoc Tukey’s HSD: 
n.s. = no significance, *p < 0.05, **p < 0.01, ****p < 0.0001. (B) Representative SEM micrographs 

depicting the morphology of ES cells and ECM on PCL scaffolds and PCL-ECM constructs. Red 
arrows indicate topological changes in 3D environments (left panel: scale = 200 µm; right panel: scale 
= 20 µm). (C) Representative confocal images depicting the growth and clustering of ES cells cultured 
as monolayers, on PCL scaffolds, or on PCL-ECM constructs (blue, Hoechst; green, phalloidin; scale = 
50 µm). (D) Representative confocal microscopy images of ES cells depicting morphological changes 

in variable microenvironments. White arrows indicate prominent filopodia in monolayer cells, red 
arrowheads indicate cells wrapping around PCL fibers, and white arrowheads indicate areas of ECM 
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deposition in PCL-ECM constructs around which cells are adopting spheroid-like growth (scale = 20 
µm). 

 
Together, analysis of SEM micrographs and confocal microscopy images suggest 

that PCL-ECM constructs more accurately recapitulate the dense, clustered, small cell 

morphology characteristic of ES by allowing clusters to grow and nucleate on extracellular 

material in a 3D space.  

3D culture conditions reduce IGF-1R expression and activity 

The IGF-1R/mTOR pathway has recently been lauded as an attractive target in ES 

and other sarcomas because of its prevalence in many ES tumor biopsies and preclinical 

models [23, 283]. Activation of the canonical IGF-1R/mTOR cascade begins with IGF-1 

ligand binding to IGF-1R, a receptor tyrosine kinase (RTK), causing the phosphorylation 

of the receptor. Signaling through Akt and mTOR is thought to increase cell proliferation 

and inhibit apoptosis in sarcoma [284, 285]. However, initial enthusiasm for combined 

therapy including IGF-1R/mTOR targeted agents has waned somewhat in recent years due 

to a lack of dramatic response in patients [10, 37, 286]. Recent studies have shown that 

increased nuclear localization of IGF-1R in sarcoma may herald worse outcomes for 

patients overall but somewhat contradictorily, may indicate sensitivity to IGF-1R targeted 

antibody therapy [32, 36, 287]. Interestingly, several groups have reported crosstalk 

between integrin signaling through cell focal adhesions to ECM and the IGF-1R/mTOR 

cascade, highlighting a potential role for the tumor microenvironment in potentiation of 

pathogenic IGF-1R signaling [288, 289]. Thus, we hypothesized that our engineered 

elements of the bone tumor microenvironment might contribute to differential IGF-

1R/mTOR signaling and/or localization of IGF-1R within the cell. 

As before, 5-day cultures of ES cells in monolayers, PCL scaffolds or PCL-ECM 

constructs, were collected. Samples were stained for IGF-1R and phosphorylated (active) 

IGF-1R (pIGF-1R, Y1161) and imaged using confocal microscopy. Grossly, it appeared 

that IGF-1R was localized to the nucleus and cell membrane equally in monolayers but 

strongly favored a membranous or cytoplasmic localization in the 3D groups. Further, we 

observed that the majority of cells appeared to stain positively for nuclear pIGF-1R in 
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monolayers whereas very few nuclei in the PCL or PCL-ECM environments appeared to 

stain positively except a few isolated cells (Figure 8A). 

To assess the activation of IGF-1R signaling through mTOR or as a transcription 

factor, we pooled samples from 10 wells and lysed the cells for protein analysis with 

western blot. To examine the activation of traditional IGF-1R signaling pathway through 

mTOR, we probed lysates for IGF-1 and pIGF-1R as well as downstream kinase effectors. 

Compared to monolayers, ES cells in 3D environments had a stark reduction in both IGF-

1R and pIGF-1R, which matched our observations by imaging (Figure 8B). There was also 

a slight reduction in total mTOR for 3D groups. Downstream effectors of mTOR, S6 kinase 

(S6) and eukaryotic translation initiation factor 4E (eIF4E), have been implicated in 

sarcoma pathogenesis by promoting proliferation and protein translation in sarcoma [285]. 

We probed lysate from our cultures for the active, phosphorylated proteins pS6 and peIF4E 

and observed a stark reduction in phosphorylation in 3D cell cultures. Total S6 protein was 

slightly reduced in 3D conditions but not as prominently as the reduction in the 

phosphorylated protein. Overall, it appeared that 3D conditions, regardless of the presence 

of ECM and mineral deposition, downregulated IGF-1R signaling through the mTOR 

pathway as evidenced by the reduction in the active forms of phosphorylated effectors.  



  

 85 

 
Figure 8: Activation of IGF-1R. 

(A) Representative confocal images depicting the activation and localization of IGF-1R in ES cells cultured 
as monolayers, on PCL scaffolds, or on PCL-ECM constructs (blue, Hoechst for nuclei; green, phalloidin 

for actin; red, IGF-1R; cyan, pIGF-1R; scale = 20 µm). (B) Western blots highlighting IGF-1R/mTOR 
signaling cascade activation in Ewing’s Sarcoma cells cultured for 5 days as monolayers, on PCL scaffolds, 
or on PCL-ECM constructs. (C) Western blots highlighting expression of downstream products of IGF-1R 

transcriptional complex activity, FAM21A and c-JUN. Loading control for Histone H3 is the same as 
representative blots are all from the same experiment. 

 
To examine the activation of IGF-1R as a transcription factor we also probed for 

proteins downstream of the nuclear IGF-1R transcription factor complex, Family with 

Sequence Similarity 21 Member A (FAM21A) and c-Jun [49]. In congruence with our 

gross visual observations that identified lower levels of nuclear IGF-1R and pIGF-1R, we 

observed much lower levels of FAM21A and c-JUN in protein lysate from 3D samples 

(Figure 8C). Taken together, western blot analysis revealed a reduction in IGF-1R/mTOR 

signaling and IGF-1R transcriptional activity in 3D groups compared to monolayers that 

did not appear to be affected by the presence of mineralized or ECM components.  
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Clathrin inhibition reduces nuclear fraction of IGF-1R in monolayers but 

not in 3D conditions 

Previous studies have reported that translocation of IGF-1R to the nucleus is 

dependent on clathrin-mediated endocytosis and may play a pathogenic role in ES [34, 49, 

290]. While 3D culture conditions appeared to have less nuclear IGF-1R and pIGF-1R 

compared to monolayers, we sought to confirm this finding with quantitative image 

analysis. Further we wanted to determine the effect of inhibiting clathrin-mediated 

endocytosis with a small molecule inhibitor on the localization of IGF-1R in our 3D culture 

systems compared to monolayers. By characterizing the differential response of IGF-1R 

nuclear localization between 3D and monolayer groups to clathrin inhibition, we aimed to 

determine if there was active nuclear shuttling of the receptor from the plasma membrane 

in each condition.  

ES cells grown as monolayers, in PCL scaffolds, and in PCL-ECM constructs for 

5 days were treated with 25 µM Pitstop® 2, a small molecule clathrin inhibitor, for 15 min 

in serum-free medium. Cells in each culture condition were then washed and immediately 

fixed for staining and confocal imaging as before. We probed the samples for nuclei, actin, 

and for either the combination of IGF-1R and clathrin (Figure 9A) or pIGF-1R and clathrin 

(Figure 9B). We quantified the colocalization of IGF-1R and pIGF-1R before and after 

treatment with Pitstop® 2 with the nucleus by calculating the Manders Correlation 

Coefficient (MCC) after thresholding using the Costes Thresholding method [278, 279]. 

The MCC is calculated by dividing the number of stained colocalized pixels by the total 

number of positively stained pixels thereby giving the fraction of colocalized signal for 

each marker. We found that IGF-1R signal overlap with the nucleus was highest in the 

monolayer group (MCC = 0.65 ± 0.11), which is consistent with gross examination of the 

confocal images and increased expression of downstream targets of IGF-1R transcriptional 

activity seen in western blot analysis (Figure 9C). After clathrin inhibition, nuclear 

colocalized IGF-1R drastically decreased to the level of both PCL and PCL-ECM groups. 

In response to clathrin inhibition, ES cells in PCL and PCL-ECM groups did not harbor a 

decrease in nuclear IGF-1R suggesting that, although IGF-1R signal was already much 
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lower compared to monolayers, there is minimal active shuttling of IGF-1R from the 

cytoplasmic membrane to the nucleus in 3D conditions. 

Conversely, when images were analyzed for pIGF-1R staining, no group showed a 

decrease in nuclear colocalization of pIGF-1R in response to clathrin inhibition. While ES 

cells grown in PCL had a lower pIGF-1R nuclear fraction compared to monolayer and 

PCL-ECM groups overall, clathrin inhibition did not change nuclear colocalization. Taken 

together with the localization of IGF-1R, these results suggest that while nuclear 

colocalization of IGF-1R is dependent on clathrin in monolayers, activation of the receptor 

in the nucleus may be unchanged with clathrin inhibition. Conversely, IGF-1R nuclear 

colocalization was lower and did not appear to be perturbed by inhibiting clathrin in ES 

cells cultured in PCL scaffolds or PCL-ECM constructs. These results suggest that 3D 

environments do not actively promote internalization of the IGF-1R in ES, which may 

affect sensitivity to therapies that target the receptor. 
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Figure 9: Response to clathrin inhibition on IGF-R activation and localization.  

(A) and (B) Representative confocal microscopy images of ES cultured as monolayers, on PCL 
scaffolds, and PCL-ECM constructs depicting localization of IGF-1R (A) or localization of pIGF-1R 
(B) before and after 20 min of incubation with the small molecule clathrin inhibitor Pitstop® 2. (C) 

Manders Colocalization Coefficients (MCC) for the nuclear colocalization of IGF-1R (left) or pIGF-
1R (right) calculated from 6 confocal images after rolling ball background subtraction and Costes 

automatic thresholding. Two-way ANOVA with post-hoc Tukey’s HSD: letters represent independent 
groups with p < 0.05; ****p < 0.0001; n.s. = no significance. Groups sharing the same letter are not 

significantly different. 
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Figure 10: 3D cultures promote resistance to mTOR inhibition and doxorubicin in ES.  

Percent viable ES cells cultured in monolayers, PCL scaffolds, or PCL-ECM constructs in response to 
3-day treatment with (A) ridaforolimus and (B) dalotuzumab (n = 8) compared to untreated controls. 
One-way ANOVA with post-hoc Tukey’s HSD: letters represent independent groups with p < 0.05; 

n.s. = no significance. Groups sharing the same letter are not significantly different. (C) Dose-response 
curves to doxorubicin with or without the addition of IGF-1R/mTOR targeted therapy. Doxorubicin 

dose-response was compared between groups for doxorubicin alone (top panel); the mTOR inhibitor, 
ridaforolimus (middle panel); or doxorubicin in the presence of the IGF-1R targeted monoclonal 

antibody, dalotuzumab (bottom panel). Dose-response curves were fit using a sigmoidal, four 
parameter logistic regression. Each point is displayed as mean ± S.D. (n = 3 for each doxorubicin 

concentration). 
 

3D groups increase ES resistance to chemotherapy and IGF-1R/mTOR 

targeted therapy 

Combination chemotherapy with IGF-1R/mTOR targeted therapy has shown 

promising anti-cancer effects in vitro [287, 291]. Although IGF-1R/mTOR targeted 
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therapies were ultimately not approved for the treatment of ES, the trials highlighted the 

necessity of more accurate preclinical models for testing therapeutics. In our system, we 

have shown a differential activation of the IGF-1R/mTOR pathway in ES cells cultured in 

PCL scaffolds and PCL-ECM constructs compared to traditional in vitro cultures. 

Therefore, we hypothesized that response of ES cells to single agent IGF-1R/mTOR 

targeted therapy and combined therapy with IGF-1R/mTOR targeted agents with 

chemotherapy would be reduced compared to monolayers. 

To test our hypotheses, we first conducted a 3-day drug response experiment with 

single doses of ridaforolimus, an mTOR inhibitor, and dalotuzumab, an IGF-1R blocking 

monoclonal antibody. Treatment with 10 µM ridaforolimus indicated that ES monolayers 

were more sensitive to mTOR inhibition compared to ES in PCL or PCL-ECM (Figure 

10A). There was no observable difference between PCL and PCL-ECM groups in 

ridaforolimus response. Further, we found that there was no difference in response to 

treatment with 10 µg/mL dalotuzumab among the tested groups (Figure 10B). IGF-1R 

blockade at this concentration still allowed over 50% percent viable cells compared to 

untreated controls in all groups. 

 To evaluate chemosensitivity and combination therapy with IGF-1R/mTOR 

inhibitors, we assessed proliferation of ES in response to serial dilutions of the 

chemotherapeutic agent doxorubicin with and without IGF-1R/mTOR targeted therapy 

(Figure 6C). We calculated 50% inhibitory concentration (IC50) values for doxorubicin 

using the generated dose-response curves to assess the effect of culture environment and 

IGF-1R/mTOR blockade on chemosensitivity (summarized in Table 1). There were right 

shifts in the dose-response curves in PCL and PCL-ECM groups compared to monolayers 

resulting in an increased IC50 for 3D conditions: 0.075 µM (95% CI: 0.054 – 0.108 µM) 

for PCL and 0.052 µM (95% CI: 0.043 – 0.061 µM) for PCL-ECM compared to 0.018 µM 

(95% CI: 0.013 – 0.022 µM) for monolayers. Upon blockade of mTOR with ridaforolimus, 

all conditions had statistically similar response to doxorubicin (Table 1, middle section) 

but it is interesting to note that the IC50 of doxorubicin increased for monolayers but 

decreased for PCL and PCL-ECM groups. When ES cells were treated with combination 

chemotherapy and dalotuzumab, IC50 values of doxorubicin for ES cells cultured in 

monolayer or PCL showed no statistical difference, whereas there was a slight right shift 
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in the dose-response curve in the PCL-ECM condition, 0.042 µM (95% CI: 0.030 – 0.062 

µM), compared to PCL alone, 0.021µM (95% CI: 0.016 – 0.027 µM) (Table 1, right 

section). 

 
 

Table 1: Calculated IC50 values and 95% confidence intervals (95% CI) of doxorubicin on Ewing’s 
sarcoma cells in 2D and 3D culture conditions with and without the presence of IGF-1R/mTOR 

targeted therapy. 
 

Group  Monolayer PCL PCL-
ECM 

Monolayer PCL PCL-
ECM 

Monolayer PCL PCL-
ECM 

 Doxorubicin + + + + + + + + + 

Therapy Ridaforolimu
s - - - + + + - - - 

 Dalotuzumab - - - - - - + + + 

Response  

IC50 of 
Doxorubicin 

(µM) 
0.018 0.075 0.052 0.045 0.040 0.028 0.031 0.021 0.043 

95% CI (µM) 
0.013 

to 
0.022 

0.054 
to 

0.108 

0.043 
to 

0.061 

0.038 
to 

0.052 

0.030 
to 

0.053 

0.018 
to 

0.043 

0.026 
to 

0.036 

0.016 
to 

0.027 

0.030 
to 

0.062 

 
Overall, our results indicate that adding IGF-1R/mTOR targeted therapy to 

doxorubicin in monolayers appears to induce an increase in IC50 values. This could be a 

result of the increased antiproliferative activity of ridaforolimus in monolayers compared 

to the PCL and PCL-ECM conditions as both ridaforolimus and doxorubicin preferentially 

target dividing cells and the monolayer group harbored ES cultures with the highest 

proliferation rate. In contrast, combination doxorubicin with IGF-1R/mTOR inhibitors 

appeared to slightly decrease IC50 values for doxorubicin in almost all 3D conditions. The 

exception to IC50 reduction is for the PCL-ECM group treated with combination 

dalotuzumab/doxorubicin where the ECM component seemed to have a protective effect 

against the IGF-1R blockade compared to PCL alone. Taken together, these results indicate 

that activation changes in IGF-1R/mTOR pathway induced by the microenvironment may 

play a role in reducing sensitivity to chemotherapy and IGF-1R targeted therapy. 

 

Discussion 

Currently, the gold standard models of preclinical cancer therapeutic testing are 

mouse models with patient-derived xenograft (PDX) tissue where many elements of the 

tumor microenvironment are recapitulated [292]. The use of PDX models with specific 
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patient tissue may also herald new approaches to personalized medicine in sarcoma [293]. 

However, these in vivo systems utilize immunocompromised mice and graft locations are 

often not orthotopic. These models do not afford investigators the ability perturb specific 

elements of the microenvironment, therefore hindering investigations into cancer biology 

and mechanisms of resistance to potential therapeutics. PDX models also suffer from low 

throughput, high cost, and ethical concerns. Conversely, monolayer culture systems are 

high-throughput systems, relatively inexpensive, and are not subject to animal use 

concerns. Ideally, engineered tumor microenvironments would bridge the gap between 

these two technologies and provide a tool to study particular elements of cancer biology in 

a platform where the researcher is afforded exquisite control over the tumor niche. 

In recent years, the tumor microenvironment has been the subject of investigation 

into cancer biology and a potential target for therapeutics [10, 294, 295]. In this work we 

have engineered a bone tumor niche with the goal of assessing how tumor architecture, 

ECM, and mineralized components influence the behavior and pathogenesis of ES. We 

fabricated 3D microenvironments by culturing human MSCs in osteogenic conditions in 

electrospun PCL meshes. After decellularization, these PCL-ECM constructs maintained 

extracellular elements and mineral content deposited by the differentiating MSCs. Our lab 

has previously shown that these acellular environments are biologically active with myriad 

ECM components and promote osteogenic differentiation of MSCs towards an osteogenic 

lineage [276, 296]. In this work we hypothesized that these biologically active elements of 

the bone microenvironment would affect proliferation, drug resistance, and IGF-1R 

pathway activation in ES.  

PCL-ECM construct environments were able to recapitulate ES tumor cell 

morphologies showing clustered, round cell phenotypes whereas cells in PCL 

environments tended to grow in smaller clusters or as single cells along fibers. Further, the 

addition of ECM and mineral components to PCL environments harbored increased 

proliferation of ES after 5 days making these constructs potentially useful for studying 

mechanisms of propagation of ES tumors. It may be the case that it is not the biologically 

active component of PCL-ECM microenvironments, but rather topographical differences 

between the two 3D environments under investigation, that contribute to increased 

clustering and proliferation of ES. Further investigation beyond the scope of this study is 
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needed to discern whether topography or biologically active ECM plays a more significant 

role in dictating proliferation in ES. Both PCL and PCL-ECM environments harbored 

lower ES cell proliferations compared to monolayers, consistent with decreased metabolic 

activity.  

Surprisingly, both PCL and PCL-ECM environments harbored decreased IGF-

1R/mTOR activation compared to monolayers. While previous reports have indicated an 

increase of IGF-1R/mTOR activation in 3D scaffolds for ES, we found the opposite effect, 

likely due to lower seeding density and earlier timepoints taken in our study [272]. IGF-

1R/mTOR activation was similar in PCL and PCL-ECM groups suggesting that the 

bioactive elements in PCL-ECM environments did not serve to potentiate the IGF-

1R/mTOR pathway in our electrospun system.  

Further, nuclear localization of IGF-1R was decreased in our 3D environments 

compared to monolayers. This observation corroborated our result that FAM21A and c-

Jun are downregulated in 3D groups as these proteins are upregulated in response to 

increased nuclear IGF-1R transcriptional activity. Monolayers were sensitive to clathrin 

inhibition as treatment with Pitstop® 2 dramatically decreased the nuclear fraction of IGF-

1R, whereas no effect was observed in 3D groups, which harbored lower nuclear IGF-1R 

signal. Interestingly, although the total IGF-1R nuclear fraction was decreased in 

monolayers upon clathrin inhibition, the nuclear fraction of the active phosphorylated form 

of the receptor was not affected in any group suggesting a compensatory mechanism of 

IGF-1R activation when clathrin-mediated endocytosis is inhibited. 

Some groups have reported that nuclear IGF-1R and increased c-Jun and FAM21A, 

which are responsible for mediating cell survival and migration, may be poor prognostic 

indicators in cancer while others have described increased nuclear IGF-1R in cases of 

cancer where sensitivity to IGF-1R inhibition with monoclonal antibodies was observed 

[32, 49]. In our system, 3D environments with lower nuclear IGF-1R contributed to 

increased resistance to mTOR inhibition and doxorubicin but not IGF-1R inhibition 

compared to monolayers. Perhaps a higher dose of the IGF-1R monoclonal antibody is 

needed before differences in response can be observed. However, in the current study, the 

chosen dose of IGF-1R mAb is well within the range of published bioactivity [30]. 
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In vitro combination therapy studies in our systems revealed that 3D environments 

increased the IC50 values for doxorubicin, a commonly used chemotherapeutic for sarcoma, 

compared to monolayers. This maybe in part due to decreased proliferation rate in 3D 

environments as doxorubicin acts on fast-dividing cells [297]. However, upon inhibition 

of IGF-1R or mTOR with targeted therapies at a single concentration in monolayers, IC50 

values for doxorubicin increased, potentially indicating a slower growth rate and thus less 

susceptibility to doxorubicin. Interestingly when IGF-1R/mTOR was inhibited, IC50 values 

for doxorubicin in monolayers became statistically equivalent to IC50 values in both 3D 

conditions. This result suggests that although inhibition of IGF-1R/mTOR may inhibit 

growth of sarcoma, the resultant cell populations are more resistant to chemotherapy as 

proliferation is decreased.  

Although recent clinical trials did not lead to approval for IGF-1R/mTOR targeted 

therapy, there is still hope that, in the future, patients will be able to be stratified and 

selected for treatment with these agents [16, 41, 298]. This stratification would ideally be 

based on patient-specific disease characteristics and the identification of biomarkers that 

would herald efficacy of these targeted approaches. Engineered tumor models offer an 

avenue of investigation into patient-specific disease outside of costly xenograft models, 

pushing towards personalized medicine and a higher throughput system that could identify 

molecular signatures of outcomes and therapeutic response influenced by the 

microenvironment. Here, we have engineered tumor niche elements that drastically reduce 

IGF-1R signaling through mTOR or as a transcription factor and we have highlighted 

opportunities to investigate potential mechanisms of resistance in ES that rely on the tumor 

microenvironment. 

Conclusions 

Engineered models take a reductionist approach to study the interplay between 

cancer cells and selected elements of the microenvironment. While this work focused on 

the role of ECM, mineralization, and architecture in altering ES cell morphology, drug 

resistance and IGF-1R/mTOR activation, electrospun meshes are adaptable platforms that 

can be used to incorporate other elements of the tumor niche such as vasculature, immune 

cells, and stromal cells. Indeed, electrospun environments are highly versatile and offer 
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customizable environments for cancer researchers. In our current study, we observed a 

stark reduction in the IGF-1R/mTOR signaling cascade and IGF-1R transcriptional activity 

in our 3D groups. While the addition of bioactive factors in PCL-ECM constructs served 

to increase proliferation and recapitulate some hallmarks of ES morphology, these 

elements did not modulate IGF-1R signaling compared to PCL only controls. Both 3D PCL 

and PCL-ECM environments harbored ES cell phenotypes that were resistant to mTOR 

inhibition and doxorubicin compared to monolayer controls making these environments 

potentially applicable for studying mechanisms of resistance in the bone tumor niche. 

Ultimately, side-by-side evaluation of versatile models by comparison to clinical 

specimens and PDX models will lead to further validation of engineered environments as 

tools to study cancer biology and therapeutic efficacy.  

 

Supplementary Information: 

Figure S1. Schematic of the electrospinning set up 
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Supplementary Information 

 

 
 
Figure S1. Schematic of the electrospinning set up. A voltage of V is applied to a 14 wt% solution of PCL 
as the solution is extruded from a syringe at a rate of Q at a distance d from a collecting plate comprising a 
copper plate connect to a ground covered with a glass pane.   
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Chapter 5 

Mechanically tunable coaxial electrospun 
models of YAP/TAZ mechanoresponse and 

IGF-1R activation in osteosarcoma 

Abstract  

Current in vitro methods for assessing cancer biology and therapeutic response rely 

heavily on monolayer cell culture on hard, plastic surfaces that do not recapitulate essential 

elements of the tumor microenvironment. While a host of tumor models exist, most are not 

engineered to control the physical properties of the microenvironment and thus may not 

reflect the effects of mechanotransduction on tumor biology. Utilizing coaxial 

electrospinning, we developed three-dimensional (3D) tumor models with tunable 

mechanical properties in order to elucidate the effects of substrate stiffness and tissue 

architecture in osteosarcoma. Mechanical properties of coaxial electrospun meshes were 

characterized with a series of macroscale testing with uniaxial tensile testing and 

microscale testing utilizing atomic force microscopy on single fibers. Calculated moduli in 

our models ranged over three orders of magnitude in both macroscale and microscale 

testing. Osteosarcoma cells responded to decreasing substrate stiffness in 3D environments 

by increasing nuclear localization of Hippo pathway effectors, YAP and TAZ, while 

downregulating total YAP. Additionally, a downregulation of the IGF-1R/mTOR axis, the 

target of recent clinical trials in sarcoma, was observed in 3D models and heralded 

increased resistance to combination chemotherapy and IGF-1R/mTOR targeted agents 

compared to monolayer controls. In this study, we highlight the necessity of incorporating 
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mechanical cues in cancer biology investigation and the complexity in 

mechanotransduction as a confluence of stiffness and culture architecture. Our models 

provide a versatile, mechanically variable substrate on which to study the effects of 

physical cues on the pathogenesis of tumors. 
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Introduction  

The high failure rate of drugs in early phase clinical trials can partially be blamed 

on the lack of translatability of current in vitro models [3, 4]. A fundamental tool for in 

vitro study of cancer is tissue culture on hard glass or modified polystyrene substrates. 

However, in vitro culture techniques suffer from myriad problems in recapitulating 

essential hallmarks of cancer including physical elements such as extracellular matrix 

stiffness and architecture [5]. Compounding the problem, these non-physiologic substrates 

have drastic effects on cell phenotype, expression of “biomarkers”, and therapeutic 

resistance profiles [6].  

In recent years, the tumor microenvironment has been recognized as playing critical 

roles in cancer biology and therapy evasion [6, 70, 270]. The tumor microenvironment 

comprises a diverse array of elements including architectural cues, heterotypic cell 

interactions, biochemical signals, and mechanical properties. This convergence of factors 

facilitates the formation of a complex network of adaptive cell phenotypes that evade our 

best therapeutic options. Recent attempts at the identification of aggressive cell populations 

in cancer have involved suspension culture and encapsulation of cells in hydrogels of 

variable stiffness in order to generate populations of more aggressive phenotypes 

characterized by increases in cell-cell contact, drug resistance, plasticity, and tumorigenic 

potential [42, 299]. While these models have underscored the role of microenvironmental 

elements in tumor pathogenesis, many of these systems are not amenable to the 

interrogation of biophysical signals without confounding other elements such as the degree 

of cell spreading, cell shape, and nutrient or oxygen mass transport. 

The mechanical environment is known to directly regulate lineage commitment of 

normal mesenchymal stem cells (MSCs) and generation of cancer stem cells [55]. 

However, it is unknown whether osteosarcoma cells, believed to derive from genetically 

aberrant MSCs or slightly more differentiated osteoblastic daughter cells, are equally 

susceptible to the biophysical forces inherent in the tissue, which vary widely in bone [57, 

58, 300]. 

In this study, we set out to build electrospun models to investigate how 

osteosarcoma cells respond to their mechanical microenvironment. Utilizing coaxial 

electrospinning techniques, we built a highly porous, mechanically tunable biomaterials 
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suitable for studying the response of osteosarcoma to mechanical and architectural cues. 

We characterize our coaxial electrospun scaffolds as models for osteosarcoma with 

macroscale mechanical testing in a uniaxial tensile testing system and microscale testing 

with atomic force microscopy measurements of elastic moduli. We then assess the 

mechanoresponse of osteosarcoma cells by determining changes in localization and 

expression of Hippo pathway effectors, Yes-associated protein 1 (YAP) and transcriptional 

co-activator with PDZ-binding motif (TAZ) [53]. 

The insulin-like growth factor 1 receptor (IGF-1R)/mechanistic target of rapamycin 

(mTOR) cascade has been the target of recent clinical trials for osteosarcoma and other 

cancers [16, 31, 41].  Our group and others have previously shown that mechanical stress 

and culture architecture can affect drug sensitivity in vitro to both chemotherapy and IGF-

1R/mTOR targeted therapy [45, 100, 272]. After establishing that osteosarcoma cells 

respond to mechanical elements in the microenvironment, we investigate the influence of 

our engineered substrates on the activation of the IGF-1R/mTOR pathway. We further 

characterize the differential response to combination chemotherapy and IGF-1R/mTOR 

targeted therapy in our 3D models. Our models make evident the phenotypic drift in 

osteosarcoma due to mechanical cues and we evaluate the potential ramifications these 

changes have for stem cell characteristics, proliferation, and response to current therapy.  

 

Materials and Methods 

Statistical analyses 

All statistics were performed using Microsoft Excel or GraphPad Prism. All data 

are displayed as raw values when possible or for proliferation and drug testing assays, 

normalized to an internal control after subtracting for baseline fluorescence or absorbance 

respectively. Data are displayed as means with standard deviations, standard error, or 95% 

confidence intervals as indicated in figure captions. Electrospun mesh evaluation, all in 

vitro cellular values, and patient sample staining values were compared between groups 

using paired t-tests, one-way or two-way ANOVA with post-hoc Tukey’s HSD as 

described in figure captions with *p < 0.05, **p <0 .01, ***p <0 .001, #p ≤ 0.001.   
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Electrospinning set up and technique 

All meshes were electrospun using the YFlow Professional Lab Device V2.0. Fiber 

meshes with random orientation were spun onto an aluminum collecting plate. 60 mL 

syringes were loaded into the syringe pump pointed downward towards the collecting plate. 

Poly(ε-caprolactone) (PCL, average Mn 80,000, Sigma-Aldrich) and gelatin (Type B, Nitta 

Gelatin) were dissolved at 15% w/v in trifluoroethanol (TFE, Sigma-Aldrich) overnight in 

sealed round bottom flasks. For fibers consisting of purely gelatin or PCL, a 16G blunt 

needle tip was used and polymer was extruded at a rate of 5 mL/hr at a distance of 10 cm 

from the collecting plate. The collecting plate was covered with aluminum foil and then 

non-stick parchment paper to prevent fibers from adhering to the collecting surface. For 

pure gelatin and PCL, meshes were spun for 45 min to achieve a thickness of at least 100 

µm. The voltage applied ranged from 6-8 kV and the collecting plate was connected to 

ground. For coaxial fibers, a coaxial needle consisting of one blunt tip needle of 20G inside 

a 16G blunt tip needle was used (ramé-hart instrument co.). Polymer was extruded from 

each compartment at variable rates that totaled 10 mL/hr. A voltage of 9-11 kV was used 

to achieve a stable Taylor cone and the coaxial needle was placed 15 cm from the collecting 

plate. Coaxial fiber meshes were spun for 25-30 min each.  

 For aligned fiber meshes, the flat collecting plate was replaced with a 

rotating mandrel of 25 cm diameter and covered with aluminum foil and parchment paper 

as before. The mandrel was rotated at 1000 RPM to ensure fibers were aligned. Electrospun 

meshes were allowed to dry overnight in the chemical fume hood and then removed, 

wrapped in foil and stored in a sealed desiccator prior to use.  

Scaffold preparation from electrospun meshes 

Electrospun meshes were removed from parchment paper on collecting plate by 

gently lifting the edges of the mesh. Scaffolds were prepared from electrospun meshes for 

96-well plates by using a 6 mm dermal biopsy punch to collect scaffolds from thicker parts 

of the electrospun meshes. Similarly, for 6-well plate cultures, electrospun meshes were 

cut into circular scaffolds of 3.4 cm diameter. Gelatin-containing scaffolds were then 

crosslinked using glutaraldehyde (Sigma-Aldrich) in the vapor phase for 24 hrs in a sealed 
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desiccator as previously described [301]. All scaffolds were then placed in 50 mL conical 

tubes (BD Falcon) and sterilized for 12 hrs with ethylene oxide (AN73, Andersen Products) 

and allowed to vent for 24 hrs. Gelatin containing scaffolds were then treated with sterile 

filtered 0.1M aqueous glycine solution overnight to block excess aldehyde residues 

following glutaraldehyde treatment [302]. PCL scaffolds were wet using an ethanol 

dilution gradient as described previously [272]. All scaffolds were then washed 3 times 

with PBS and placed in medium (DMEM, 10% FBS, 1% Pen-Strep, ThermoFisher) 

overnight in a humidified 37 °C incubator with 5% CO2. Cells were then seeded the next 

day after cell culture medium treatment. 

Scanning electron microscopy  

Scaffolds were collected after electrospinning and placed on scanning electron 

microscopy (SEM) sample holders using double sided magnetic tape (Ted Pella). Samples 

were sputter coated with gold and imaged with a FEI Quanta 400 emission scanning 

electron microscope (FEI, ThermoFisher). 

Confocal microscopy of fiber meshes 

To visualize and assess fiber swelling for all groups, we incorporated rhodamine B 

dye (0.01% w/v, Sigma-Aldrich) in the 15% w/v solution of PCL in TFE for the pure PCL 

scaffolds and all coaxial groups. For the case of pure gelatin, we incorporated 0.01% w/v 

rhodamine B as well. Both PCL and gelatin fluoresced in the blue wavelength range in 

response to light of wavelength 405 nm allowing them to be visualized with the DAPI 

excitation and emission filter set. Therefore, we imaged the blue and red channel to image 

dry and wet samples of fibers of variable composition. We used a Nikon A1-Rsi confocal 

set up with the 405 nm and 561 nm laser to visualize the surface of fibrous scaffolds in dry 

and wet conditions. Scaffolds were placed on sample holders with 1.5 glass on the bottom 

(Ibidi 81218) and imaged at with a 40× water objective. Single plane images are displayed 

in figures unless otherwise stated in figure caption.  
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Randomized fiber diameter assessment 

To randomize fiber diameter measurements, images of fibers that were taken using 

confocal microscopy with a 3× zoom on a 40× water objective were analyzed in ImageJ 

with FIJI plugins (NIH). Each image was split into thirds horizontally. At every point 

where a dividing line intersected a fiber, that fiber was measured for diameter at that point 

using the measure tool in ImageJ. Images were analyzed until n = 30 fibers had been 

randomly selected and measured.  

Porosity calculation 

Confocal microscopy projections of 20 µm sections were generated from z-stack 

images of dry and wet scaffolds with incorporated 0.01% w/v rhodamine B dye as 

described. Using IMARIS image processing software (V8.4, Bitplane) we were able to 

obtain the solid volume of fibers by generating a volume mask of the red-fluorescing fibers. 

By subtracting the solid fiber volume mask from the total volume, we calculated the 

porosity of fibrous meshes in dry and wet conditions.  

 

Cell culture, cell culture reagents and proliferation assays 

The MG63 osteosarcoma cell line was used in all experiments. Cells were cultured 

in DMEM, high glucose basal medium (ThermoFisher) with 10% fetal bovine serum 

(Gemini Bio-Products) and 1% Pen-Strep (ThermoFisher) and were sourced from the 

Characterized Cell Line Core Facility at The University of Texas MD Anderson Cancer 

Center. Cells were seeded as monolayers at 5,000 cells per well in 96-well plates and at 

10,000 cells per well in all 3D conditions to account for decreased seeding efficiency. For 

6-well plates, the same seeding density was used scaled to the growth area of the plate. For 

imaging of monolayers, 12 mm diameter 1.5 glass coverslips (ThermoFisher) were placed 

at the bottom of 24-well tissue culture treated plates (Corning) and cells were seeded at the 

same density.  

Total cell count was calculated from analyzing DNA content using a Quant-iTTM 

PicoGreenTM dsDNA assay kit (ThermoFisher). Cells from monolayers were lifted from 

96-well culture plates using TrypLE Express (ThermoFisher) and collected in 1.7 mL 
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microcentrifuge tubes and resuspended in 200 µL of Milli-Q H2O. for all 3D groups, 6 mm 

scaffolds were washed in PBS and placed in 200 µL of Milli-Q H2O. DNA was extracted 

from cells by subjecting the samples to 3 freeze-thaw cycles in liquid nitrogen and 37 °C 

water. Lysate was combined with TE buffer and dye solution as previously described as 

per manufacturer instructions [272]. Excitation and emission wavelengths of 485 nm and 

538 nm were used, respectively to measure the total dsDNA (FLx800 fluorescence 

microplate reader; BioTek Instruments). A standard DNA curve was used to ensure that 

measured values were within the linear fluorescence regime. Sample cell number was 

derived from a dilution of a known number of MG63 cells prepared similarly from 

monolayers run on the sample plate. 

Uniaxial tensile testing 

For uniaxial tensile testing, an EnduraTEC ELF 3200 uniaxial tensile testing system 

was used (Bose). A water tank was filled with filtered water and mounted onto the 

apparatus to test the electrospun meshes in aqueous conditions. All samples were loaded 

with a starting length of 2.0 cm and subjected to an initial strain of 10% per min (adapted 

from ASTM D 882-02). For randomly oriented fiber samples, the width was 2 cm and for 

aligned fiber samples (n = 5 per group), the width was 1 cm.  Thickness was measured by 

subtracting the zero-point distance value of the instrument clamps from the change in 

distance of the zero-point distance value when various samples were placed in between the 

clamp heads with the seeding surface area oriented towards the clamps. Tensile moduli 

were calculated by fitting a straight line to the linear portion directly following the toe 

region of the generated stress-strain curves. The slope of the fitted linear portion of the 

curve was then taken as the bulk modulus (EB) of the mesh. To calculate individual fiber 

tensile moduli (Ei), we corrected the modulus for the void fraction and assumed all fibers 

to be the same diameter using the equation: 

 

𝐸" =
𝐸$
1 − 𝜀 

Equation 1: Tensile modulus of individual fibers 
 

where ε is the porosity of the electrospun mesh. 
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Atomic force microscopy 

Atomic force microscopy (AFM) was conducted in the University of Texas Health 

Science Center AFM Core Facility using a BioScope IITM Controller (Bruker 

Corporation). The acquisition of elastic measurements was performed with the Research 

NanoScope software version 7.30 and analyzed with the NanoScope Analysis Software 

version 1.40 (copyright 2013 Bruker Corporation). This system was integrated to a Nikon 

TE2000-E inverted optical microscope (Nikon Instruments Inc.) to facilitate the bright field 

imaging of the microfibers. 

Polymer solutions of gelatin and PCL were prepared as stated above. Samples of 

single fibers were prepared by depositing electrospun microfibers on 25 × 75 mm glass 

microscope slides (SuperfrostTM, ThermoFisher) taped with electrical tape onto the 

aluminum collecting plate. After a stable Taylor cone was achieved, the syringe pump and 

needle apparatus was moved at a speed of 50 mm/second across the stationary glass slide 

at a distance of 15 cm from the blunt tip needle. Glass slides were then carefully cut from 

the aluminum foil on the collecting plate taking care to not stretch individual fibers. Fibers 

were allowed to dry overnight in the chemical fume hood. Fibers containing gelatin were 

crosslinked as above. For gelatin containing fibers, fibers were hydrated for 24 hrs by 

adding 1 mL of PBS to the glass slide prior to indentation. PCL fibers were first wet with 

ethanol and subsequently with PBS overnight. 

The fibers that did not overlap were selected using optical microscopy (20×) to 

perform AFM force measurements. The elastic modulus of indentation was measured on 

hydrated microfibers using non-conductive silicon nitride DNP-S cantilevers (fo = 40-75 

kHz, k = 0.32 N/m, ROC = 10 nm) purchased from Bruker Corporation. Force curves were 

probed using a ramp size of 2 µm and a scan rate of 0.5 Hz, with a force load of 50 nN. 

The probe spring constant was determined prior to each experiment using thermal tuning. 

The modulus was calculated by fitting to a standard Sneddon model for a triangular 

indenter and a Poisson’s ratio of 0.45 (given to hydrogels). A minimum of 3 force 

measurements were captured for individual fiber sample (n = 3) which resulted in at least 

n = 30 measurements for each group of which the first 30 measurements were used in 



  

 106 

analysis excluding data points made in errors of alignment to the fiber. For AFM, data 

points that were deemed by the operator of the UTHealth AFM Core Facility as either 

missing individual fibers or indenting the glass surface were excluded due to being orders 

of magnitude different than average values. AFM data analysis was performed with the 

Bruker data processing software (NanoScope Analysis version 1.40 copyright Bruker 

Corporation) to estimate the elastic modulus. 

Immunofluorescence staining for confocal microscopy 

Samples of monolayers on coverslips or electrospun scaffolds were washed in 1× 

PBS and fixed in a 4% paraformaldehyde solution (ThermoFisher) for 15 min at room 

temperature. Samples were then washed 3 times in 1× PBS on a shaker for 5 min before 

being blocked with blocking buffer (1× PBS, 5% normal goat serum, 0.3% Triton™ X-

100) for 60 min. Primary antibodies were then diluted 1:100 in antibody dilution buffer 

(1X PBS, 1% BSA, 0.3% Triton™ X-100) and samples were incubated in primary antibody 

overnight at 4 °C. Primary antibodies used for all in vitro immunocytochemistry were 

targeted to YAP (Santa Cruz, sc-271134), TAZ (abcam, ab-84927), IGF-1R (Santa Cruz, 

sc-461) and pIGF-1R (Santa Cruz, sc-101703). Samples were then washed 3 times with 1× 

PBS before incubating with secondary antibody (diluted 1:500, Cell Signaling) and 

phalloidin conjugated to iFluor 488 (Abcam, diluted 1:1000) in antibody dilution buffer 

for 1.5 hrs in the dark at room temperature. After 3 washes, cells were incubated for 10 

min in a 1:2000 dilution of a 1 mg/mL Hoechst stock solution (ThermoFisher). Samples 

were then rinsed once with PBS. Coverslips were mounted onto slides using Prolong® 

Gold Antifade Reagent (Cell Signaling). 3D scaffolds were placed in 1 mL of PBS and 

imaged on 35 mm 1.5 glass bottom dishes as sample holders (Ibidi 81218). Locations of 

images were selected in order to maximize the area of the sample in the focal plane of the 

seeding surface of the scaffolds, constructs or coverslips and for increased cellularity to 

maximize the number of cells in the analysis. We used a Nikon A1-Rsi confocal set up to 

collect images from each group using the appropriate laser wavelength and filters for each 

stain. 
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Image segmentation and calculation of nuclear:cytoplasmic ratio 

All image analysis was performed using IMARIS 3D image processing software 

(V8.4, Bitplane). Z-stack images were processed using the native “Cells” algorithm to 

segment individual nuclei and cytoplasmic volumes for each image set. Nuclei were 

identified, split by seed points based on areas of max intensity, and segmented in the 405 

nm channel with nuclear diameter = 8.00 µm, smoothing filter = 2.00 µm after background 

subtraction with sphere diameter of 1.00 µm to reduce noise. Intensity values for defining 

nuclei segmentation were automatically set after background subtraction using the native 

auto-threshold algorithm. Because PCL autofluoresces in the 405 nm range, individual 

nuclei were identified by filtering out and discarding from analyses any identified volumes 

with a sphericity below 0.45 on a scale from 0 to 1. Cytoplasmic volumes for entire image 

z-stacks were identified by positive staining for fluorescent actin in the 488 nm channel 

[303]. Smoothing filter width was selected to be 2.00 µm as with nuclei. Z-stack images 

were then segmented for total cytoplasmic volume with the native auto-threshold algorithm 

in the 488nm channel. Integrated intensity values for YAP and TAZ stains for individual 

nuclei and entire volumes of cells were then exported as .csv files and analyzed in 

Microsoft Excel.  

Individual nuclei were able to be identified by the IMARIS algorithm and mean 

nuclear intensities of each marker in individual nuclei were calculated by dividing the 

integrated intensity of each marker by the volume of each nucleus. Total nuclear volumes 

and nuclear integrated intensities were subtracted from total cellular volumes and 

integrated intensities to determine the average volume and integrated intensities for the 

cytoplasmic domain across all cells in the z-stack volume. To determine the nuclear to 

cytoplasmic ratio (N:C ratio) of the markers, total integrated signal intensities were then 

normalized to individual nuclear volumes or total cytoplasmic volumes and calculated for 

each unique nucleus identified in the z-stack. The formula is shown below: 
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𝑁: 𝐶	𝑟𝑎𝑡𝑖𝑜 =

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑	𝑆𝑖𝑔𝑛𝑎𝑙	𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦:;<"="<>?@	A>B@C>D
𝑉𝑜𝑙𝑢𝑚𝑒:;<"="<>?@	A>B@C>D

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑	𝑆𝑖𝑔𝑛𝑎𝑙	𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦HIJKL@?DM"B	NKM?";
𝑉𝑜𝑙𝑢𝑚𝑒HIJKL@?DM"B	NKM?";

 

 
Equation 2: Nuclear to cytoplasmic ratio 

 
Segmentation boundaries were overlaid on the original merged image and verified 

for accuracy before analysis.  

 

Protein isolation and western blot analysis 

For monolayer conditions, cells from 3 wells in a 6-well plate were lifted with 

TrypLE Express (ThermoFisher) and pooled into one sample. For cells cultured in 3D 

electrospun scaffolds, three samples from individual wells in the 6-well plate were washed 

once with PBS and pooled into one sample in a 50 mL conical tube (BD Falcon). Cells 

were then lysed on ice in 250µL of lysis buffer (1% Triton X-100, 50 mM HEPES, pH 7.4, 

150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 100 mM sodium fluoride, 10 mM sodium 

pyrophosphate, 1 mM Na3VO4, 10% glycerol) containing freshly added protease and 

phosphatase inhibitors (Roche) as previously described [272]. Protein concentration for 

samples were measured using a micro BCA protein assay kit (ThermoFisher). 25 µg of 

protein in lysate per sample were run immediately using SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) or stored at -80 °C. After SDS-PAGE, proteins were 

transferred to PVDF membranes (EMD Millipore). Membranes were blocked using 

SuperBlockTM Blocking Buffer (ThermoFisher) for 1 hour and then allowed to incubate 

overnight in primary antibody at a dilution of 1:2000 for GAPDH loading control antibody 

and 1:1000 for all other antibodies. Primary antibodies for protein detection on membranes 

were all purchased from Cell Signaling Technology with the exception phosphorylated 

pYAP which was purchased from Abcam. After three consecutive washes in PBS with 

0.1% Tween 20 and a final wash of PBS, signals were captured using horseradish 

peroxidase-conjugated secondary anti-rabbit IgG (Cell Signaling Technology) and 

visualized using SuperSignal West Dura Chemiluminescent Substrate (ThermoFisher). 

Images of chemiluminescent bands were then recorded using a ChemiDocTM Imaging 

system (Bio-Rad).  



  

 109 

Dose response and drug testing experiments 

Osteosarcoma cells were seeded onto 96-well plates in monolayer or 3D 

electrospun scaffolds as before. Cells were allowed to adhere for 24 hrs in 200 µL of basal 

medium. After seeding, 100 µL of medium was removed from monolayers and 100 µL of 

medium with various therapeutic agents was added. For 3D conditions, scaffolds were 

sterilely moved from an original 96-well plate to a new plate with 200 µL of medium 

containing therapeutic agents at the appropriate concentrations. To generate dose response 

curves for doxorubicin (Selleck), stock solution was diluted to 10 µM and then serially 

diluted 1:2 for 9 total doxorubicin concentrations tested along with a no-drug control. For 

combination drug experiments, ridaforolimus (10 µM, Merck) and dalotuzumab (10 

µg/mL, Merck) were diluted with medium containing the appropriate concentrations of 

doxorubicin such that the inhibitor concentration remained constant in every well. The no-

doxorubicin control wells in each combination drug experiment contained only 

ridaforolimus or dalotuzumab respectively. All drug concentrations were applied in 

triplicate wells in separate 96-well plates for all groups. After 3 days of treatment, 100 µL 

of medium was removed from each sample well and replaced with a WST-1 solution in 

medium (Sigma-Aldrich) to a final concentration of 10% WST-1 solution in 200 µL of 

culture medium. Cells were allowed to incubate at 37 °C for 1 hour per manufacturer 

instructions. After incubation, 100 µL was removed from sample plates and placed in a 

new, clear 96-plate. Absorbance of the medium with formazan product was read at 440 nm 

with a reference wavelength of 650 nm in a PowerWave X 340 plate reader (Bio-Tek 

Instruments). Baseline medium only absorbance was subtracted from all sample values. 

Sample values with no doxorubicin were averaged and considered and used as the 100% 

live cell control for each experiment.  
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Results  

Electrospun coaxial fiber meshes are highly porous substrates that mimic 

bone tumor microenvironments 

We modeled the highly porous structures found in trabecular bone by 

electrospinning meshes comprising coaxial microfibers of poly(ε-caprolactone) (PCL) and 

gelatin. In our coaxial setup, PCL was used as the core polymer and gelatin was used as 

the shell polymer. This orientation of polymers in our fibers was chosen because PCL is 

much stiffer than gelatin, and because gelatin has a similar composition to collagen found 

in bone extracellular matrix and behaves as a hydrogel and swells in aqueous solutions 

(Figure 11A) [304-306].  

We adjusted the extrusion rates to modulate the mass ratio of each polymer in 

individual fibers and consequently their bulk mechanical properties (Figure 11B) [305, 

307]. We electrospun pure PCL meshes, pure gelatin meshes, and three coaxial fiber 

meshes in the gelatin:PCL percentage ratios of 20:80, 50:50, and 80:20, hereafter referred 

to as 20%, 50%, and 80% gelatin coaxial, respectively, and examined the fibers with 

scanning electron microscopy (Figure 11C). To examine swelling behavior in aqueous 

solution, we utilized confocal microscopy to image these five fiber types in dry conditions 

and after 24 hrs or 7 days of incubation in phosphate buffered saline (PBS) at 37 °C 

mimicking cell culture conditions (Figure 11D). As expected, PCL fiber diameter did not 

change from dry to aqueous conditions whereas meshes containing gelatin increased fiber 

diameter after 24 hrs (Figure 11E). Interestingly, pure gelatin and 80% gelatin coaxial 

fibers continued to swell up to 7 days from initial submersion in PBS. Dry meshes of all 

compositions exhibited similar porosities, ranging, on average, from 76.8% to 83.0% 

(Figure 11F). As fibers containing gelatin are fused together at crosslinked junctions 

limiting the overall bulk mesh swelling, meshes with high gelatin content saw a greater 

reduction in porosity upon wetting than meshes with low gelatin content.  
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Increasing gelatin shell components of coaxial fibers decreases elastic moduli 

in macroscale and microscale testing 

To begin mechanical characterization of the composite electrospun meshes, we 

determined the bulk mechanical properties of meshes comprising randomly aligned fibers. 

Macroscale tensile testing of cut strips of fiber meshes was performed in an aqueous, 

uniaxial mechanical testing system. We characterized the bulk tensile modulus in aqueous 

conditions for randomly oriented fiber meshes treating the highly porous meshes as a solid 

thin film (Figure 12A). Tensile moduli were calculated from the linear portion of stress-

strain curves generated by gradually increasing the strain of the samples at a rate of 10% 

per min (Figure 12B). However, the recorded force and resulting calculated tensile 

modulus in this system does not take into account the void fraction of the material and can 

be heavily influenced by fiber-fiber interactions including covalent crosslinking, 

electrostatic forces, and individual fiber orientation.  
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Figure 11: Fabrication and characterization of a 3D bone tumor microenvironment comprising electrospun 

coaxial fiber meshes. 
(A) Coaxial electrospinning set up with dual syringes extruding into a coaxial needle. Polymer solution is 

extruded at variable flow rates, Q1 and Q2, at a distance, d, from the collecting plate. Positive voltage, V1, is 
applied at the coaxial needle while negative voltage or a ground, V2, is applied to the metal collecting plate. 

(B) Top: cross section of a coaxial needle demonstrating a red PCL core flow rate Q1 and a blue gelatin 
shell flow rate of Q2. Bottom: graphical representation of cross sections of single fibers collected in 

electrospun meshes with variable composition of PCL and gelatin derived from varying flow rates. (C) 
Representative scanning electron micrographs of meshes comprising five fiber types of varying ratios of 

core-shell PCL-gelatin composition. Top: meshes at 150× magnification, scale = 200 µm. Bottom: meshes 
at 1000× magnification, scale = 20 µm. (D) Representative confocal microscopy images of a single plane 
depicting fiber swelling in aqueous solution over time. Top: dry fibers. Middle: fibers that have been in 

aqueous solution for 24 hrs. Bottom: fibers that have been in aqueous solution for 7 days, scale = 50 µm. 
(E) Swelling of individual fibers evaluated by measuring individual fiber diameter over time (n = 30 fibers 
for each group per time point). (F) Porosity of meshes comprising variable fiber composition in dry (red) 

and wet (blue) conditions after 24 hrs of submersion in aqueous solution (n = 3). n.s. = no significance, *p 
< 0.05, **p < 0.01, #p ≤ 0.001, two-way analysis of variance (ANOVA) with post-hoc Tukey’s honestly 

significant difference (HSD) for (E) and multiple paired t-test for (F). 
 

Therefore, in order to characterize the tensile properties of individual fibers, we 

proceeded to test meshes of aligned fibers oriented in the direction of uniaxial strain and 

subsequently correct for porosity in aqueous conditions. Aligned fiber meshes were 

generated using the same ratios of polymer solutions for each fiber type by electrospinning 



  

 113 

onto a grounded mandrel rotating at 1000 rpm. Porosity was assessed as before; alignment 

and shape of fibers was checked by scanning electron microscopy (Figure S1). While fibers 

were not perfectly parallel, these meshes served to reduce the influence of fiber-fiber 

interactions during increases in strain. Further, aligned fiber meshes would reduce the 

variability of forces generated from fibers not oriented in the direction of the uniaxial strain 

in tensile testing. Stress-strain curves were generated for aligned fiber meshes where the 

uniaxial force was applied in the direction of fiber alignment (Figure 12C) and tensile 

moduli of fibers were calculated after accounting for the scaffold porosity (Figure 12D). 

PCL and 20% gelatin coaxial fibers had similar tensile moduli, 55.852 ± 15.311 MPa and 

58.767 ± 14.278 MPa, respectively. For fibers comprising increasing gelatin content, 

moduli were progressively reduced, and at the low end, pure gelatin had a tensile modulus 

of 0.069 ± 0.009 MPa (Figure 12D, Table 2). This range spans three orders of magnitude 

in tensile moduli and recapitulates a similar range found in sections of trabecular bone 

[308, 309]. 
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Figure 12: Bulk tensile modulus of single fibers decreases as gelatin fraction is increased.  
(A) Representative stress-strain curves of randomly oriented fiber meshes tested in a uniaxial tensile 

testing system. Figure legend for group color is the same for entire figure. (B) Calculated moduli mean 
and standard deviations for randomly oriented fiber meshes (n = 5) (C) Representative stress-strain 
curves of aligned fiber meshes tested in a uniaxial tensile testing system. Inset is complete curve of 
PCL over 30% strain. (D) Calculated moduli mean ± SD after propagation of error from porosity 

calculation for individual fibers (summarized in Table 2). 
 
Previous studies that have sought to elucidate the role of the mechanical 

microenvironment on MSC behavior have utilized microscale measurements of 

nanoindentation in conjunction with atomic force microscopy (AFM) to assess the moduli 

of homogeneous hydrogels [53, 54]. To ensure that individual fibers would remain in place 

for AFM indentation, we viewed single fibers with optical microscopy and performed a 

raster of the surface of the fiber and plotted the deflection of the cantilever in aqueous 

conditions (Figure 13A and S2A). Elastic moduli were calculated from retraction curves 

after indentation with the AFM probe (Figure S2). Similar to uniaxial tensile testing we 

observed decreasing calculated moduli as gelatin content was increased (Figure 13B, 

summarized in Table 1). PCL fibers had the highest modulus of all fiber groups, 70.647 ± 

74.346 MPa, with fibers having a wide range of moduli. All coaxial fiber groups harbored 
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fibers with tensile moduli in the range of 1 to 10 MPa with calculated means of tensile 

moduli steadily decreasing with increasing gelatin. Pure gelatin fibers were also observed 

to have a wide range of moduli, 0.004 ± 0.004 MPa, which were four orders of magnitude 

lower than PCL and 3 orders of magnitude lower than coaxial fibers. The presence of the 

inner PCL core appeared to affect the calculated elastic moduli from AFM as elastic moduli 

were on the order of three orders of magnitude stiffer in coaxial fibers compared to pure 

gelatin. 

 
Figure 13: Atomic force microscopy of individual fibers reveals decreasing moduli as gelatin fraction 

is increased.  
(A) Representative epifluorescence microscopy image with green color filter of two fibers comprising 

PCL:gelatin (core:shell; 1:1 weight ratio) electrospun onto a glass slide; imaged in dry conditions. 
White arrows denote shell polymer (gelatin) boundaries and red arrows denote core polymer (PCL 
electrospun with 0.01% fluorescein dye). Digitally enhanced to increase contrast and resolve the 

gelatin shell in the image. (B) Calculated elastic moduli of single fibers undergoing AFM indentation 
displayed as mean ± SD (n = 30). 

 
Taking the results of microscale and macroscale testing together, we observed a 

wide range of mechanical properties across our electrospun microenvironments that 

indicated that increasing the shell gelatin fraction of coaxial fibers with PCL cores resulted 

in decreased tensile and elastic moduli of individual fibers.  

 

Osteosarcoma cells respond to the microenvironment by regulating 

YAP/TAZ expression and localization 

YAP and TAZ, in addition to being regulated by the Hippo pathway, are potentially 

druggable targets in sarcoma that are independently regulated by substrate stiffness and 

mechanical signals [51, 53, 61]. Localization of YAP and TAZ to the nucleus in MSCs is 
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associated with cell culture on top of stiffer hydrogel substrates and increased propensity 

towards osteogenic lineage commitment whereas less stiff environments favor an 

adipogenic phenotype and cytosolic YAP and TAZ [54]. Because osteosarcoma is a tumor 

of mesenchymal origin, we hypothesized that osteosarcoma cells cultured on substrates of 

variable mechanical stiffnesses would modulate the localization of Hippo pathway 

effectors, proliferation of cells, and responses to therapy [93, 310]. 

We employed our electrospun meshes of variable mechanical properties as 

scaffolds for the culture of MG63 osteosarcoma cells to evaluate the effects of architecture 

and mechanical microenvironment on osteosarcoma. Lower magnification images of cells 

grown in the 3D scaffolds indicate that MG63 cells penetrated the surface of fiber meshes 

and grew in and around fibers and adjacent cells in a 3D structure (Figure S3).  

 
Table 2: Summary of mechanical properties, quantitative image analysis of phenotypes, and responses 

to therapy for in vitro groups. 
  Modulus: 

Uniaxial 
Tensile 
(MPa) 

Modulus: AFM 
Indentation 

(MPa) 

YAP N:C 
Ratio 

TAZ N:C 
Ratio IC50 to Doxorubicin (95% CI) 

Mean ± SD Mean ± SD Mean ± SD Mean ± SD 
Doxorubicin 

(µM) 
IC50 (95% CI) 

Doxorubicin 
(µM) + 

Ridaforolimus 
IC50 (95% CI) 

Doxorubicin (µM) 
+ Dalotuzumab 
IC50 (95% CI) 

Monolayer - - 2.98 ± 0.64 2.90 ± 0.69 1.298 (0.573 - 
2.943) 

0.132 (0.121 - 
0.144) 

0.071 (0.059 - 
0.083) 

PCL 55.852 ± 
15.311 70.647 ± 74.346 1.33 ±  0.24 1.29 ±  0.19 0.512 (0.405 - 

0.642) 
0.387 (0.241 - 

0.622) 
0.565 (0.358 - 

0.894) 
20% Gelatin 

Coaxial 
58.767 ± 
14.278 9.573 ± 2.437 1.40 ± 0.62 1.60 ± 0.66 0.461 (0.271 - 

0.783) 
0.892 (0.725 - 

1.098) 
0.910 (0.691 - 

1.199) 
50% Gelatin 

Coaxial 
19.518 ± 

2.921 3.870 ± 2.921 1.78 ± 0.33 1.71 ± 0.24 0.515 (0.419 - 
0.632) 

0.574 (0.430 - 
0.765) 

0.620 (0.541 - 
0.710) 

80% Gelatin 
Coaxial 2.195 ± 0.761 2.307 ± 0.665 2.07 ± 0.39 2.19 ± 0.37 0.923 (0.720 -

1.183) 
0.926 (0.652 - 

1.315) 
1.024 (0.697 - 

1.506) 

Gelatin 0.069 ± 0.009 0.004 ± .004 2.14 ± 0.35 2.16 ± 0.50 0.603 (0.412 - 
0.883) 

0.941 (0.677 - 
1.309) 

2.053 (1.679 - 
2.511) 

 
To assess the mechanoresponsive ability of osteosarcoma cells, we co-stained 

samples for nuclei, actin cytoskeleton, YAP, and TAZ. We collected z-stacks of images 

using confocal microscopy that spanned 50 µm in depth and segmented the reconstructed 

3D images for nuclear and cytoplasmic domains based on nuclear and actin stains, 

respectively (Figure 14A) [303]. We then quantified the mean nuclear signal of YAP and 

TAZ for individual nuclei and the mean cytoplasmic signal throughout all cytoplasmic 

domains because individual cells were not able to be segmented in our dense cultures 

(Figure 14B and 14C). Monolayers harbored the highest nuclear to cytoplasmic ratio (N:C 

ratio) of both YAP and TAZ which was expected given the supraphysiological stiffness of 

these culture environments. Interestingly, for 3D electrospun environments, as stiffness 
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was decreased, YAP and TAZ appeared to have progressively increasing levels of nuclear 

localization of YAP and TAZ. N:C Ratios of YAP and TAZ were lowest in PCL 

environments and highest in gelatin environments with a gradual increase in scaffolds 

comprising fibers with increased gelatin content and decreased bulk elastic moduli.  

Interestingly, western blot analysis of total cell lysate from cultures grown in each 

condition showed a progressive downregulation of YAP expression in environments with 

lower tensile moduli (Figure 15). Conversely, TAZ expression levels remained unaffected 

in all group regardless of stiffness or culture architecture. Phosphorylated (inactive) YAP 

was readily detected in the monolayer control with fainter bands in all 3D conditions likely 

due to increased overall YAP in the stiffer conditions. Although YAP expression is 

dramatically shifted in our models, AXL, a receptor tyrosine kinase that that has been 

implicated in other cancers such as hepatocellular carcinoma and lung adenocarcinoma as 

a key downstream target of YAP was constant in all conditions [63, 64].  

Taken together, our results indicate that osteosarcoma cells modulate YAP and 

TAZ localization in response to bulk tensile properties of 3D environments and are likely 

differentially regulated in 3D models versus standard monolayer culture. YAP is drastically 

downregulated while TAZ expression remains constant implying that YAP and TAZ are 

regulated separately in 3D models.  
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Figure 14: Osteosarcoma cells respond to 3D environments by modulating the expression and 

localization of Hippo pathway effectors.  
(A) Representative confocal microscopy z-stack projections of MG63 osteosarcoma cells cultured for 5 

days co-stained with Hoechst (nuclei, blue), phalloidin (actin, green), YAP (red), TAZ (cyan) with 
overlays of cellular and nuclear segmentation, scale = 25 µm. (B and C) Localization of YAP and TAZ 
based on ratio of mean intensity of nuclear staining to cytoplasmic staining (N:C Ratio). Values were 
quantified from z-stack image sets from the surface of groups to a depth of 50 µm. Single nuclei are 
displayed as points with mean ± S.D. Letters indicate separate statistical groups p < 0.05, one-way 

ANOVA with post-hoc Tukey’s HSD. 
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Osteosarcoma cells upregulate Sox2 and downregulate IGF-1R/mTOR in 3D 

environments 

The IGF-1R/mTOR signaling cascade has long been an attractive target in many 

cancers including sarcomas as aberrant activation is associated with an increase in 

aggressiveness and growth of tumors [28, 311, 312]. While preclinical models had shown 

great promise for IGF-1R/mTOR targeted therapy, the modest responses seen in patients 

receiving therapy has led many to believe that if IGF-1R/mTOR targeted therapy is 

approved for sarcoma, it will be used in combination therapy and that patients will likely 

need to be stratified based on IGF-1R/mTOR expression [16, 41, 298]. Having established 

that our scaffolds could induce an architecturally-driven, graded mechanoresponse in YAP 

and TAZ localization and that IGF-1R/mTOR targeted therapy may rely on phenotypes 

that are mechanically sensitive, we hypothesized that our mechanically tunable 3D models 

could be used to assess drug resistance patterns among osteosarcoma cell populations with 

variable levels of IGF-1R/mTOR activation. Specifically, we hypothesized that stiffer 

environments would induce greater IGF-1R/mTOR signaling evidenced by increased 

phosphorylated IGF-1R, mTOR, and its downstream effectors phosphorylated S6 (pS6) 

and phosphorylated eukaryotic translation initiation factor 4E (peIF4E). We further 

hypothesized that in less stiff environments and by mimicking the 3D architecture observed 

in osteospheres in a 3D scaffold such in as our models, cells would induce Sox2 expression 

and generate a chemotherapy resistant phenotype [313-315].  
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Figure 15: Osteosarcoma cells downregulate YAP but not TAZ in environments with decreasing 

tensile moduli.  
Western blot highlighting YAP/TAZ total protein expression and activation in environments of 

decreasing stiffness. 
 

We assessed the proliferation in our 3D models compared to monolayers to 

determine if rates of proliferation were drastically altered in our models. All culture 

conditions facilitated growth of osteosarcoma cells after day 1. However, the 3D 

environments with higher tensile moduli (PCL, 20% gelatin coaxial, and 50% gelatin 

coaxial) did not foster proliferation of cells from days 3 to 5, possibly because the cultures 

had become confluent in the 3D environments (Figure 16A). All cultures appeared 

confluent by Day 5 (Figure S3). 

Interestingly, all 3D models facilitated the upregulation of Sox2, a marker for 

osteosarcoma cancer stem cells, compared to monolayer controls regardless of substrate 

stiffness (Figure 16B) [299]. We observed a marked downregulation of phosphorylated 

IGF-1R (pIGF-1R) in all 3D samples while total IGF-1R remained constant. Congruently, 

there was a reduction in mTOR detected in each sample for 3D groups. Further, there was 

a modest reduction in the downstream mTOR effector peIF4E but not total eIF4E in 3D 

groups compared to monolayer controls. However, phosphorylated and total S6 protein, a 

direct effector of mTOR, did not appear to be different across groups. Taken together, 3D 

environments facilitated the downregulation of active IGF-1R and mTOR but appear to 

have a lesser, but significant, effect on downstream effectors of the mTOR pathway.  
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Figure 16: Osteosarcoma cells downregulate IGF-1R/mTOR in 3D.  

(A) MG63 osteosarcoma cell proliferation in variable environments quantified by total DNA and 
converted to cell count using a sample of known cell number. Two-way ANOVA with post-hoc 

Tukey’s HSD, *p < 0.05, **p < 0.01, ***p < 0.001, #p ≤ 0.001, n.s. = no significance. (B) 
Representative western blots highlighting Sox2 expression and activation of the IGF-1R/mTOR axis 

activation 

Osteosarcoma cells grown in 3D conditions become resistant to IGF-

1R/mTOR targeted therapy 

Because both IGF-1R and Sox2 have been implicated as negative prognostic 

indicators but seem to be inversely correlated in our models, we decided to calculate a 50% 

inhibitory concentration (IC50) for doxorubicin examining dose response curves generated 

from serial dilutions of the drug (Figure 17) [298, 316, 317]. Although monolayer controls 

appeared to be more resistant to doxorubicin treatment over 3 days due to higher calculated 

IC50, culture architecture and substrate stiffness seemed to have little effect on calculated 

IC50 values overall as the 95% confidence intervals overlapped in all groups (drug 

responses summarized in Table 2). Ridaforolimus, a small molecule mTOR inhibitor, and 
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dalotuzumab, a humanized monoclonal antibody to IGF-1R, have been the subject of 

preclinical testing and clinical trials for sarcoma and other cancers [16, 31, 41, 318, 319].  

When either ridaforolimus or dalotuzumab were added to cultures at singular 

concentrations, the IC50 of doxorubicin for monolayers plummeted to 0.132 µM (95% CI: 

0.121 - 0.144 µM) and 0.071 µM (95% CI: 0.059 - 0.083 µM) from 1.298 µM (95% CI: 

0.573 - 2.943 µM), respectively, which is a synergistic effect consistent with previous 

studies [320]. In a stark contrast, these targeted agents did not act synergistically with 

doxorubicin to inhibit proliferation in 3D conditions but either had no effect or increased 

the IC50 of doxorubicin (Figure 17B, Table 2). Interestingly, while overall proliferation 

rates of osteosarcoma in our models compared to monolayers remained similar for all 

groups, targeting the IGF-1R/mTOR pathway only affected the monolayer groups that 

harbored more active IGF-1R. Our results indicate that activation of the IGF-1R/mTOR 

pathway is at least in part dependent on architectural mechanical cues and affects the 

response to combination therapies that target this cascade. 

 

 
Figure 17: Tumor microenvironments in 3D are resistant to combination chemotherapy and IGF-

1R/mTOR targeted therapy compared to monolayers.  
(A) Fit dose response curves to doxorubicin alone and in the presence of 10 µM ridaforolimus (mTOR 
inhibitor) or 10 µg/mL dalotuzumab (IGF-1R targeted antibody). Results displayed as mean ± S.E. (n 
= 3 for each concentration tested in each condition). (B) Calculated IC50 values for doxorubicin with 
95% confidence intervals calculated from the inflection points of the fit does response curves in (A). 
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Discussion  

The mechanical properties of the osteosarcoma tumor microenvironment are 

difficult to assess in patients. Normal bone is generally categorized as cortical bone, where 

the majority of mineralized calcium exists, and trabecular bone, an area comprising a hard, 

mineral component with a high degree of porosity. The “void,” non-mineralized portions 

of trabecular bone are not truly void but rather are constituted by a mix of collagenous 

matrix, fat, various cell populations and vasculature making heterogenous mechanical 

forces from the environment difficult to measure and model [54, 321]. Further 

complicating the assessment of bone tumor microenvironments in noncancerous tissue, 

osteosarcoma destroys the native bone tissue and compromises the structural integrity to a 

degree where pathological fracture can occur and in some cases is the presenting symptom 

[322].  

YAP and TAZ have been the subject of recent clinical interest with some suggesting 

that the marker expression level in tissue sections, localization to the nucleus, or 

upregulation of downstream effectors may herald chemoresistance and worse outcomes for 

osteosarcoma patients [60-62]. Other groups have shown that localization of YAP and TAZ 

in MSCs is sensitive to not only substrate stiffness but also, cell shape, cell confinement, 

and 3D environments [53, 303, 323, 324]. It remains less clear how these mechanical cues 

contribute to phenotypic changes and pathological YAP/TAZ signaling in tumors of 

mesenchymal origin such as osteosarcoma [55, 60, 325].  

In this work we engineered a bone tumor niche comprising fibers that had tensile 

moduli in a range spanning three orders of magnitude in macroscale uniaxial tensile testing 

and elastic moduli in a range spanning four orders of magnitude assessed by microscale 

AFM measurements while maintaining similar 3D architectures. Calculated moduli for 

gelatin fibers were in the range of similar hydrogels [326]. Interestingly, the presence of 

the inner PCL core greatly affected the calculated elastic moduli from AFM as elastic 

moduli for coaxial fibers were on the order of three orders of magnitude higher than those 

calculated for pure gelatin. This could be a result of the selected retraction “trigger” force 

that caused the probe to interact with the core PCL component under the thinner and softer 

gelatin component in coaxial fibers but not in pure gelatin fibers where the trigger force 

was never reached [327]. 
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In response to different mechanical environments in our models, osteosarcoma cells 

modulated the expression and localization of YAP and the localization of TAZ. YAP was 

downregulated in a dose dependent manner corresponding to decreasing calculated moduli 

of the substrate with monolayers on hard tissue culture polystyrene expressing the highest 

level. In contrast, TAZ expression appeared to remain unaffected in osteosarcoma cells 

cultured in 3D substrates of variable stiffness. This result suggests that YAP and TAZ 

expression and/or degradation may be regulated by different stiffness related mechanisms 

and by the architecture of the culture environment. 

Previous studies probing the effect of substrate stiffness on MSCs have involved 

culture on the surfaces of hydrogels of variable stiffness [53, 54]. These studies reported 

an increase in nuclear YAP/TAZ in stiffer environments. In contrast to those studies, we 

observed that in 3D electrospun microenvironments, less stiff environments contributed to 

a greater degree of YAP/TAZ nuclear localization although less than standard culture 

methods on tissue culture polystyrene. These results suggest a complex regulation of 

YAP/TAZ that is greatly affected by 3D culture. Indeed, many have suggested that it is not 

substrate stiffness per se that affects YAP/TAZ localization but the resultant effects on the 

cytoskeletal organization that allow the cell to “sense” the mechanical microenvironment 

as the actomyosin cytoskeleton are required for mechanotransduction (reviewed in [328]). 

Given this, it is reasonable to hypothesize that 3D structures will have differential effects 

on cytoskeletal organization and therefore regulate mechanotransduction of substrate 

stiffness differently than monolayer cultures. Interestingly, the increased N:C ratio of YAP 

and TAZ as bulk tensile modulus is decreased in environments observed in our models is 

consistent with a previous study involving 3D encapsulated cells in hydrogels of variable 

stiffness which found differential, actin-dependent regulation of YAP/TAZ for cells 

encapsulated versus cultured atop hydrogels [303].  

A limitation in our models is that it is difficult to image more than a few tens of 

microns below the surface of 3D scaffolds as the PCL in fibers is opaque and both gelatin 

and PCL can distort fluorescent signal that is collected by the microscope. Nevertheless, 

we were able to capture z-stack images encompassing the surface of meshes to a depth of 

about 50 µm but did not include any cells that may have been residing further within our 

models in the analysis.  
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In the current study, we were interested in mechanotransduction in osteosarcoma 

which is a highly cellular lesion. For this reason, cells cultured in our environments were 

grown to near confluency and, while individual nuclei were easily segmented for image 

analysis, corresponding cytoplasms are difficult to assign to individual nuclei. To combat 

this, we generated automatically thresholded image masks for the entirety of the cytoplasm 

in each z-stack and calculated the average intensities for the cytoplasmic volume in each 

sample. Therefore N:C ratios calculated in our studies reflect values from individual nuclei 

and average cytoplasmic values. Because of the homogeneity in our culture substrate and 

the use of a monoclonal cell line, we believe this method was a valid way of assessing 

highly confluent cell cultures via image segmentation.  

The IGF-1R/mTOR signaling cascade has significant crosstalk with 

mechanotransduction pathways that modulate the Hippo pathway effectors at multiple 

levels [329-332]. Additionally, the IGF-1R/mTOR cascade has been implicated as a driver 

of anti-apoptotic signals and aberrant growth in many cancers [333, 334]. Interestingly, as 

substrate stiffness in our 3D models was reduced, IGF-1R expression remained unchanged 

whereas mTOR appearance on western blot decreased in a dose dependent manner 

similarly to YAP. This result is consistent with previous studies which report that YAP 

may potentiate mTOR activation [335, 336].  

In addition to decreasing levels of mTOR, the almost complete abolition of pIGF-

1R signal in all 3D groups coupled with relatively similar levels of downstream effectors 

of mTOR suggest a complex mechanical regulation at multiple levels of the IGF-1R/mTOR 

signaling cascade. Downregulation of IGF-1R signaling mechanisms coupled with similar 

proliferation rates suggests the generation of an architecture-dependent osteosarcoma 

phenotype that is not reliant on IGF-1R/mTOR signaling for continued growth. Others have 

reported the generation of Sox2+ osteosarcoma stem cells that are recalcitrant to therapy in 

suspension cultures where there is increased cell-cell contact compared to monolayer 

cultures [105, 299]. Consistent with this observation, increased cell-cell contact mediated 

by our 3D environments upregulated Sox2 regardless of substrate stiffness. Further, the 

upregulation of Sox2 coupled with downregulation of the IGF-1R/mTOR cascade heralded 

increased resistance to combination therapy targeting IGF-1R/mTOR in osteosarcoma 

cultured in 3D environments compared to monolayer controls.  
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Conclusion 

In this study we have sought to determine the role of substrate mechanical 

properties and culture architecture in osteosarcoma pathogenesis by engineering and 

characterizing mechanically tunable tumor microenvironments. We determined that 3D 

environments of decreasing stiffness had higher nuclear localization of YAP and TAZ in 

contrast to studies done atop hydrogels of variable stiffness. 3D cultures of osteosarcoma 

cells on substrates of varying mechanical properties induced a downregulation of the IGF-

1R/mTOR signaling cascade and upregulation of Sox2 compared to standard monolayers 

regardless of calculated moduli. The downregulation of IGF-1R/mTOR activation likely 

contributed to the decreased efficacy of IGF-1R/mTOR targeted combination therapy. Our 

results suggest that osteosarcoma cells sense a complex mechanical microenvironment that 

is greatly influenced by not only the stiffness but the architecture of the substrate. 

Electrospinning is a versatile technique that can produce conditions that are highly 

malleable with both synthetic and natural polymers. This versatility can be leveraged to 

model more complex and specialized tumor niches for which we have provided the 

framework and highlighted the importance. 
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Supplementary Information 

 
Supplementary Materials and Methods. 
 
Cell culture, cell culture reagents and proliferation assays 

Cells were seeded as monolayers at 5,000 cells per well in 96-well plates and at 

10,000 cells per well in all 3D conditions to account for decreased seeding efficiency. For 

6-well plates, the same seeding density was used scaled to the growth area of the plate. For 

imaging of monolayers, 12 mm diameter 1.5 glass coverslips (ThermoFisher) were placed 

at the bottom of 24-well tissue culture treated plates (Corning) and cells were seeded at the 

same density. Medium was changed every other day except for the drug response assays.  

Total cell count was calculated from analyzing DNA content using a Quant-iTTM 

PicoGreenTM dsDNA assay kit (ThermoFisher). Cells from monolayers were lifted from 

96-well culture plates using TrypLE Express (ThermoFisher) and collected in 1.7 mL 

microcentrifuge tubes and resuspended in 200 µL of Milli-Q H2O. for all 3D groups, 6 mm 

scaffolds for each model were washed in PBS and placed in 200 µL of Milli-Q H2O. DNA 

was extracted from cells by subjecting the samples to 3 freeze-thaw cycles in liquid 

nitrogen and 37 °C water. Lysate was combined with TE buffer and dye solution as 

previously described as per manufacturer instructions [272]. Excitation and emission 

wavelengths of 485 nm and 538 nm were used, respectively to measure the total dsDNA 

(FLx800 fluorescence microplate reader; BioTek Instruments). A standard DNA curve was 

used to ensure that measured values were within the linear fluorescence regime. Sample 

cell number was derived from a dilution of a known number of MG63 cells prepared 

similarly from monolayers run on the sample plate. 

 
Atomic force microscopy 

Atomic force microscopy (AFM) was conducted in the University of Texas Health 

Science Center AFM Core Facility using a BioScope IITM Controller (Bruker 

Corporation). The acquisition of elastic measurements was performed with the Research 

NanoScope software version 7.30 and analyzed with the NanoScope Analysis Software 

version 1.40 (copyright 2013 Bruker Corporation). This system was integrated to a Nikon 

TE2000-E inverted optical microscope (Nikon Instruments Inc.) to facilitate the bright field 

imaging of the microfibers. 
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The fibers that did not overlap were selected using optical microscopy (20×) to 

perform AFM force measurements. The elastic modulus of indentation was measured on 

hydrated microfibers using non-conductive silicon nitride DNP-S cantilevers (fo = 40-75 

kHz, k = 0.32 N/m, ROC = 10 nm) purchased from Bruker Corporation. Force curves were 

probed using a ramp size of 2 µm and a scan rate of 0.5 Hz, with a force load of 50 nN. 

The probe spring constant was determined prior to each experiment using thermal tuning. 

The modulus was calculated by fitting to a standard Sneddon model for a triangular 

indenter and a Poisson’s ratio of 0.45 (given to hydrogels). A minimum of 3 force 

measurements were captured for individual fiber sample (n = 3) which resulted in at least 

n = 30 measurements for each group of which the first 30 measurements were used in 

analysis excluding data points made in errors of alignment to the fiber. For AFM, data 

points that were deemed by the operator of the UTHealth AFM Core Facility as either 

missing individual fibers or indenting the glass surface were excluded due to being orders 

of magnitude different than average values. AFM data analysis was performed with the 

Bruker data processing software (NanoScope Analysis version 1.40 copyright Bruker 

Corporation) to estimate the elastic modulus. 

 
Protein isolation and western blot analysis 

For monolayer conditions, cells from 3 wells in a 6-well plate were lifted with 

TrypLE Express (ThermoFisher) and pooled into one sample. For cells cultured in 3D 

electrospun scaffolds, three samples from individual wells in the 6-well plate were washed 

once with PBS and pooled into one sample in a 50 mL conical tube (BD Falcon). Cells 

were then lysed on ice in 250µL of lysis buffer (1% Triton X-100, 50 mM HEPES, pH 7.4, 

150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 100 mM sodium fluoride, 10 mM sodium 

pyrophosphate, 1 mM Na3VO4, 10% glycerol) containing freshly added protease and 

phosphatase inhibitors (Roche) as previously described [272]. Protein concentration for 

samples were measured using a micro BCA protein assay kit (ThermoFisher). 25 µg of 

protein in lysate per sample were run immediately using SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) or stored at -80 °C. After SDS-PAGE, proteins were 

transferred to PVDF membranes (EMD Millipore). Membranes were blocked using 

SuperBlockTM Blocking Buffer (ThermoFisher) for 1 hour and then allowed to incubate 

overnight in primary antibody at a dilution of 1:2000 for GAPDH loading control antibody 
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and 1:1000 for all other antibodies. Primary antibodies for protein detection on membranes 

were all purchased from Cell Signaling Technology with the exception phosphorylated 

pYAP which was purchased from Abcam. After three consecutive washes in PBS with 

0.1% Tween 20 and a final wash of PBS, signals were captured using horseradish 

peroxidase-conjugated secondary anti-rabbit IgG (Cell Signaling Technology) and 

visualized using SuperSignal West Dura Chemiluminescent Substrate (ThermoFisher). 

Images of chemiluminescent bands were then recorded using a ChemiDocTM Imaging 

system (Bio-Rad).  

 
Dose response and drug testing experiments 

Cells were allowed to adhere for 24 hrs in 200 µL of basal medium. After seeding, 

100 µL of medium was removed from monolayers and 100 µL of medium with various 

therapeutic agents was added. For 3D conditions, scaffolds were sterilely moved from an 

original 96-well plate to a new plate with 200 µL of medium containing therapeutic agents 

at the appropriate concentrations. To generate dose response curves for doxorubicin 

(Selleck), stock solution was diluted to 10 µM and then serially diluted 1:2 for 9 total 

doxorubicin concentrations tested along with a no-drug control. For combination drug 

experiments, ridaforolimus (10 µM, Merck) and dalotuzumab (10 µg/mL, Merck) were 

diluted with medium containing the appropriate concentrations of doxorubicin such that 

the inhibitor concentration remained constant in every well. The no-doxorubicin control 

wells in each combination drug experiment contained only ridaforolimus or dalotuzumab 

respectively. All drug concentrations were applied in triplicate wells in separate 96-well 

plates for all groups. After 3 days of treatment, 100 µL of medium was removed from each 

sample well and replaced with a WST-1 solution in medium (Sigma-Aldrich) to a final 

concentration of 10% WST-1 solution in 200 µL of culture medium. Cells were allowed to 

incubate at 37 °C for 1 hour per manufacturer instructions. After incubation, 100 µL was 

removed from sample plates and placed in a new, clear 96-plate. Absorbance of the medium 

with formazan product was read at 440 nm with a reference wavelength of 650 nm in a 

PowerWave X 340 plate reader (Bio-Tek Instruments). Baseline medium only absorbance 

was subtracted from all sample values. Sample values with no doxorubicin were averaged 

and considered and used as the 100% live cell control for each experiment.  
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Supplementary Figures: 

 
 

 
 
Figure S1: Aligned electrospun fibers and corresponding mesh porosity are essential in determining 
individual fiber properties. (A) Uniaxial tensile testing set up for testing mechanical properties of 
electrospun meshes in aqueous conditions. (B) Porosity of aligned fiber meshes comprising variable 
fiber composition after 24 hrs of submersion in aqueous solution displayed as mean with 95% 
confidence interval (n = 3). (C) Representative scanning electron micrographs of aligned fiber meshes 
comprising five fiber types of varying ratios of core-shell PCL-gelatin composition. Top: meshes at 
150´ magnification, scale = 200 µm. Bottom: meshes at 1000´ magnification, scale = 20 µm. 
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Figure S2: Atomic force microscopy of individual fibers (A) A representative pseudocolor plot of 
deflection of the cantilever of a single fiber undergoing a raster scan to detect topography. (B-F) 
Representative force vs. separation curves for each fiber composition. 
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Figure S3: Osteosarcoma cells proliferate and become confluent in 3D environments of variable 
stiffnesses. Representative confocal microscopy images of MG63 osteosarcoma cells cultured for 5 days 
in environments of variable stiffness and architecture co-stained with Hoechst (nuclei, blue) and 
phalloidin (actin, green), scale = 50 µm. All images are taken from a single plane at the surface of the 
scaffold or coverslip. 



 

 

Chapter 6 

Correlation of nuclear pIGF-1R/IGF-1R and 
YAP/TAZ in a tissue microarray with 

outcomes in osteosarcoma patients  

Abstract 

Osteosarcoma (OS) is the most common primary tumor of bone and the eighth most 

common tumor in the pediatric population. The dearth of OS specific genetic aberrations 

has stymied efforts to evaluate prognostic markers or potential therapeutic targets. The 

IGF-1R/mTOR cascade has been the subject of clinical trials in osteosarcoma but these 

agents have had limited success in improving outcomes. While traditionally thought of as 

a surface receptor, IGF-1R has been reported to translocate into the nucleus and act as part 

of a transcription factor complex. Recently, mechanotransducive transcription factors 

inhibited by the Hippo pathway, YAP and TAZ, have been implicated in potentiation of 

IGF-1R and mTOR signaling. To explore the potential relationship between YAP/TAZ and 

nuclear total and phosphorylated IGF-1R (pIGF-1R) we evaluated sequential tumor 

sections on a tissue microarray from 37 patients by performing segmentation and analysis 

of confocal microscopy images. We examined the relationship between stained markers 

and clinical characteristics of disease and patient outcomes. We found a strong correlation 
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between nuclear phosphorylated IGF-1R (pIGF-1R) and YAP nuclear to cytoplasmic ratio 

(N:C ratio) and between pIGF-1R and TAZ N:C ratio (r = 0.522, p = 0.001 for both). 

Nuclear pIGF-1R and YAP N:C ratio where higher in in tumors with a chondroblastic 

histotype. Nuclear pIGF-1R, YAP N:C ratio, and TAZ N:C ratio were lower in high grade 

bone osteosarcoma subtypes compared to all other subtypes. Kaplan-Meier analysis 

indicated that nuclear pIGF-1R could be a negative prognostic indicator for overall survival 

while a Cox model of selected variables indicated that high nuclear pIGF-1R and low YAP 

N:C ratio may be associated with worse overall survival. Our results indicate a possibly 

significant correlation between YAP/TAZ and nuclear pIGF-1R/IGF-1R in osteosarcoma. 

Larger studies of patients are necessary to determine to clinical value of these potentially 

important prognostic markers.  
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Introduction 
Osteosarcoma (OS) is the most common primary tumor of the bone, comprising 

56% of all bone cancers, and is characterized by a remarkable degree of intratumor 

heterogeneity in cell phenotypes, gene expression, and chemoresistance [9, 11, 337]. While 

modern combination therapy and improved surgical techniques have increased 5-year 

survival to 70% in those who present with localized disease, the 5-year survival rate for 

patients with recurrent disease has stagnated at around 20%  for more than four decades 

[8]. Histologically and genetically, the tumor is characterized by a high degree of 

heterogeneity across and within tumors [338, 339]. Further, because OS is not associated 

with particular genetic mutations and because of the multitude of subtypes in a rare tumor 

type, it has been difficult to evaluate prognostic markers or potential therapeutic targets. 

Some studies have indicated that a high level of the insulin-like growth receptor 1 

(IGF-1R) may indicate poorer prognosis in OS, making the IGF-1R/mechanistic target of 

rapamycin (mTOR) pathway a potential target for novel therapeutics [298, 340]. Indeed, 

the IGF-1R/mTOR cascade has been the subject of clinical trials in osteosarcoma; however, 

these agents have had only moderate success in improving outcomes [16, 31, 41]. While 

increased staining of IGF-1R has been associated with worse overall prognosis, nuclear 

IGF-1R may indicate increased activity of IGF-1R targeted monoclonal antibody therapy 

and thus may be a potential marker for therapy selection for patients [32, 298]. IGF-1R is 

a receptor tyrosine kinase that becomes phosphorylated upon binding to the IGF-1 ligand. 

The phosphorylation signals a kinase cascade through Akt that increases the level of mTOR 

activation. As such, recent clinical trials have targeted both IGF-1R and mTOR [37, 38]. 

While traditionally thought of as a surface receptor, IGF-1R has been reported to 

translocate into the nucleus and act as part of a transcription factor complex and may 

correlate with increased susceptibility to IGF-1R targeted therapy [32-34].  

Yes-associated protein 1 (YAP) and transcriptional co-activator with PDZ-binding 

motif (TAZ) are mechanoresponsive transcription factors that are phosphorylated by the 

active Hippo pathway, which ultimately leads to their nuclear exclusion and degradation 

[81]. Studies in human mesenchymal stem cells have indicated that more stiff 

microenvironments and cell spreading increase nuclear YAP and TAZ and facilitate 

commitment towards an osteogenic lineage; cell confinement and less stiff 
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microenvironments contribute to commitment towards an adipogenic lineage [53, 54]. 

However, other studies have shown that YAP and TAZ localization is also influenced by 

the architecture and dimensionality of the tumor niche highlighting the complexity of what 

cells may “sense” as their physical microenvironment [303]. Clinically, studies have 

suggested that YAP or TAZ marker expression level in tissue sections, increased 

localization to the nucleus, may indicate chemoresistance in primary tumors and potentially 

worse prognosis for osteosarcoma patients [60-62]. Additionally, YAP and TAZ have been 

implicated in potentiation of IGF-1R and mTOR signaling [335, 341]. 

In this study, we evaluate the potential relationship between the staining intensity 

of nuclear phosphorylated IGF-1R (pIGF-1R)/IGF-1R and the nuclear to cytoplasmic ratio 

of YAP and TAZ in a tissue microarray built from sections of 37 post-treatment 

osteosarcoma patient tumors. We utilize quantitative image analysis techniques following 

the segmentation of confocal images of the entire tumor sections to calculate mean 

intensities of nuclear pIGF-1R and IGF-1R and the nuclear to cytoplasmic ratios (N:C 

ratios) of YAP and TAZ for each patient. Staining for these markers was compared across 

patients with clinical aspects of patient’s disease. Kaplan-Meier analyses were performed, 

and a proportional hazards model was built to evaluate these markers as potential 

prognostic indicators for overall survival.  

Materials and Methods 

Study Design 

To establish the clinical relevance of our model we used available osteosarcoma 

tissue microarray (TMA) samples consisting of two slides representing sequential tumor 

sections from 37 patients. The TMA slide stained for YAP/TAZ lost one patient sample 

during preparation. When duplicate patient samples were represented on the slide, their 

results were averaged to give the tumor staining scores. The algorithms used to evaluate 

intensities in TMA samples were applied by a researcher blinded to the outcomes of the 

patients. Patient outcomes, demographics, and staging were compiled separately and not 

available to the researchers evaluating images of de-identified patient samples before 

analysis was complete.  
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Statistical Analyses 

All statistics were performed using JMP Pro 14 or GraphPad Prism. Data are 

displayed as means or medians with standard deviations or as box blots indicating quartile 

ranges as indicated in figure captions. Patient sample staining values were compared 

between groups using paired t-tests, or one-way ANOVA with post-hoc Tukey’s HSD (if 

over 2 groups) or Sidak correction (2 groups) as described in figure captions with *p < 

0.05, **p < .01, #p ≤ 0.001.  

For Kaplan-Meier curve analyses and initial proportional hazards model, variables 

were selected a priori. The log-rank test was used to compare groups in Kaplan-Meier 

curves and done pairwise when 3 or more groups were present as indicated. To avoid 

overfitting our proportional hazards model to small sample size, we selected patient 

variables for predicting death during the observation period using the Bayesian information 

criterion (BIC) method in JMP Pro 14. For completeness, we show provide results of Cox 

models fit to variable selected a priori and variables selected by the BIC.  

Preparation of tissue microarray 

All aspects of our research were performed in accordance with recognized ethical 

guidelines (e.g. Declaration of Helsinki, Belmont Report). A tissue microarray was 

constructed from archival surgical pathology materials comprising 38 formalin-fixed, 

paraffin-embedded tissues from 37 patients. Areas of viable tumor were selected by 

pathologist review of whole slide H&E-stained sections. Selected areas were punched and 

transferred, in duplicate, to a recipient block using an ATA-100 Advanced Tissue Arrayer 

(Chemicon International). All human specimens were utilized under an Institutional 

Review Board-approved research protocol allowing for the retrospective sampling and 

analysis of existing archival materials collected in the course of normal patient care. 

Immunofluorescence studies were performed using an antigen retrieval microwave 

(Biogenex) and manual staining with antibodies and stains described below.  



  

 138 

Immunofluorescence staining for confocal microscopy 

Samples were then washed 3 times in 1× PBS on a shaker for 5 min before being 

blocked with blocking buffer (1× PBS, 5% normal goat serum, 0.3% Triton™ X-100) for 

60 min. Primary antibodies were then diluted 1:100 in antibody dilution buffer (1X PBS, 

1% BSA, 0.3% Triton™ X-100) and samples were incubated in primary antibody overnight 

at 4 °C. Primary antibodies used were targeted to YAP (Santa Cruz, sc-271134), TAZ 

(abcam, ab-84927), IGF-1R (Santa Cruz, sc-461) and pIGF-1R (Santa Cruz, sc-101703). 

Samples were then washed 3 times with 1× PBS before incubating with secondary antibody 

(diluted 1:500, Cell Signaling Technology) and phalloidin conjugated to iFluor 488 

(Abcam, diluted 1:1000, only in YAP/TAZ TMA) in antibody dilution buffer for 1.5 hours 

in the dark at room temperature. After 3 washes, cells were incubated for 10 min in a 1:5000 

dilution of a 1 mg/mL Hoechst 33342 stock solution (ThermoFisher). Samples were then 

rinsed once with PBS. Coverslips were mounted onto slides using Prolong® Gold Antifade 

Reagent (Cell Signaling Technology).  

Because all samples were on one slide, the same power for each wavelength laser 

illumination was used for each sample in order to directly compare patient markers across 

samples. Individual tumor samples were stained for tumor markers of interest and nuclei 

and imaged using 20× objective by stitching images in a 2 by 2 image grid with 10% 

overlap to create one large image file for each tumor sample. 

Quantitative Image analysis  

All quantitative imaging analysis was done with IMARIS software (V8.6, Bitplane) 

licensed to Rice University.  

 For YAP and TAZ, all areas staining positive for the Hoechst stain in the blue 

channel were considered nuclear domains. All areas staining positive for YAP in the red 

channel but not staining positive for nuclei in the blue channel were considered to be 

cytoplasmic domains. Mean nuclear and cytoplasmic intensity values for markers in the 

domains were identified by the IMARIS “cells” algorithm were then averaged after 

weighting each distinct identified domain by total area. Because individual cells were not 

able to be segmented in the highly cellular sections, we weighted each identified nuclear 



  

 139 

or cytoplasmic domain by area and averaged by total area of the nuclear or cytoplasmic 

domain, respectively. In cases where the TMA contained two or more samples from the 

same patient, values were averaged between these two sections for further analysis. With 

this technique, an average nuclear intensity and an average cytoplasmic intensity for each 

tumor sample across the entire image was generated by the following formula: 

 

𝑁: 𝐶	𝑟𝑎𝑡𝑖𝑜 =

𝑀𝑒𝑎𝑛	𝑆𝑖𝑔𝑛𝑎𝑙	𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦;>B@C?P	<KM?"; 	× 𝐴𝑟𝑒𝑎;>B@C?P	<KM?";
∑ 𝐴𝑟𝑒𝑎;>B@C?P	<KM?";;
"TU

𝑀𝑒𝑎𝑛	𝑆𝑖𝑔𝑛𝑎𝑙	𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦BIJKL@?DM"B	<KM?"; 	× 𝐴𝑟𝑒𝑎BIJKL@?DM"B		<KM?";
∑ 𝐴𝑟𝑒𝑎BIJKL@?DM"B		<KM?";;
"TU

 

 
Equation 3: Nuclear to cytoplasmic ratio calculation 

 

Where n is the total number of nuclear or cytoplasmic domains identified in each 

patient sample. 

For TMA stained for IGF-1R and pIGF-1R, individual nuclei were identified by 

distinct areas staining positive for the Hoechst stain in the blue channel. Values for mean 

nuclear intensities for the entire sample were then calculated by averaging nuclear intensity 

of IGF-1R/pIGF-1R signals colocalizing with the blue channel. Each mean nuclear value 

was weighted by nuclear area and averaged for each patient in the following formula: 

 

𝑀𝑒𝑎𝑛	𝑁𝑢𝑐𝑙𝑒𝑎𝑟	𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

= 	
𝑀𝑒𝑎𝑛	𝑆𝑖𝑔𝑛𝑎𝑙	𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦;>B@C?P	<KM?"; 	× 𝐴𝑟𝑒𝑎;>B@C?P	<KM?";

∑ 𝐴𝑟𝑒𝑎;>B@C?P	<KM?";;
"TU

 

 
Equation 4: Mean nuclear intensity calculation 

 

Where n is the total number of nuclear domains identified in all samples from the 

same patient. 
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Results 

Patient demographics and biopsy characteristics 

All patients received care at the University of Texas MD Anderson Cancer Center 

between November 1989 and December 2018. Biopsies were taken during the course of 

treatment from 37 patients. 67.6% of patients were male and 37.8% were female (Table 3). 

Biopsies were taken from the primary lesion (27.0%), a recurrent local lesion (5.4%) or 

from a metastatic site, most commonly the lung (67.6%). The mean age at diagnosis was 

33.7 years. The median age at diagnosis (interquartile range; total range) was 28.75 years 

(16.6 - 45.9; 10.4 - 79.5 years).  

 
Table 3: Characteristics of patients represented in the TMA. 

  n Percentage 

Race/Ethnicity Asian 2 5.4% 
 Black or African American 4 10.8% 
 White (Hispanic or Latino) 6 16.2% 
 White (Not Hispanic or Latino) 25 67.6% 

Gender Female 14 37.8% 
 Male 23 62.2% 

TMA Biopsy Site Primary 10 27.0% 
 Metastatic: Other Site 4 10.8% 
 Metastatic: Lung 21 56.8% 
 Local Recurrence 2 5.4% 

 
 

Correlation of stained markers 

For YAP and TAZ, there was a wide range of localization and overall signal, which 

is expected given the high degree of heterogeneity between tumors (Figure 18A). Similarly, 

for IGF-1R and pIGF-1R, there was a broad range of average intensity values colocalizing 

with the nucleus. This was especially apparent for pIGF-1R where some tumors had intense 

nuclear staining and others had levels essentially equivalent to background (Figure 18B).  

When average staining intensity of IGF-1R/pIGF-1R and YAP/TAZ N:C ratios 

were treated as continuous variables, IGF-1R and pIGF-1R had strong correlation (Pearson 
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r correlation coefficient 0.690, p < 0.001) as did YAP and TAZ (0.822, p < 0.001). 

Additionally, there were correlations between pIGF-1R and both YAP and TAZ of 0.522 

(p = 0.001). Weaker but statistically significant positive associations could be found 

between other pairs (Figure 18C).  

The observed N:C ratio in patients ranged between 0.94 and 2.13 for YAP and 1.15 

and 2.19 for TAZ. However, the majority of patient values fell in a much smaller 

interquartile ranges of 1.13 and 1.35 for YAP and 1.33 and 1.60 for TAZ (Figure 18D, left 

panel). IGF-1R nuclear intensity had a narrow interquartile range compared to total range 

(Figure 18D, right panel). Conversely, we observed a wide range of values for active 

nuclear pIGF-1R in patient samples. 
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Figure 18: Quantification and correlation of YAP N:C ratio, TAZ N:C ratio, nuclear IGF-1R intensity 

and nuclear pIGF-1R intensity from a TMA of post treatment osteosarcoma biopsies.  
(A) Representative confocal microscopy images of osteosarcoma taken at post-treatment biopsy in a 

tissue microarray (TMA) displaying low (top) and high (bottom) N:C ratio of YAP and TAZ co-
stained with Hoechst (nuclei, blue), phalloidin (actin, green), scale = 250 µm. (B) Representative 

confocal microscopy images of osteosarcoma TMA displaying low (top) and high (bottom) nuclear 
IGF-1R and pIGF-1R (bottom) co-stained with Hoechst (nuclei, blue), scale = 250 µm. (C) Heatmap of 
Spearman r Correlations of YAP N:C ratio, TAZ N:C ratio, mean nuclear IGF-1R intensity, and mean 
nuclear pIGF-1R intensity for each patient represented in the TMA (n = 37 for IGF-1R/pIGF-1R and n 
= 36 for YAP/TAZ due to loss of one sample on TMA) with corresponding p values. *p < 0.05, **p < 
0.01, # p ≤ 0.001. (D) Box plots of average marker values per patient across all patients represented in 
the TMA. Shaded boxes with inner line represent the interquartile range and median where whiskers 

represent the total range of calculated patient values. 
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Association of TMA confocal imaging with histological characterization of 

disease 

The location of biopsies did not appear to have a significant correlation with 

YAP/TAZ N:C ratio or IGF-1R/pIGF-1R nuclear intensity (Figure S1A). The predominant 

histotype of the tumor and the subtype were determined by the Department of Pathology 

at MD Anderson. We examined potential correlations between the histopathological 

aspects of disease and YAP/TAZ N:C ratio or pIGF-1R/IGF-1R nuclear staining intensity. 

Increased YAP N:C ratio was associated with a chondroblastic phenotype compared to 

other histotypes. Increased YAP and TAZ N:C ratio were associated with osteosarcoma 

subtypes other than high grade bone (Figure 19A-C, right panels). Nuclear IGF-1R 

intensity and TAZ N:C ratio were not statistically different across the tumors with different 

predominant histotypes present in the osteosarcoma biopsies. Increased nuclear pIGF-1R 

was also associated with a chondroblastic histopathology and more likely to be seen in 

osteosarcoma subtypes other than high grade bone (Figure 19A-C, left panels). 

Interestingly, although pIGF-1R nuclear staining was present in subtypes other than high-

grade bone, IGF-1R nuclear staining intensity did not correlate with osteosarcoma subtype.  

Additionally, staining markers were also evaluated for correlation with other 

clinical aspects of disease that correlated with outcomes in other studies [342]. YAP/TAZ 

N:C ratio and IGF-1R/pIGF-1R nuclear intensity did not correlate with primary tumor 

location, metastatic disease status at diagnosis, or metastatic disease development over the 

course of disease (Figure S1B-D).  
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Figure 19: Associations between TMA staining and histopathological aspects of tumors. 

Average mean nuclear intensity of IGF-1R and pIGF-1R (Y1161) (n = 37) and average N:C ratio of 
YAP and TAZ (n = 36) in biopsies represented in a TMA subdivided by (A) predominant histotype of 
constituent cells, (B) osteosarcoma subtype and (C) osteosarcoma subtypes compared to the high grade 

bone subtype. n.s. = no significance, differing letters and *p < 0.05, **p < 0.01, ***p < 0.001, 
ANOVA with post-hoc Sidak test. 

 
 

YAP/TAZ and pIGF-1R/IGF-1R staining and overall survival 

To correlate the nuclear staining and localization of the tumor markers with 

outcome measures, we found it useful to partition patients into groups with low, medium, 

and high YAP/TAZ N:C ratio or IGF-1R/pIGF-1R mean nuclear intensity. In our work, we 

stratified average values by grouping patients within the 1st quartile, interquartile range, or 
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4th quartile as “low,” “medium,” and “high,” respectively, for the four selected markers 

over the 37 patients represented in the TMA.  

We assessed overall survival of patients for correlations with patient characteristics, 

pathology assessments, or tumor marker values we had generated from confocal imaging 

of the TMA. Kaplan-Meier assessment yielded no statistical differences between YAP or 

TAZ N:C ratio or IGF-1R mean nuclear intensity and overall survival (Figure 20A-C). 

Conversely, patients with high pIGF-1R mean nuclear intensity had worse overall survival 

(log-rank test done pairwise, p < 0.05) (Figure 20D). Previous reports have associated high 

IGF-1R expression with poorer surgical stage, lower overall survival, and distant 

metastasis however less is known about the impact of nuclear or phosphorylated IGF-1R 

in osteosarcoma [298, 343]. 

 
Figure 20: Kaplan-Meier survival analysis of tumor markers.  

(A-D) Patients were stratified into low, medium, and high categories (1st quartile, interquartile range, 
4th quartile for each mean value across all patients, respectively) for each parameter and were analyzed 

with Kaplan-Meier analysis to determine differences in overall survival. Dotted gray line refers to 
average of all patients. Log-rank test, post-hoc: n.s. = no significance, *p < 0.05, **p < 0.01. 

 

We correlated overall survival with presence of metastasis at diagnosis and the 

development of clinically observable metastasis over the course of disease which have been 

thought to be negative prognostic indicators in OS [344, 345]. As expected, patients with 
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observable metastatic disease at diagnosis or who developed metastatic disease over the 

course of their illness had significantly worse overall survival (Figure 21A-B, log-rank test 

**p < 0.01 and *p < 0.05, respectively). High grade bone osteosarcoma subtype was 

associated with decreased overall survival which is consistent with previous studies 

showing the majority of other, rarer osteosarcoma subtypes have better prognoses (Figure 

21C) [346]. Interestingly, chondroblastic histotype was associated with worse outcomes 

compared to fibroblastic histotype but neither of these phenotypes were statistically 

different than the osteoblastic histotype (Figure 21D). Large studies have previously 

reported that predominant histological subtype does not correlate with prognosis or 

outcomes in high grade osteosarcoma while a different group had reported that 

chondroblastic phenotypes may be associated with worse overall outcomes [347-349].  

Primary tumor location did not seem to have an effect on overall survival which is 

consistent with previous studies (Figure 21E) [350].   

 

 
Figure 21: Kaplan-Meier survival analysis for clinical and histopathological aspects of disease.  

(A-E) Survival curves were compared using the log-rank test and plots with more than two curves were 
compared pairwise except for “Predominant Histotype” where only the known histotype curves were 

compared (excluding “not listed” and “other”). Black dots indicate individual patients that were 
censored (dot above curve) or died (dot below curve). Dotted gray line refers to average of all patients. 

Log-rank test, post-hoc: n.s. = no significance, different colored letters and *p < 0.05, **p < 0.01. 

 
Given the complexity and potential interactions between variables in our patient 

sample set, we set out to fit a proportional hazards (Cox) model using a priori selected 
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variables including the tumor markers assessed in our in vitro models where tumor markers 

were fit as the categorical variables as with the Kaplan-Meier analysis. Possibly due to 

small sample size (n = 37), calculated risk ratios were very large and unreliable (calculated 

p values for the Wald tests and hazard ratios with 95% CIs are available in Table S1). To 

avoid overfitting our sample data, we employed the Bayesian information criterion (BIC) 

to select variables suitable for our Cox model that correlated with survival time in those 

patients who died over the observation period. This approach selected pIGF-1R mean 

nuclear intensity, YAP N:C ratio, osteosarcoma subtype, and predominant histotype as the 

variables most potentially predictive of time to death in the osteosarcoma patients 

represented in the TMA. After fitting a Cox model to these four variables, Wald test p 

values indicated that the effects of pIGF-1R mean nuclear intensity and YAP N:C ratio 

were significant (p = 0.0023 and p = 0.0224, respectively, Table 4). High pIGF-1R had 

increased risk ratios of 23.36 (95% CI: 3.83 - 154.72) and 25.22 (95% CI: 3.67 - 206.37) 

compared to medium and low pIGF-1R, respectively. There was no significant difference 

between medium and low pIGF-1R. This result was consistent with the Kaplan-Meier 

survival analysis. Conversely, it was low YAP N:C ratio compared to medium N:C ratio 

that was associated with a higher risk ratio of 7.38 (95% CI: 1.81 - 35.42; p < 0.01). Lower 

YAP N:C ratio trended with an increase risk compared to high YAP N:C of 5.03 but was 

not statistically significant likely due to small sample size (95% CI: 0.58 – 76.15; p = 0.16). 

Calculated risk ratios, confidence intervals, and p values for various pairs of osteosarcoma 

subtype and predominant histotype can be viewed in Table S2 although the overall effect 

did not appear to be significant based on Wald tests for these variables.  
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Table 4: Proportional hazards model featuring variables selected with Bayesian Information Criterion 
(BIC) 

 

Effect Wald Tests 

Source p value     
pIGF-1R Mean Nuclear 

Intensity 0.0023*     

YAP N:C Ratio 0.0224*     

Osteosarcoma Subtype 0.1689     

Predominant Histotype 0.1104     

Risk Ratios 
Risk Ratios for pIGF-1R Mean Nuclear Intensity 

Level 1 /Level 2 Risk Ratio p value Lower 95% Upper 95% 
High Low 25.22 0.0009* 206.37 3.67 

Medium Low 1.08 0.9021 0.33 3.94 
High Medium 23.36 0.0008* 3.83 154.72 

Risk Ratios for YAP N:C Ratio 
Level 1 /Level 2 Risk Ratio p value Lower 95% Upper 95% 

Low High 5.03 0.1568 0.58 76.15 
Low Medium 7.38 0.0050* 1.81 35.43 
High Medium 1.47 0.7678 0.11 16.81 

 
The fitted Cox models and the Kaplan-Meier survival curves together indicated that 

YAP and pIGF-1R may be useful prognostic indicators in osteosarcoma. Because there is 

such a wide range of phenotypic variability in YAP localization and IGF-1R activation 

among patients, these indicators may be useful in stratifying or selecting patients for 

YAP/TAZ or IGF-1R targeted therapy.  

Discussion 

A major hurdle in the study of osteosarcoma is that it has been difficult to determine 

prognostic biomarkers because the rarity of the tumors and because tumor samples often 

display many heterogeneous characteristics within individual patients and across different 

patients. The advent of tissue microarray (TMA) technology has afforded cancer 

researchers the ability to examine multiple tissues from multiple patients at once. TMAs 

allow researchers to treat each sample simultaneously with stains and antibodies that can 

reduce variability between samples. The use of tissue microarrays has largely been in 

studies focused on immunohistochemistry but here we describe the use of quantitative 

image analyses for staining intensity and localization from confocal microscopy in the 

evaluation of TMAs which has been reported in other studies [351]. 
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The IGF-1R/mTOR cascade has been implicated as a driver of anti-apoptotic 

signals and aberrant growth in many cancers [333, 334]. In patient samples, there was wide 

variation of nuclear, active IGF-1R as evidenced by the distribution of mean intensities of 

samples stained for pIGF-1R. Kaplan-Meier survival analysis indicated that high nuclear 

pIGF-1R was associated with worse outcomes. Moreover, a selected Cox model fit to our 

data confirmed an increased hazard ratio for death for patients with progressively higher 

levels of nuclear pIGF-R. Both of these models appear to corroborate previous studies 

implicating IGF-1R/mTOR in aggressive osteosarcoma [298, 343, 352]. Indeed, these 

results would suggest that IGF-1R or constituent signaling axis proteins may be attractive 

targets for therapy in osteosarcoma. Unfortunately, clinical trials of agents targeting this 

cascade have not yielded the blockbuster results leading some groups to hypothesize that 

patient stratification based on IGF-1R expression may be necessary to select appropriate 

patients for targeted therapy [32, 298].  

Analysis of the TMA revealed a clear range of YAP/TAZ N:C ratio across patient 

samples demonstrating likely heterogeneity in YAP/TAZ activity across different 

osteosarcoma patients. While univariate Kaplan-Meier survival analysis did not glean any 

statically significant association between YAP or TAZ N:C ratio and overall survival, a 

selected Cox model indicated that low YAP N:C ratio may be associated with worse overall 

survival. This result suggests that average values for YAP and TAZ N:C ratios may have 

prognostic value. Additionally, other studies have shown that nuclear YAP/TAZ may 

potentiate the signaling in the canonical IGF-R/mTOR cascade which is consistent with 

our finding of high correlation between YAP/TAZ and pIGF-1R/IGF-1R [24, 25]. 

Targeting YAP and TAZ in conjunction to the IGF-1R/mTOR pathway may be a viable 

combinational approach to suppress the IGF-1R mediated growth in sarcoma. 

 

Conclusion 

In this study, we have demonstrated a correlation between IGF-1R and the Hippo 

pathway effectors, YAP and TAZ staining in post-treatment biopsies of 37 osteosarcoma 

patients. Through univariate and multivariate analysis, we have identified that high 

phosphorylated IGF-1R and low YAP N:C ratio are potentially negative prognostic 
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indicators for overall survival in osteosarcoma. We were limited in the validation of these 

markers by having a small sample size in our study. Although we stratified the patient 

samples using quartiles for stained intensity measures, because there were only 37 patients 

represented our modeling assumed that our patient sample values were not skewed 

compared to the overall population of osteosarcoma patients.  
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Chapter 7 

Conclusions 

 

Tissue engineering is a field of bioengineering that focuses on combining scaffolds, 

biochemical signals, and physical inputs, to generate environments where cells grow or 

regenerate tissue in a controlled manner. The principles of tissue engineering can be 

directly applied to devise and build highly specialized tumor niches to study the 

interactions between cancer cells and their tumor microenvironment in a reductionist 

manner. In engineered tumor microenvironments, cancer researchers can investigate the 

effects of microenvironmental cues as these engineered platforms afford a greater degree 

of control over selected aspects of the tumor niche. Our laboratory has extensive experience 

in engineering bone constructs for tissue engineering purposes. In order to understand how 

elements of the microenvironment affect tumor cell phenotype, proliferation, pathogenic 

signaling, and therapeutic response in these sarcomas, we recognized that tissue 

engineering techniques could be applied build 3D bone tumor microenvironments and to 

interrogate critical elements of tumor biology. Ideally, these tissue-engineered platforms 

will serve as a cornerstone in preclinical cancer biology in the future and as an essential 

bridge between in vitro experimentation and in vivo testing.  

Cell culture on hard plastic or glass surfaces has been a mainstay of cancer 

investigation in vitro since the 1950s. These techniques on transparent substrates could 

easily be coupled with improving techniques in light microscopy and facilitated many 

important discoveries. However, monolayer culture methods can drastically affect cell 

phenotypes, therapeutic response, and proliferation rates and possibly select for only 
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particular populations of tumor cells capable of growing in these environments. This 

phenotypic drift of cells cultured as monolayers may lead to incorrect conclusions about 

the activation of critical signaling pathways and mechanisms of resistance to potential 

therapy. To combat this, researchers have turned to xenograft models in 

immunocompromised mice where tumor cells are implanted subcutaneously or 

orthotopically. While these models recapitulate many elements of the microenvironment 

including the incorporation of stromal cells, vasculature, and complex three-dimensional 

(3D) architecture, these elements are hard to interrogate individually. Further, there are 

ethical considerations when using animals in experimentation and generally these methods 

are low throughput and costly experiments compared to standard in vitro experiments. 

In thesis, we developed two 3D bone tumor microenvironments to study Ewing’s 

sarcoma (ES) and osteosarcoma (OS) pathogenesis. In Specific Aim 1, we focused on the 

roles of extracellular matrix (ECM) and mineralized components in a 3D electrospun 

poly(ε-caprolactone) (PCL) scaffold on proliferation, activation of insulin-like growth 

factor 1(IGF-1R)/mechanistic target of rapamycin signaling (mTOR) and nuclear IGF-1R 

signaling pathways, and generation of resistance to therapeutics. Our lab has previously 

used electrospun PCL as a substrate to study the effect of 3D architecture in ES. We 

attempted to build on this technique by incorporating bone-like ECM and mineralized 

components. To accomplish this, we cultured human mesenchymal stem cells (MSCs) on 

electrospun PCL scaffolds for 12 days in osteogenic media and subsequently decellularized 

the scaffolds to generate PCL-ECM constructs. We then cultured ES cells on the 3D 

groups, PCL scaffolds and PCL-ECM constructs, and compared phenotypic changes to 

monolayer controls. We observed a downregulation of  the IGF-1R/mTOR signaling 

cascade and IGF-1R transcriptional activity in 3D groups. While PCL-ECM constructs 

served to increase proliferation and recapitulate some hallmarks of ES morphology, these 

elements did not modulate IGF-1R signaling compared to PCL only controls. Both PCL 

scaffolds and PCL-ECM constructs generated ES cell phenotypes that were resistant to 

mTOR inhibition and doxorubicin compared to monolayer controls making these 

environments potentially applicable for studying mechanisms of resistance in the bone 

tumor niche. 
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In the Specific Aim 2, we focused on the role of the mechanical microenvironment 

in modulating osteosarcoma phenotypes. We developed a system of mechanically tunable 

3D environments utililzing coaxial electrospinning and modulation of the ratio of PCL and 

gelatin (core and shell) in fibers. Microscale testing with atomic force microscopy (AFM) 

and macroscale testing with uniaxial tensile testing revealed that individual fibers had 

elastic and tensile moduli spanning over three orders of magnitude.  We assessed 

mechanoresponse of OS cultured in these environments by determining, through confocal 

image segmentation, nuclear to cytoplasmic ratios of yes-associated protein 1 (YAP) and 

transcriptional co-activator with PDZ-binding motif (TAZ). Interestingly we found that as 

substrate stiffness was decreased in 3D environments, YAP and TAZ nuclear localization 

increased. All 3D environments, regardless of stiffness, induced a downregulation of the 

IGF-1R/mTOR signaling cascade similar to the effect of 3D environments in ES cells. 3D 

environments also facilitated the upregulation of Sox2 compared to standard monolayers 

regardless of calculated moduli. The downregulation of IGF-1R/mTOR activation likely 

contributed to the decreased efficacy of IGF-1R/mTOR targeted combination therapy in 

3D environments. These results suggest that osteosarcoma cells sense a complex 

mechanical microenvironment that is greatly influenced by not only the stiffness but the 

architecture of their microenvironment. The consequences of these signals modulate cell 

phenotype and responses to therapy.  

In Specific Aim 3, we examined the relationship between IGF-1R and YAP/TAZ 

localization in tumor biopsy samples from osteosarcoma patients with known outcomes 

represented in a tissue microarray. This aim builds on Specific Aim 2 by investigating the 

potential clinical and prognostic value of IGF-1R and YAP/TAZ in osteosarcoma. In this 

aim, we looked to correlate pairwise mean nuclear intensities of phosphorylated IGF-1R 

(pIGF-1R) and IGF-1R, with nuclear to cytoplasmic localization ratios (N:C ratio) of YAP 

and TAZ in samples from the same tumor in patients. We found that increased nuclear 

pIGF-1R was correlated with increased YAP and TAZ N:C ratio. We were able to correlate 

these average staining markers in patients with clinical aspects of disease such as 

osteosarcoma subtype and tumor histopathology. Through Kaplan Meier and Cox 

(proportional hazard) analysis, we have identified that high nuclear staining intensity of 
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phosphorylated IGF-1R and low YAP N:C ratio are potentially negative prognostic 

indicators for overall survival in osteosarcoma. 

Overall, the work in this thesis has focused on exploring how physical elements 

including stiffness, architecture, and ECM of the tumor microenvironment contribute to 

pathogenesis in bone sarcoma. In the first two Aims we engineered tumor niches and 

explored elements of pathogenic signaling. In Specific Aim 3, we sought to determine the 

relationship between signaling modulated in our models with that found in patient biopsies. 

We demonstrate that 3D models for bone sarcoma generate clinically relevant tumor cell 

phenotypes and the importance of the tumor microenvironment in determining aberrant 

signaling and increased resistance to therapy. These models highlight the need for 

engineering more accurate preclinical tumor models to determine the convergent effects of 

physical and biochemical inputs from the microenvironment on cancer pathogenesis. 
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