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Breast cancer is the leading cause of death of women worldwide, yet the cure for the disease 

remains elusive. Current therapies directly targeting cancer cells have been limited in effectiveness, 

partly due to increasing evidence suggesting that host stroma also plays a critical role in disease 

progression. Hence, studies increasingly focus on gaining a better understanding of the cellular 

and molecular mechanisms underlying cancer-stroma interactions. In breast cancer in particular, 

adipose-derived stem cells (ASCs) function as tissue-resident stromal cells that modulate the 

mammary microenvironment and thus, tumor progression. However, knowledge of the functional 

contributions of ASCs to tumor progression is relatively limited. 

Of importance is the effect of ASCs on tumor angiogenesis, or sprouting of new blood 

vessels by endothelial cells (ECs) in a tumor, a hallmark of cancer that renders tumors less 

susceptible to therapeutics. A majority of studies that discuss pro-angiogenic behavior of ASCs 

focuses on their pro-angiogenic factor secretion while cultured on a 2-D plastic substrate. However, 

this fails to fully recapitulate their behavior in the human body where 3-D heterotypic cell-matrix 

and cell-cell interactions occur. Additionally, host stromal cells in the tumor microenvironment 

such as ASCs have been shown to differentiate into myofibroblastic cells that remodel the 

surrounding extracellular matrix (ECM) extensively, which further promotes tumor progression, 
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for example, via increased secretion of growth factors, enhancing cancer cell invasion, and 

promoting angiogenesis.  

Equally important are the microenvironmental factors that modulate stromal cell behavior. 

Of particular interest are tumor-secreted factors, such as tumor cell-derived extracellular vesicles 

(TEVs), and hypoxia. TEVs were once thought to be debris, but they are now understood to contain 

myriad bioactive signaling molecules and to transform normal host stromal cells into tumor-

associated ones, such as myofibroblasts. Additionally, hypoxia, or low oxygen tension, exists at 

the core of the tumor and is a critical regulator of tumor angiogenesis. However, it is unclear how 

extended ECM remodeling, TEVs, and hypoxia modulate myofibroblastic and pro-angiogenic 

behavior of ASCs in the mammary tumor microenvironment. 

To investigate the aforementioned question, ASCs were cultured in type I collagen 

hydrogel-based 3-D culture systems to investigate the following aspects: 1) the effect of extended 

ECM remodeling by ASCs on angiogenesis by ECs, 2) the effect of TEVs on myofibroblastic 

differentiation of ASCs and the resulting consequences on angiogenesis, and 3) the effect of tumor-

secreted factors and hypoxia on myofibroblastic and pro-angiogenic behavior of ASCs. The results 

presented here indicate that prolonged ECM remodeling by ASCs as well as exposure of ASCs to 

TEVs and hypoxia increase pro-angiogenic behavior of ASCs and subsequent endothelial 

sprouting. On the other hand, hypoxia prevents myofibroblastic differentiation of ASCs whereas 

prolonged TEV treatment promotes it. My work suggests that ASCs are an integral cellular 

modulator of the tumor microenvironment and that host stromal cells should be taken into 

consideration when designing therapeutic targets against breast cancer. 
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Rejoice always, pray continually, give thanks in all circumstances; for this is God’s will for you 

in Christ Jesus. 

1 Thessalonians 5:16-18 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Cancer 

Cancer, a population of genetically abnormal cells that undergo unlimited and rapid proliferation, 

remains the second leading cause of death in the United States for the past 50 years, following 

heart disease1. Although there is a decrease in death and new incidence rates, over 1.6 million new 

diagnoses and about 600,000 deaths are estimated to occur in 2015, rendering war on cancer, as 

declared by President Nixon in 1971, still a serious battle1. The heterogeneity of the cell population 

that comprises cancers makes it difficult to combat the disease, owing to complex inter-organ and 

single cell interactions2. Most cancer-related deaths come from lung cancer, followed by breast, 

prostate, colon, pancreas, etc., and approximately 90% of these deaths arise from metastasis of the 

primary tumor to the secondary organ1,3.  

Strategies and studies to defeat the disease were initially focused on targeting the cancer 

cells themselves, designed to halt their uncontrollable proliferation. However, targeting cancer 

cells alone has not given significant success in curing these diseases, in part because cancer cells 

develop resistance to the therapeutic drugs, and most therapeutic strategies at targeting cancer cells 

alone also result in critical side effects. Interestingly, recent studies have called attention to the 

surroundings of the cancer cells, termed the tumor microenvironment, as the secret behind 

increased drug resistance, increased tumor growth and eventual metastasis4,5. As an example, a 

study by Paszek et al. has shown that normal mammary epithelial cells become cancerous when 

plated on stiff substrates6, showing the importance of the context in which the cells are situated. 
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Indeed, several hallmarks of cancer are attributed to the tumor microenvironment, such as inducing 

vascularization, pro-tumorigenic inflammation, and invasive growth and metastasis7. 

 

1.2 Breast Cancer 

Breast cancer is the most commonly diagnosed cancer and the second leading cause of death of 

women in the United States, following lung and bronchus cancer1. More than half of breast cancers 

start in the milk ducts of the breast tissue, whereas up to 15% of the cases arise from lobules of the 

breast8. Ductal carcinoma in situ, or DCIS, is a non-invasive condition where cancerous milk duct 

epithelial cells are present within the duct but do not infiltrate other sites9. DCIS can be treated by 

surgical removal of the tumor (lumpectomy) or the entire breast (mastectomy). Patients that have 

undergone a lumpectomy can also have follow-up therapies, including radiotherapy and/or 

hormone therapy to treat any residual cancer cells and preventing it from progressing and 

metastasizing10. However, it is not uncommon for breast cancer to become invasive and spread out 

of the breast tissue to axillary lymph nodes. Primary metastasis sites include secondary organs 

such as bone, brain, liver or lung11. In most cases of breast cancer, it is the metastasis that takes 

over the lives of the breast cancer patients12.  

Determining stages of breast cancer is done by analyzing the size of the tumor, status of 

the lymph nodes, and presence of metastases13. Each of these three categories, T for tumor size, N 

for lymph node status, and M for metastases, is numbered, and is used as a prognostic indicator of 

the disease and help inform the plan for treatment. The lower the number, the better the prognosis 

usually is. Other factors of prognosis include tumor grade, in which lower grade indicates well-

differentiated cancer cells that look like normal cells. High grade tumors contain poorly 

differentiated cancer cells that look abnormal and undergo rapid proliferation14. 
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Treatment plans for breast cancer can be largely dependent on hormone receptor status of 

the cancer cells: estrogen receptor (ER)-, progesterone receptor (PR)-, and/or HER2 (human 

epidermal growth factor receptor 2)-positive/negative. ER and/or PR-positive cancers typically do 

not express HER2. These patients undergo hormone therapies, including blocking of the ER and/or 

PR receptors to prevent binding of the hormones to their respective receptors, or using aromatase 

inhibitors to reduce production of hormones15. In pre-menopausal women, hormone production 

from ovaries is also hindered; by administering drugs or undergoing an oophorectomy, which is 

surgical removal of the ovaries. HER2-positive breast cancer patients can receive targeted therapy 

using Herceptin to block the HER2 receptor and inhibit growth of the cancer cells. Triple-

negative breast cancer is the most aggressive subtype, and for these patients targeted therapies 

provide no benefit. These patients typically undergo extensive chemotherapy to kill as much of 

the tumor as possible, and this non-specific treatment results in most aggressive side effects. 

 

1.3 Tumor Microenvironment 

Published in and adapted from DelNero, Song, Fischbach, Biomedical Microdevices 201316 

(DelNero and Song were co-first authors) 

 

Carcinomas comprise the majority of all solid tumors, and their malignancy is driven not only by 

the genetic transformation of epithelial cells, but also by the remodeling of contiguous stromal 

tissue to foster growth, metastasis, and therapy resistance17–19. This tumor stroma derives from 

reciprocal tumor-host cell crosstalk, whereby tumor cell-secreted growth factors and cytokines 

stimulate the otherwise quiescent host cells to initiate a variety of processes, including 

angiogenesis and formation of dense and stiff ECM called desmoplastic response 20–23. The 
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ensuing physiological changes resemble wound healing processes; however, tumor-associated 

stromal cells undermine tissue homeostasis rather than normalizing it, eliciting the analogy that 

tumors function as ‘wounds that do not heal’24,25. As a result, an asymmetric distribution of 

physical and chemical cues emerges, comprising spatio-temporally altered matrix mechanical 

properties and mass transport22,23,26,27.  

Structural ramifications of malignant transformation begin with the transition from 2-D to 

3-D tissue architecture caused by the hyper-proliferation of epithelial cells. Healthy epithelia are 

generally organized in polarized sheet structures, with a basolateral surface supported by a 

basement membrane, an apical lumen with secretory function, and tight junctions between 

neighboring cells in a confluent pseudo-monolayer. Disruption of this arrangement by aberrant 

proliferation, loss of E-cadherin-mediated cell-cell contact, or secretion of matrix-degrading 

enzymes such as matrix metalloproteinases (MMPs) subverts epithelial homeostasis and promotes 

carcinogenesis28–31. Independent of other environmental conditions, this dimensional shift affects 

tumor cell growth32,33, migration34,35, signaling36, and drug response37,38.  

Conversely, restoration of appropriate geometrical context, or inhibition of integrin 

receptors that mediate 3-D cellular engagement to the ECM, can normalize the malignant 

phenotype of transformed epithelial populations, in part by interrupting bidirectional cross-talk 

between growth factor and cell adhesion receptors33,39. Moreover, ECM properties, such as 

elasticity, nano- and microstructure, as well as composition affect tumorigenesis and need to be 

considered when designing matrices for in vitro culture models6,40,41. Namely, desmoplastic matrix 

remodeling by tumor-associated myofibroblasts entails the assembly of a highly dense ECM, 

whose physicochemical attributes enhance malignancy through morphogenic deregulation, tumor 

cell proliferation, vascular recruitment, and myofibroblastic differentiation23,42,43. Mediated by 
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increased deposition, unfolding, and crosslinking of fibrillar adhesion proteins (e.g. fibronectin, 

collagen type I), desmoplastic stiffening contributes to epithelial transformation in part through 

integrin-mediated increases in cell contractility44,45. This change in cell contractility, in turn, can 

directly and indirectly alter gene expression via altering transcription factor activity and the release 

of matrix-bound, pro-tumorigenic growth factors (e.g., transforming growth factor β; TGF-β), 

respectively46,47. Similarly, changes in the distribution of pore sizes, chemical composition, and 

fiber arrangement due to myofibroblastic remodeling can control aspects of tumor cell phenotype 

such as adhesion, mechanics, and motility35,48,49. 

 

1.4 Adipose-derived Stem Cells 

Adipose-derived stem cells (ASCs), often referred to as adipose stromal cells, are mesenchymal 

stem cells (MSCs) residing within adipose tissue. Isolated via lipoaspiration, ASCs are easier to 

obtain than bone marrow-derived MSCs (BM-MSCs) and thus use of ASCs for regenerative 

medicine applications has become increasingly attractive. ASCs are capable of differentiating into 

various lineages, such as osteoblasts, neurons, chondrocytes, adipocytes, endothelial cells, 

myoblasts50,51. As shown by Crisan et al., MSCs of various origins including ASCs can be found 

within the perivascular niche, raising speculations that all MSCs may be derived from pericytes52.  

In breast cancer, ASCs have been shown to facilitate tumor progression in various ways. 

One very prominent example is the tumor-promoting role of ASCs through differentiation into 

cancer-associated myofibroblasts that contribute to elevated ECM remodeling as characterized by 

changes in deposition and degradation of ECM molecules. Myofibroblasts are highly contractile 

mesenchymal cells that express alpha smooth muscle actin (α-SMA) stress fibers, and are typically 

involved in closing the wound gaps by contracting surrounding matrices53. In normal wound 
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healing, myofibroblasts undergo apoptosis, however, in tumors they continue to stay and remodel 

the surrounding ECM. This results in stiffening of the ECM, a hallmark of desmoplasia that is 

often correlated with worse prognosis. It is well established that transforming growth factor beta 

(TGF-β) promotes myofibroblastic differentiation of precursor cells, and our lab has previously 

shown that tumor cells secrete TGF-β and transform ASCs into myofibroblasts43. 

Another way that ASCs promote tumor progression is by promoting angiogenesis, or 

branching of new blood vessels from an existing vasculature. There are multiple avenues that 

ASCs employ to promote angiogenesis. One, ASCs secrete pro-angiogenic factors, such as 

vascular endothelial growth factor (VEGF), basic fibroblast growth factor (FGF), interleukin-8 

(IL-8), that promote proliferation and migration of endothelial cells54. Additionally, given their 

plasticity, they differentiate into blood vessel-lining endothelial cells and blood vessel-supporting 

pericytes55. Finally, ASCs are also capable of remodeling ECM, such as proteolytic degradation 

of the surrounding matrices as well as deposition of new ECM proteins56,57, which in and of itself 

promotes angiogenesis.  

Other studies have reported that MSCs, such as ASCs in the adipose tissue, secrete 

cytokines that locally promote cancer cell migration and invasion which may ultimately facilitate 

metastasis to secondary sites 58. Various in vitro and in vivo models have shown that ASCs are 

recruited to sites of tumor growth, reside perivascularly and promote tumor growth59. This homing 

of ASCs was observed regardless of the methods of their introduction, i.e. systemic injection vs 

local implantation of white adipose tissue (WAT), from which ASCs initially originate. The same 

research group further characterized the differences between ASCs obtained from lean vs. obese 

mice and found that ASCs from obese sources were able to trigger increased vascularization 

including larger vessel lumen diameters and greater pericytic coverage60. Through bone marrow 
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transplantation, Kidd et al. were further able to dissect the contributions of local WAT-derived 

ASCs vs bone marrow-derived MSCs in tumor progression and vascularization, where ASCs were 

source of vascular and supporting mural cells and bone marrow MSCs were source of tissue 

remodeling to promote cancer cell invasion and metastasis61.  

 

1.5 Angiogenesis 

As previously mentioned, one of the hallmarks of cancer is angiogenesis, or sprouting of new 

blood vessels from an existing vasculature62. It occurs in embryonic development, wound healing, 

as well as in pathological conditions. Normally, blood vessels stay dormant until the local 

concentration of pro-angiogenic factors exceeds that of anti-angiogenic factors. This has come to 

be called the angiogenic switch63. However, dysregulations in this process give rise to 

pathologically dysfunctional vasculature that renders the affected tissue either hypo- or hyper-

vascular, and in the case of cancer, sustained angiogenesis gives cancer its characteristic leaky, 

tortuous and dilated blood vessels and difficulties in delivering therapeutics.   

There are several types of cells that make up the blood vessels. Endothelial cells (ECs) 

form inner linings of the blood vessels and deposit their own basement membrane composed 

primarily of type IV collagen and laminin64. Typically identified by their surface markers such as 

CD31, VE-Cadherin, von Willebrand factor (vWF), etc., these EC vessels are enveloped on the 

abluminal side by mural cells such as pericytes and vascular smooth muscle cells (VSMCs) that 

provide further support and mechanical strength. Pericytes are usually found around capillaries, 

embedded within endothelial basement membrane and directly forming peg-socket junctions with 

endothelial cells on the apical side of the vessel. VSMCs, on the other hand, are typically found in 

large arteries and form a separate layer in the vascular wall. Both of the cells are contractile, share 
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some of the phenotypic markers such as desmin and platelet-derived growth factor receptor beta 

(PDGFRβ) and thus the distinction between the two different cell types are oftentimes blurred65,66.  

Upon stimulation by pro-angiogenic factors such as vascular endothelial growth factor 

(VEGF), the process of angiogenesis begins: the basement membrane degrades, EC-EC and EC-

pericyte junctions loosen and ECs undergo proliferation and migration. As they migrate and form 

sprouts, the surrounding extracellular matrices are degraded by a series of proteases to make way 

for endothelial cells to invade. There are two ways of forming vascular lumens; fusing of the 

sprouts into hollow cylindrical cords, or fusing of intracellular vacuoles of multiple endothelial 

cells67. Vascular lumen expansion is accompanied by proliferation of endothelial cells and 

hemodynamic shear stress caused by blood flow68. Additionally, cues from extracellular matrix, 

especially that of collagen fibrils, have been shown to regulate dilation of blood vessels69,70. 

Afterwards, vascular remodeling occurs where redundant vessels are pruned to remove excessive 

nascent branches. Afterwards, pericytes are recruited by ECs to further mature and stabilize into 

nascent blood vessels and assemble basement membrane.  

In tumor angiogenesis, one of the main triggers is driven by the discrepancies between the 

speed of tumor mass growth and that of angiogenesis: imbalance between oxygen and nutrient 

delivery and metabolic demand by the growing tumor. As a result, the tumor becomes hypoxic, 

and this activates increased expression of VEGF. In normal angiogenesis, VEGF levels are 

increased only when new vessels are needed as in wound healing. However, the tumor 

microenvironment exhibits persistent high VEGF levels, and this results in tumor blood vessels 

that are leaky, dilated, tortuous and disorganized branching71. In addition, pericyte coverage of the 

blood vessels is impaired, inhibiting maturation of the vessels. As a consequence, this abnormal 

vasculature compromises the delivery of therapeutic molecules. Recently, strategies have been 
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developed to “normalize” the blood vessels in order to restore drug penetration and oxygen levels 

during chemo- and radio-therapy71.  

In addition to a more “traditional” idea of tumor angiogenesis, a recent discovery has been 

made where tumor cells form hollow tubes that serve as blood flow conduits. This phenomenon, 

called vascular mimicry, is most often observed in uveal melanoma where CD31-/PAS+ tumor 

cells form channels containing red blood cells72. These tumor cell-lined “vessels” are oftentimes 

present in looping patterns that connect to pre-existing blood vessels. Vascular mimicry has also 

been observed in breast cancer specimens, and a study by Wagenblast et al. has revealed that the 

vascular mimicry is a likely driver of metastasis73. 

 

1.6 Extracellular Matrix  

Extracellular matrix (ECM) comprises a fundamental scaffolding unit in the tissue; a site where 

cells attach, organize, and proliferate, as well as, provide a source of mechanical strength for tissue 

stability. One of the most abundant ECM molecules is collagen type I, given its rigidity and ability 

to withstand various mechanical stresses as well as provision of sites for cell and macromolecule 

attachment74. In addition to fibrillary proteins, ECM also contains glycoproteins and 

proteoglycans. Furthermore, cell-secreted and exogenous growth factors can be sequestered within 

the ECM, primarily by binding on heparan sulfate proteoglycans. As discussed further, a class of 

proteases called matrix metalloproteinases (MMPs) releases these growth factors as they degrade 

various ECM proteins.  

ECM can be classified largely into two types: stromal matrix and basement membrane. 

Stromal matrices primarily consist of collagen type I and are present in connective tissues, or 

stromal regions of epithelial tissues such as in the breast. Basement membrane (BM), on the other 
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hand, exists basolateral to epithelium and endothelium, and mostly consists of collagen type IV, 

laminin, proteoglycans and glycoproteins such as fibronectin75,76. In addition to similar 

composition across different organs, BM serves similar roles by protecting epithelial or endothelial 

cells from external signals75. In the mammary gland, BM serves to protect epithelial cells that 

make up the duct. Once the ductal epithelial cells become malignant and invade the epithelial BM, 

these cancerous cells are exposed to stromal matrix with vastly different composition and structure, 

potentiating tumor progression77. 

Assembly of ECM is a tightly regulated process, not only among different ECM proteins 

themselves, but also between ECM molecules and cells via their integrins and consequently, to the 

cytoskeleton. For example, fibronectin assembly is highly dependent on the interaction of a 

fibronectin molecule with their receptor integrins such as α5β1 on cell surface78. Binding of 

fibronectin to integrins initiates reorganization of cytoskeletal proteins and formation of focal 

adhesion kinases, increasing cell contractility. This cell-induced unfolding of fibronectin 

molecules initiates a cascade of clustering and polymerization events that ultimately results in 

fibril formation. As ECM protein conformation changes via enhanced cell contractility, cryptic 

sites within the molecule are exposed, from which various signaling events can occur such as 

binding of growth factors or other ECM components. 

 

1.7 Matrix Metalloproteinase 

Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases that primarily facilitate in 

degradation of various ECM molecules79. Initially thought to primarily degrade ECM proteins, 

studies have shown that not only do MMPs have other target proteins such as other proteases, 

protease inhibitors, clotting factors, etc., but MMPs also exert secondary effects from degradation 
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of ECM, such as uncovering cryptic binding sites for various growth factors and releasing matrix-

tethered cytokines80,81. Humans possess 23 types of MMPs, and they can be either secreted or 

membrane-tethered. Secreted MMPs can also act pericellularly by binding to integrins on cell 

surface, cell surface receptors such as CD44, proteoglycans or extracellular matrix 

metalloproteinase inducer (EMMPRIN)79. MMPs are secreted extracellulary as pro-MMPs that 

consist of a pro-peptide domain and a catalytic domain82. By removing the pro-peptide domain, 

the MMP becomes active and can cleave various target proteins. Endogenous tissue inhibitors of 

metalloproteinases (TIMPs) primarily inhibit MMP activities, but TIMPs are also known to 

facilitate activation of certain MMPs, as is in the case of a complex formation of proMMP-2, MT1-

MMP and TIMP-2 to activate proMMP-282,83.  

In the tumor, MMPs are secreted not only by cancer cells, but also by stromal cells in the tumor 

microenvironment. Once thought to primarily facilitate late stages of cancer progression such as 

migration of cancer cells through the tumor mass and into the bloodstream to colonize secondary 

organs, MMPs are now known to facilitate earlier stages of the disease progression (solid tumors) 

such as angiogenesis and desmoplasia, or fibrotic deposition of ECM by stromal cells to facilitate 

tumor growth84. As stated previously, MMPs also release matrix-bound growth factors, 

accelerating proliferation of cancer cells and associated stromal cells. In addition to releasing 

sequestered growth factors, MMPs generate fragments of ECM, which can influence cell behavior 

independently of the original protein76,77. As increased levels of MMPs in tumor samples were 

observed, therapeutic targets against MMPs had been developed80. However, these studies were 

not as successful, due to unforeseen side effects of inhibiting MMP activity systematically.     

  

1.8 Hypoxia 
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Hypoxia, or low oxygen tension, results from inability to provide cells with adequate supply of 

oxygen. Hypoxia is sensed by transcriptional activator hypoxia-inducible factor 1 (HIF-1). There 

are two subunits, oxygen-labile HIF-1α and oxygen-stable HIF-1β. In ambient conditions, HIF-1α 

is ubiquinated by prolyl hydroxylase domain-containing enzymes (PHD) for degradation85. In 

hypoxia, HIF-1α and HIF-1β form stable heterodimers and bind to hypoxia responsible elements 

(HRE), which further triggers different cellular processes86.  

In cancer, hypoxia has been shown to promote tumor progression in different ways. 

Hypoxia upregulates expression of VEGF, which subsequently enhances tumor angiogenesis. 

Therapies against VEGF have shown limited success in treating the disease, and one of the reasons 

might be that hypoxia increases generation of breast cancer stem cells through HIF-1α and 

activation of downstream pathway Akt/β-catenin87. Additionally, pro-angiogenic pathways 

triggered by hypoxia have been shown to increase generation of tumor-derived microvesicles 

(MVs) and heparin-binding epidermal growth factor88. This hypoxia-dependent increase in MVs 

can also enhance tumor invasion and metastasis in a small GTPase RAB22A-dependent manner89.  

Whereas hypoxia has been shown to aggravate cancer cell behavior, conflicting reports 

have been made regarding its effects on stromal cells. Mesenchymal stem/stromal cells (MSCs) in 

tumor become myofibroblastic cells that promote tumor progression. In hypoxia, however, 

different studies exist that suggest that MSCs can either promote or inhibit myofibroblastic 

differentiation90,91. Caution is needed in interpreting these results, as cell type and culture 

conditions such as cell dimensionality, substrate in which these cells were cultured on, etc., is 

different. 

 

1.9 Extracellular Vesicles 
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Recent studies have shown that tumor cells release lipid membrane-bound sacs called 

extracellular vesicles (EVs), including microvesicles (MVs) and exosomes, which contain a 

variety of signaling molecules ranging from nucleic acids to cytokines and cell surface receptors. 

Generated by various cell types in health and disease, EVs can transform recipient cells, and high 

EV concentration in circulation is correlated with increased cancer malignancy92,93.  

Microvesicles are formed by pinching of the plasma membrane, whereas exosomes are 

released into extracellular space from late endosomal multivesicular bodies94. Additionally, size 

and morphology of these vesicles are different, as exosomes are less than 100 nm in diameter and 

spherical, whereas MVs can range from 250 nm to 1-2 μm in diameter and are not always perfectly 

spherical92. These differences in size have allowed researchers to separate the two vesicle 

populations via ultracentrifugation, gravity-driven fitration, etc.  

Shedding of MVs from the plasma membrane of cells involves various signaling pathways, 

including ones utilized in cytoskeleton rearrangement, and several molecules have been identified 

in modulating this process. One of these molecules is mitochondrial glutaminase. Cancer cells 

undergo metabolic changes such as glutamine addiction and aerobic glycolysis, in which 

glutaminase use is heavily in demand95,96. Because generating EVs are not very energy-efficient, 

cancer cells have been shown to hijack altered metabolism to produce extra lipids, proteins, nucleic 

acids etc., needed for EV genesis7. Studies by Wang et al. have shown that a small molecule 

inhibitor to glutaminase, called compound 968, reduced Rho GTPase activity and subsequent 

cytoskeletal rearrangement needed to shed MVs97. Further studies have shown that 968 treatment 

inhibits MV formation by metastatic breast cancer cells MDA MB-23196.  

Cancer cells have been shown to use EVs to promote tumor progression in a wide range of 

ways, by presenting tumor-specific antigens on EV surface to evade immune response, promoting 
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tumor angiogenesis, avoiding chemotherapeutic drug molecules by packaging them into EVs and 

establishing pre-metastatic niche by traveling to distant sites via circulation98,99. Tumor-derived 

EVs, also known as oncosomes, can also transform normal epithelial cells into malignant ones, 

further enhancing disease progression. Additionally, tumor-derived EVs can also transform normal 

host stromal cells, promoting pro-tumorigenic microenvironment favorable for cancer growth100. 

Studies have also suggested that molecular subtype of breast cancer is linked to aggressiveness of 

EVs, as triple-negative breast cancer cells secrete EVs that more greatly increase migratory 

behavior of normal stromal cells and induce coagulation compared to EVs derived from non-

malignant, ER-positive breast cancer cells101,102.  

 

1.10 3-D Culture Systems 

Published in and adapted from DelNero and Song, Fischbach, Biomedical Microdevices 201316  

 

Microfabrication techniques in conjunction with natural or artificial ECM molecules afford 

investigations into the role of 3-D cell-cell and cell-ECM interactions40,103–105. In contrast to 

patterning 2-D surfaces with natural ECM molecules, fully-enclosed 3-D tissue culture has proved 

its utility for mimicking the structural environment of tumor-associated stroma and subsequent 

effects on disease progression. For example, organotypic culture arrays comprising 

lithographically-defined epithelial tissue structures sandwiched between layers of collagen were 

used to study geometrical influences on neoplastic progression106. Likewise, hydrogel-based 3-D 

microwell arrays have emerged as a robust platform to examine cell culture space and intercellular 

interactions, including their effects on drug response107,108.  

In order to explore the role of matrix composition, structure, and mechanical properties in 
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cancer pathogenesis, biomaterials for regenerative medicine and drug delivery can be adapted to 

microfabricated culture systems discussed above109, including complex mixtures of biological 

ECM (e.g., Matrigel®, a basement membrane preparation isolated from Engelbreth-Holm-Swarm 

murine sarcoma) and isolated ECM components from animal tissue (e.g., collagen I, 

fibronectin)110. These natural biomaterials offer unique advantages due to their inherent provision 

of cell binding sites and the fact that porosity, fiber structure, and stiffness can be readily tailored 

via adjusting gelling conditions such as temperature, concentration, gel thickness, and media 

composition40,104,111. 

 

1.11 Engineering Approaches 

1.11.1 Confocal Microscopy 

Confocal microscope is an optical imaging technique used to acquire high resolution images of 

specimen, be it 2-D or 3-D, by point illumination of the sample through a use of pinhole. This is 

in contrast to traditional wide-field fluorescence microscopy in which the entire sample is 

illuminated with light at the same time, requiring high laser power and increasing risk of 

photobleaching. The existence of pinholes at the detector and laser removes out-of-focus light, and 

the aperture at the detector and this allows optical reconstruction of thick 3-D specimen. One of 

the common types of confocal microscope is scanning laser microscope, in which multiple (up to 

4) different lasers scan a sample at a given time. Spinning disk microscopy uses a disk of pinholes 

to collect images at a much faster rate than scanning laser confocal microscope, and this makes it 

especially ideal for imaging live specimen112.  

 

1.11.2 Scanning Electron Microscopy 
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Scanning electron microscopy (SEM) uses electron beams, instead of light as is done in 

conventional microscopes, to obtain a surface topographical image of a specimen placed above the 

focusing lens. Applying electrons instead of light allows higher magnification of the specimen 

with greater resolving power and depth of field113. Varying voltage allows control of image quality 

and resolution.  

To be detected and visualized by an electron beam, the specimens are coated with 

conducting metals such as gold. Prior to metal coating, specimens are fixed in aldehyde, treated 

with increasing concentration of ethanol solution for dehydration. To ensure complete removal of 

liquid, specimens undergo supercritical drying, also known as critical point drying, with 

compounds such as hexamethyldisilazane113. By preserving the structure of the specimens, SEM 

allows a non-destrucrive way of imaging detailed topography of samples114. 

 

1.11.3 Nanoparticle Tracking Analysis 

Nanoparticle Tracking Analysis (NTA) is a method of analyzing size and concentration of particles 

in a sample. A sample is flown into the chamber of the NTA device, and a video of the sample is 

recorded on a camera and saved onto a computer, visualizing light scattered by the particles in the 

medium. Then the software tracks individual particles and determines the mean square 

displacement and diffusion coefficient D from their Brownian motion. Then this D value is 

plugged into Stokes-Einstein equation to calculate the diameter of the particle:  

𝐷 =  
𝑘𝐵𝑇

3𝜋η𝑑
 

, where T is temperature of the sample, η viscosity of the medium, and d is the diameter of the 

particles.   

NTA is particularly useful for determining size of nano- to micron-sized particles, be it 



 

17 

biological samples such as cell-derived microvesicles and exosomes, or polymer beads synthesized 

in a laboratory, for example as a drug delivery vehicle. Benefits of using NTA include ability to 

determine concentration of the particles in addition to size distribution, as well as visualizing the 

particles via light scattered by them.  

Prior to NTA, dynamic light scattering (DLS) was most commonly used to determine 

particle size. It also utilizes light backscattered by particles in the solution and the fluctuations in 

light intensity due to their Brownian motion. However, fluctuations in light intensity is 

proportional to the sixth power of the particle diameter makes it difficult to accurately measure 

polydisperse sample in which particles of various size distribution exist in one suspension115. 

Additionally, current tools utilizing DLS for particle size measurement, such as Malvern’s 

Zetasizer, do not provide concentration of the particles in a given sample.  

 

1.11.4 Plasma Cleaning 

Oxygen or air plasma is generated by high frequency voltages to excite atoms of gas molecules to 

high energy state. These excited ions and radicals that are generated in plasma remove organic and 

bacterial contaminants and impurities on surfaces, making these properties ideal for cleaning 

various substrates ranging from medical devices and biomaterials to circuit boards, crystals, etc. 

Plasma is also used to bond two different substrates and hydrolyze surfaces by promoting 

hydroxylation on the surfaces, allowing further chemical modifications of them to achieve desired 

properties. In case of microfluidic devices, PDMS-based channels and glass coverslips are plasma 

cleaned, and bonding the two substrates together creates Si-O-Si bond that is irreversible. In case 

of biomaterials, surface modification initated by plasma cleaning improves adhesion of proteins 

and cells to otherwise uncharged and hydrophobic surfaces116.   
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1.12 Research Objectives 

It is now well understood that the tumor microenvironment, which is comprised of host stromal 

cells, tissue-specific ECM as well as tumor-secreted factors, enhances tumor progression in part 

through promoting pro-tumorigenic traits of local ASCs and endothelial cells. In addition, previous 

studies have shown that tumor-derived soluble factors trigger differentiation of ASCs into 

myofibroblasts, also termed cancer-associated fibroblasts (CAFs), which promote tumor growth 

via increased secretion of pro-angiogenic factors as well as ECM deposition and stiffening. These 

changes in turn affect the behavior of endothelial cells and thus the vasculature formed by these 

cells. While aspects of tumor vascularization and angiogenesis have been studied extensively117, 

little is known with regards to how different microenvironmental factors such as ECM, oxygen 

tension, and tumor-derived factors affect the behavior of ASCs with subsequent effects on tumor 

angiogenesis.  

To this date, most approaches studying the effects of tumor-secreted factors in modulating 

the behavior of host stromal cells have focused on soluble factors. However, recent advances in 

the field have begun to appreciate the role of TEVs, membranous structures pinched off the plasma 

membrane of cancer cells that contain various signaling molecules capable of transforming 

recipient cells. Circulating levels of these TEVs in cancer patients have been shown to correlate 

with poor clinical prognosis, with some studies even suggesting that circulating TEVs promote 

pre-metastatic niche formation and thus disease progression. However, how these MVs affect host 

stromal cell behavior remains largely unclear.  

My doctoral research focused on the role of the tumor ECM and TEVs on modulating the pro-

angiogenic behavior of ASCs and the resulting consequences on angiogenesis. Therefore, I 
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hypothesize that tumor microenvironmental factors modulate pro-angiogenic behaviors of ASCs, 

and that these changes promote tumor angiogenesis. This hypothesis was tested by investigating 

the following sub-hypotheses: 

 

1. Prolonged ECM remodeling by ASCs promotes angiogenesis. 

2. Tumor cell-derived EVs modulate pro-angiogenic behavior of ASCs and increase tumor 

angiogenesis. 

3. Tumor-secreted factors and hypoxia promote pro-angiogenic behavior of ASCs and 

increase angiogenesis. 

 

The following chapters will discuss each of these sub-hypotheses in more detail. In Chapter 5, an 

overall discussion of the works presented in this dissertation and future directions will be 

presented.  

In Chapter 2, the effect of temporal variations of ASC co-culture with human umbilical 

vein endothelial cells (HUVECs) on sprouting angiogenesis is discussed. Specifically, this study 

shows that proteolytic remodeling of 3-D collagenous matrices by ASCs creates physical cues 

where endothelial cells form angiogenic sprouts into. In contrast, immediate co-culture of ASCs 

and HUVEC monolayer results in pericyte-like behavior of ASCs, with organization of basement 

membrane and elevated expression of pericyte marker alpha smooth muscle actin (α-SMA). 

In Chapter 3, the effect of tumor cell-derived extracellular vesicles (TEVs) on ASCs and 

subsequent angiogenesis is studied. In this work, TEVs induced myofibroblastic differentiation of 

ASCs which resulted in increased α-SMA levels and cell contractility, enhanced fibronectin 

deposition and pro-angiogenic VEGF secretion. Subsequently, these changes enhanced endothelial 
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sprouting. This effect was specifically related to the biogenesis of TEVs, as these effects were 

reduced when TEV production was blocked with a glutaminase inhibitor, Compound 968.  

In Chapter 4, the effect of tumor-secreted factors and hypoxia on ASCs and endothelial 

cells is presented. Specifically, tumor-conditioned media (TCM) enhanced osteogenic 

differentiation and inhibited adipogenic differentiation of de-differentiated adipocytes. 

Additionally, TCM and hypoxia increase ASCs’ secretion of VEGF and IL-8, and this resulted in 

capillary network formation by HUVECs. Interestingly, hypoxia inhibited contractility of ASCs. 

Chapter 5 summarizes the studies described in the three previous chapters and provides 

insights into future works that could bring a better picture of how ASCs promote breast cancer 

progression, and how these findings could be implemented into developing future therapeutic 

strategies.  

Finally, the Appendix section touches on the effect of TCM on osteogenic differentiation 

of bone marrow-derived mesenchymal stem cells. 

In summary, the obtained results presented in this dissertation suggest that different tumor 

microenvironmental factors (i.e. ECM, TEVs, hypoxia) enhance pro-tumorigenic behavior of 

ASCs, and these changes in turn alter endothelial cell behavior, in particular angiogenic sprouting. 

The works presented here are of interdisciplinary nature, with collaborations with chemical 

engineers, biologists, and veterinarian with different specialties. 



21 

CHAPTER 2 

 

ADIPOSE-DERIVED STEM CELLS INCREASE ANGIOGENESIS THROUGH MATRIX 

METALLOPROTEINASE-DEPENDENT COLLAGEN REMODELING  

Published in and adapted from Song, YH et al., Integrative Biology 2016 

 

2.1 Contributors 

The co-authors and their contribution of this chapter are as follows: Seung Hee Shon aided in 

invasion assay with pre-culture of adipose-derived stem cells (ASCs). Mengrou Shan devised 3-D 

culture platforms for the time lapse microscope experiment and provided neon green labeled 

human umbilical vein endothelial cells (HUVECs). Dr. Nora Springer performed 

histomorphological analysis of in vivo samples. Professor Abraham D. Stroock provided guidance 

and expertise in microfabrication and analysis of the data. Professor Claudia Fischbach aided in 

design of the experiments and data analysis and writing of the manuscript. This work was 

supported by NIH/NCI (the Cornell Center on the Microenvironment & Metastasis through Award 

Number U54CA143876 and R01CA185293). Imaging data were acquired in the Cornell BRC-

Imaging Facility using the shared, NIH-S10RR025502 for Zeiss LSM 710 Confocal and NIH-

S10OD010605 for Andor Spinning Disk Confocal. 

 

2.2 Abstract 

Adipose-derived stem cells (ASCs) are key regulators of new blood vessel formation and widely 

investigated for their role in tissue regeneration and tumorigenesis. However, the cellular and 

molecular mechanisms through which ASCs regulate angiogenesis are not well understood. Here, 
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it was our goal to test the functional contribution of ASC-mediated extracellular matrix (ECM) 

remodeling on endothelial cell invasion. To isolate the effect of ECM-remodeling, ASCs were 

embedded within 3-D collagen type I hydrogels and pre-cultured for 7 days; controls were not pre-

cultured. A confluent monolayer of human umbilical vein endothelial cells (HUVECs) was seeded 

on top and its invasion into the underlying hydrogel was analyzed. Without pre-culture, ASCs 

inhibited vascular sprouting by stabilizing the endothelium. In contrast, 7-day pre-culture of ASCs 

drastically increased invasion by HUVECs. This effect was largely mediated by proteolytic ECM 

degradation by ASC-derived matrix metalloproteinases (MMPs) rather than vascular endothelial 

growth factor (VEGF), as our results indicated that blockade of MMPs, but not VEGF, inhibited 

endothelial sprouting. Collectively, these data suggest that the angiogenic capability of ASCs is 

modulated by their proteolytic remodeling of the ECM, opening new avenues for pro- and anti-

angiogenic therapies. 

 

2.3 Introduction 

Angiogenesis, the sprouting of new blood vessels from existing vasculature, is critical to 

both physiological and pathological tissue remodeling, and in part modulated by adipose-derived 

stem cells (ASCs). ASCs are mesenchymal stem cells (MSCs) contained in the stromal vascular 

fraction of adipose tissue118 and capable of stimulating angiogenesis in regenerative medicine and 

pathological conditions such as cancer59,119,120. Given these connections and the fact that ASCs can 

be isolated from lipoaspirates or excised adipose tissue in relatively large quantities, these cells are 

an attractive source for regenerative applications. In fact, various preclinical and clinical trials 

currently explore the therapeutic potential of ASCs for vascular application 121,122. Furthermore, 

ASCs have been used to create pre-vascularized engineered tissue constructs for tissue 
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regeneration and to study the pro-angiogenic behavior of ASCs in the context of disease 

progression119,123. Nevertheless, our understanding of the mechanisms by which ASCs regulate 

vascularization remains relatively limited. 

The vessel-promoting capability of ASCs is typically attributed to their secretion of pro-

angiogenic factors that activate endothelial sprouting, such as vascular endothelial growth factor 

(VEGF)124,125. Furthermore, certain subpopulations of ASCs influence capillary function by 

differentiating into endothelial cells themselves126,127 and stabilizing vessels in the form of 

pericytes54. While both of these phenomena are important, ASCs also regulate ECM remodeling, 

which can independently modulate angiogenesis128. Interestingly, proteolytic ECM degradation by 

other stromal cells has previously been shown to increase neovascularization by either releasing 

sequestered pro-angiogenic factors from their matrix depots128,129 or providing physical guidance 

cues130. Nevertheless, whether a similar phenomenon exists for ASCs is not well understood. 

Proteolytic matrix degradation and its resulting effects on angiogenesis are largely 

mediated by a class of enzymes called matrix metalloproteinases (MMPs)128,131. MMPs occur as 

both secreted and membrane-type MMPs (MT-MMPs) and modulate angiogenic sprouting when 

expressed by the endothelial cells themselves, an effect that is enhanced when endothelial cells are 

exposed to ASC-derived paracrine signals132–134. Yet ASCs themselves also express MMPs and 

MT-MMPs (e.g. MMP-1, -2, -3, -7, -8, -9, -14, -15, -28)56,135, and MMP expression by other 

neighboring stromal cells has previously been shown to promote vascular sprouting130,136. 

However, whether ASC-associated MMP activity and thus, proteolytic ECM remodeling affects 

endothelial cell behavior during new vessel formation is not well understood.  

Here, we have utilized a recently developed 3-D hydrogel platform137,138 to determine the 

functional relationship between ASC-dependent (i) proteolytic ECM remodeling, (ii) VEGF-
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related endothelial cell invasion, and (iii) stabilization of an endothelial monolayer. This model 

consisted of 3-D co-cultures of ASCs and human umbilical vein endothelial cells (HUVECs) in 

microscale collagen type I hydrogels. Our results suggest that ASC-mediated proteolytic ECM 

remodeling inhibits endothelial monolayer stabilization while stimulating vascular sprouting in a 

VEGF-independent manner. These results improve our understanding of ASCs’ pro-angiogenic 

functions and thus future basic science and therapeutic approaches. 

 

2.4 Materials and Methods  

Cell culture 

Human ASCs and HUVECs were both purchased from Lonza. ASCs of passage 3 through 5 were 

cultured in their corresponding growth media (ADSC-GM, Lonza). HUVECs of passage 3 and 4 

were cultured in growth media (HUVEC-GM) consisting of Bio-Whittaker® media 199 (M199; 

Lonza) supplemented with 16% [v/v] fetal bovine serum (FBS, Atlanta Biologicals), 1% [v/v] 

penicillin/streptomycin (P/S, Gibco), 30 μg/mL endothelial cell growth supplement (Millipore), 2 

mM Glutamax (Gibco), and 2500 U heparin sulfate sodium salt (Sigma). Cultures were maintained 

at 37˚C, 5% CO2 with media changed every 2 days. 

 

Microwell fabrication and invasion assay setup 

Microwells 200 μm in depth and 4 mm in diameter were fabricated as previously described137,138. 

Briefly, poly(dimethylsiloxane) (PDMS, Dow Corning) was cast onto a silicon master coated and 

patterned with a negative photoresist SU-8 (Figs. 1A-i-ii). After curing and demolding of the 

PDMS microwells, collagen hydrogels were cast into the microwells and covalently coupled to 

their walls following treatment with 1% [v/v] polyethyleneimine (PEI, Sigma) and 0.1% [v/v] 



 

25 

glutaraldehyde (GA, Fisher). Collagen type I was isolated from rat tails using established 

protocols137 and cast with or without embedded ASCs at a density of 2 million cells/mL (Fig. 2.1A-

iii). After gelation at 37˚C, microwell cultures were overlaid with HUVECs at a seeding density 

of 300 cells/mm2, corresponding to 471,000 cells/mL, either immediately or after 7 days of ASC 

pre-culture (Fig. 2.1A-iv). ASC pre-culture was performed in ADSC-GM, and assessment of 

HUVEC sprouting was performed in invasion media [HUVEC-GM supplemented with 50 μg/mL 

L-ascorbic acid (Acros Organics) and 50 ng/mL tetradecanoyl phorbol acetate (TPA, Cell 

Signaling Technology)] for another 3 days. For inhibition studies, media was supplemented with 

20 μM broadband MMP inhibitor BB-94 (Batimastat, Tocris) or 100 ng/mL recombinant human 

tissue inhibitor of metalloproteinase 2 (TIMP-2; R&D Systems), and 1 μg/mL human VEGF 

neutralizing antibody (R&D Systems) during the pre-culture and co-culture periods, respectively. 

For cancer cell trans-endothelial invasion studies, GFP-MDA MB-231 (ATCC) human 

adenocarcinoma cells were seeded at 40,000/mL on top of the microwells a day after HUVEC 

monolayer was established. For all conditions, microwells were maintained individually in 24-

well plates. 

 

Transwell assays 

To assess migration of ASCs toward HUVEC-secreted factors, transwell inserts with 8 µm pores 

(BD Biosciences) were coated with bovine collagen type I (BD Biosciences) overnight and then 

seeded with ASCs. Subsequently, these inserts were placed into a 24-well plate that was seeded 

with HUVECs 24h earlier (Fig. 2.3C). After overnight culture, the inserts were fixed with formalin, 

stained with 4',6-diamidino-2-phenylindole (DAPI; Invitrogen), and imaged. For each transwell, 

five images of randomly selected areas were taken using a Zeiss Axio Observer.Z1 microscope 
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and 20x objective. After image acquisition, the number of cells that had migrated across the 

transwell membrane was counted based on the number of DAPI-stained nuclei using AxioVision. 

A reverse setup was used to assess the effects of HUVEC-secreted factors on alpha smooth muscle 

actin (α-SMA) levels of ASCs, where HUVECs were seeded onto the transwell inserts, and ASCs 

into the wells below. After 3 days of co-culture, ASCs were fixed and immunofluorescently stained 

against α-SMA using a primary rabbit anti α-SMA monoclonal antibody (Abcam) and a secondary 

goat anti-rabbit Alexa Fluor antibody (Invitrogen). Image analysis was performed as specified 

below for microwell cultures. 

 

Analysis of pro-angiogenic factor secretion 

For analysis of VEGF secretion, three microwells were pooled and cultured in Dulbecco’s 

minimum essential media (DMEM, Gibco) supplemented with F-12 nutrient mixture (Gibco), 1% 

FBS, and 1% P/S (DMEM/F12). After 24 hours, media and lysates were harvested separately and 

stored at -20˚C until further analysis. To measure the amount of VEGF contained in the bulk, the 

cell-containing collagen gels were lysed in RIPA buffer (Thermo Scientific) supplemented with 

protease cocktail inhibitor (Thermo Scientific), phosphatase cocktail inhibitor (Thermo Scientific), 

and serine protease inhibitor PMSF (phenylmethylsulfonyl fluoride, Calbiochem). VEGF levels in 

the collected media and lysates were quantified using an enzyme-linked immunosorbent assay 

according to manufacturer’s instructions (ELISA, R&D Systems) and normalized to DNA content 

measured using Quantifluor dsDNA System (Promega). 

 

Time-lapse microscopy 

PDMS rings 200 µm in thickness, 8 mm in outer diameter, and 4 mm in inner diameter were 
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generated and bonded to glass-bottom petri dishes via air plasma. Rat-tail derived collagen type I 

was labeled with Alexa Fluor® 647 succinimidyl ester dye (Life Technologies). ASCs transduced 

with mCherry lentivirus were embedded in the bulk of the gel, and neon green HUVECs infected 

with mNeonGreen lentivirus 139 were seeded on top. Time-lapse images were acquired using an 

Andor Revolution Spinning Disk Confocal Microscope. Metamorph and ImageJ were used for 

subsequent image analysis. 

 

Immunofluorescence analysis of microwell cultures 

At experimental end points, microwell cultures were fixed in formalin (Millipore), permeabilized 

with Triton-X (VWR), and blocked with bovine serum albumin (Fisher Scientific). Afterward, 

HUVECs were stained with mouse anti-human CD31 monoclonal antibody (Sigma), while ASCs 

were stained with rabbit anti α-SMA monoclonal antibody (Abcam). Cell nuclei and actin fibers 

were labeled with DAPI and Alexa Fluor® 568 or 647 phalloidin (Life Technologies), respectively. 

Collagen type IV was stained with rabbit anti-collagen IV antibody (Abcam) without prior 

permeabilization. Z-stack images of each microwell were taken using a Zeiss LSM 710 confocal 

microscope (Fig. 2.1D). For each microwell, images of 5 randomly selected areas were taken at a 

step size of 5 μm. For analysis of collagen gel degradation, confocal reflectance was used. 

Image analysis was performed via ImageJ or Zen LSM Image Browser. Endothelial sprouts 

were defined as CD31-positive sprouts extending at least 10 μm deep into the bulk of the collagen 

gels138. Endothelial lumen area was determined by generating binary images of the CD31-channel 

and quantifying the cross-sectional area of individual lumens throughout the Z-stack using ImageJ. 

The length of endothelial sprouts was assessed by measuring the depth through which individual 

sprouts invaded into the Z-stacks. Degradation-mediated changes of collagen pore size were 
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analyzed by measuring the area of pores with the freehand tracking tool of ImageJ. For each 

condition, values were collected from the complete Z-stack, averaged per image, and then 

averaged per microwell. Alpha-SMA levels were determined by quantifying the staining intensity 

via the RGB measure function in ImageJ and normalizing to cell number in each field of view 

based on the number of DAPI stained nuclei. Lastly, for collagen type IV heat maps, a custom 

MATLAB code was used to generate contour maps of pixel values collected from flattened Z-

stacks of collagen type IV confocal images.  

 

Subcutaneous implantation of ASC-embedded hydrogels in vivo 

Animal experiments were performed in accordance with protocols reviewed and approved by the 

Cornell University Institutional Animal Care and Use Committee. In specific, 6- to 8-week old 

female SCID Ncr CB17 mice (Charles River) were subcutaneously implanted with collagen 

scaffolds with or without ASCs embedded in, demolded from the microwells. The experimental 

groups were as followed: no pre-cultured ASCs (D0, n=3), pre-cultured ASCs (D7, n=3), pre-

cultured ASCs treated with BB-94 (D7 + BB-94, n=3), and all mice received blank gels as an 

internal control (Fig. 2.8A). After 2 weeks, the mice were sacrificed and the scaffolds were 

harvested. After washing in PBS, the scaffolds were fixed in 4% paraformaldehyde, embedded in 

paraffin and sectioned. H&E sections were used to visualize scaffolds, and CD31 

immunohistochemistry was performed to locate vasculature within the gels. Specifically, sections 

were de-paraffinized, horseradish peroxidase activity was quenched with hydrogen peroxide, and 

antigen retrieval was performed with Proteinase K (DAKO). After blocking, the sections were 

incubated with rat anti-mouse CD31 antibody (BD Pharmingen) in 4C overnight. Afterwards, 

sections were washed in 0.05% Tween 20 Tris-HCl solution (TBST), and conjugated with 
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biotinylated rat IgG (Vector Laboratories). Signal was amplified using Tyramide Signal 

Amplification (TSA) Biotin Kit (Perkin Elmer). CD31 was then detected with 3,3-

diaminobenzidine (DAB, Thermo Scientific). Sections were counterstained with Mayer’s 

hematoxylin (Thermo). Afterwards, the slides were embedded in Entellan (Millipore) and imaged 

using Aperio Scanscope Scanner. Quantification of CD31-positive pixels was done using positive 

pixel count algorithm on ImageScope software (Fig. 2.8C). As shown in Fig. 2.8B, presence of 

ASCs increased overall angiogenesis into the implanted collagen gel, and this effect was reduced 

when ASCs were pre-treated with BB-94 during the 7-day pre-culture, although the overall levels 

of vasculature were low in the gels. This could be due to the short implantation period of two 

weeks, and examination of these implants by veterinarian pathologist (NLS) revealed evidence of 

immune response from the host. 

 

Statistical Analysis 

For each experiment, analysis of variance with Tukey’s post-test was performed to assess the 

significance across the experimental groups. The data are plotted as mean ± standard deviation 

using Prism GraphPad. For the transwell assays, three transwells were prepared per condition. For 

3-D culture studies, at least three microwells were analyzed per condition per experiment; for 

analysis of VEGF secretion, three replicates with a total of nine microwells per condition were 

tested. For each study, at least two independent experiments were performed. The level of 

statistical significance was set at p <0.05. 

 

2.5 Results 
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2.5.1. Simultaneous seeding of ASCs and HUVECs inhibits endothelial sprouting 

To investigate the effect of ASCs on 3-D sprouting angiogenesis, we utilized a collagen type I-

based culture platform that was previously developed by our labs to study endothelial-

endothelial137,139 and tumor-endothelial cell interactions138,140. This platform consists of 200 m 

deep collagen type I-filled PDMS microwells, which permits studying 3-D cell behavior in the 

absence of oxygen and nutrient limitations (Fig. 2.1A). Collagen type I was chosen as a relevant 

ECM component given its relative abundance in the perivascular niche, in which ASCs typically 

reside64,141. For the experiments described herein, ASCs were seeded into the bulk of the hydrogels 

and were subsequently overlaid with a confluent HUVEC monolayer mimicking the endothelial 

Figure 2.1. Experimental setup. (A) i, ii) PDMS microwells (200 μm deep, 4 mm 

diameter) were fabricated using soft lithography on a silicon wafer (Scale Bar: 1 cm) 

as previously described137. Individual microwells were punched out using a biopsy 

punch and iii) filled with collagen type I with or without embedded adipose stem cells 

(ASCs). iv) Human umbilical vein endothelial cells (HUVECs) were seeded atop the 

collagen gels either immediately or after 7 day pre-culture of ASCs. (B) For each pre-

culture condition, three different experimental conditions were tested: ASCs and 

HUVEC co-cultures (A+H) and ASC (A) or HUVEC mono-cultures (H). (C) HUVEC 

sprouting from the confluent top monolayer into the underlying bulk (white 

arrowhead) was analyzed by immunofluorescence and image analysis of confocal 

micrographs. Scale bar = 50 μm. 
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coating of capillaries (Figs. 2.1B-C). Seeding HUVECs either immediately or following 7 days of 

ASC pre-culture in the bulk enabled us to investigate the effect of ASC-mediated ECM remodeling 

on endothelial cell behavior; monocultures of either ASCs or HUVECs alone were used as 

controls. Without prior pre-culture, ASCs increasingly assembled with the HUVEC monolayer 

(Fig. 2.2A), which correlated with reduced endothelial cell invasion into the underlying collagen 

gel (Fig. 2.2B). Indeed, quantification of endothelial sprout formation confirmed that HUVEC 

monocultures developed significantly more sprouts relative to the HUVEC-ASC co-cultures, 

albeit in low numbers (Fig. 2.2C). These data indicate that the immediate introduction of HUVECs 

atop ASC-embedded collagen gels does not increase angiogenic response by HUVECs, but rather 

ASCs inhibit sprouting possibly due to their association with the HUVEC monolayer.  
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2.5.2. Simultaneous seeding of ASCs and HUVECs induces pericyte behavior of ASCs 

Adipose stem cells have been reported to exhibit pericyte characteristics including expression of 

markers such as α-SMA142. Since simultaneous co-culture of ASCs and HUVECs resulted in ASC 

assembly with HUVECs and inhibited endothelial sprouting into the underlying collagen gel, we 

hypothesized that this may be due to ASCs assuming pericyte-like behavior. To test this 

Figure 2.2. Immediate co-culture of ASCs and HUVECs inhibits endothelial 

sprouting. (A) i) Reconstructed 3-D images of ASC (mCherry-labeled) and HUVEC 

(neonGreen-labeled) co-cultures 0 and 3 days after endothelial cell seeding. 

Arrowheads indicate ASCs associated with the endothelium. ii) Image analysis of the 

number and percentage of ASCs associated with the HUVEC monolayer. **p<0.01 

vs. d3 of respective quantification. (B) Confocal micrographs of HUVEC mono-

culture (left) and ASC-HUVEC co-culture (right). Top row: HUVEC layer. Bottom 

row: bulk (50 µm below HUVEC monolayer). Arrowhead indicates CD31-positive 

HUVEC sprouts. Scale bar = 50 μm. (C) Number of HUVEC invasions as quantified 

by image analysis, *p<0.05 vs. H. 
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hypothesis, ASCs in both mono- and co-culture with HUVECs were stained for α-SMA. Indeed, 

ASCs in direct cell-cell contact with HUVECs exhibited increased levels of α-SMA than ASCs 

that were cultured in the absence of HUVECs; HUVECs were lacking α-SMA expression in this 

setting and thus did not contribute to the detected differences in α-SMA (Figs. 2.3A-B). To 

determine whether HUVEC paracrine signals contributed to ASC migration toward the 

endothelium and up-regulation of α-SMA, ASCs were indirectly co-cultured with HUVECs using 

transwells. Indeed, these experiments confirmed that ASCs migrated significantly more towards 

HUVECs relative to control conditions (Fig. 2.3C). However, HUVEC-secreted factors did not 

increase α-SMA levels of ASCs (Fig. 2.3D), consistent with previous findings suggesting that 

direct cell-cell contact rather than paracrine signaling between ASCs and HUVECs is necessary to 

increase α-SMA expression of ASCs143,144. Immunofluorescence analysis further confirmed that 

the presence of ASCs promoted endothelial basement membrane formation, a phenomenon 

previously attributed to interactions with pericytes145. More specifically, ASC-HUVEC 

interactions significantly increased deposition of the key basement membrane component collagen 

type IV and mediated pronounced structural changes of the resulting collagen type IV network 

(Figs. 2.3E-F). Taken together, these data suggest that HUVEC-derived paracrine and juxtacrine 

signals promote pericyte-like behavior in ASCs that supports endothelial basement membrane 

formation and vascular stabilization. 
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Figure 2.3. Immediate co-culture of ASCs and HUVECs stabilizes the endothelium through 
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ASC recruitment. (A) Immunofluorescence analysis of α-SMA positive ASCs in the presence 

and absence of a CD31 positive HUVEC monolayer. Scale bar = 50 µm. (B) Confocal image 

analysis of α-SMA staining intensity per nucleus (*p<0.05 vs. A). (C) Transwell assay to quantify 

ASC migration in response to HUVEC-derived paracrine factors; blank media served as control, 

*p<0.05 vs Control. (D) Effect of HUVEC-secreted factors on α-SMA levels of ASCs as assessed 

by an inverse transwell assay; blank media served as control. (E) Immunofluorescence of collagen 

type IV deposition in mono-cultures of ASCs (A) and HUVECs (H), and co-culture of both cell 

types (A+H). Scale bar = 50 μm. (F) Corresponding heat maps of collagen type IV staining 

intensity in the different mono- and co-cultures. Scale bar = 50 μm. 

 

 

2.5.3. ASC pre-culture promotes endothelial sprouting 

As immediate co-culture of ASCs and HUVECs inhibited angiogenic sprouting, we next assessed 

whether ASC pre-culture, and thus possible ECM remodeling prior to seeding endothelial cells, 

may have a different effect. To test this, ASCs were pre-cultured in the microwells for 7 days 

before introducing HUVECs. This setup increased endothelial cell invasion as compared to 

HUVECs seeded on either similarly treated blank gels or on ASC-seeded gels without prior pre-

culture (Figs. 2.4A-B). ASC expression levels of α-SMA were not different in 7-day co- and mono-

cultures (Fig. 2.4C). Hence, we postulated that pre-cultured ASCs promoted endothelial sprouting 

via increased VEGF secretion. However, ELISA revealed that VEGF secretion by ASCs remained 

unchanged after the 7-day pre-culture period (Fig. 2.4D). Furthermore, blockade of VEGF 

signaling with a function-blocking antibody, did not significantly inhibit the increased endothelial 

sprouting into ASC-seeded, pre-cultured hydrogels although a slight decrease was noted (Fig. 

2.4E). Together, these data suggest that endothelial cell sprouting in response to ASC pre-culture 

was not mediated by ASC secretion and/or matrix sequestration of VEGF, but that alternative 

mechanisms including collagen remodeling were likely at play.  
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2.5.4. ASC pre-culture modulates the structural properties of endothelial sprouts 

Previous studies suggested that dilation of blood vessels is regulated in part by collagen 

remodeling146. Hence, ASC-mediated ECM remodeling may not only increase the number, but 

Figure 2.4. Pre-culture of ASCs for 7 days prior to seeding HUVECs promotes 

endothelial sprouting. (A) Confocal micrographs of HUVEC mono-culture (left) and 

ASC-HUVEC co-culture (right); HUVECs were seeded after the blank and ASC-

containing collagen gels were cultured for 7 days. Top row: HUVEC monolayer. 

Bottom row: bulk (50 µm below HUVEC monolayer). Arrowheads indicate CD31-

positive HUVEC sprouts. Scale bar = 50 μm. (B) Confocal image analysis of HUVEC 

sprouting into blank (H) and ASC-containing (A+H) collagen with (7d) or without 

(0d) pre-culture; *p<0.05 vs. H for each time point. (C) α-SMA levels of ASCs in 

mono- vs. co-culture with HUVECs, as analyzed by immunofluorescence. (D) VEGF 

secretion by ASCs before and after pre-culture, as measured by ELISA and normalized 

to DNA content. (E) Confocal image analysis of HUVEC invasion into blank or ASC-

containing, 7 day-pre-cultured collagen with and without addition of a VEGF-function 

blocking antibody during the HUVEC culture period; ** p<0.01, *** p<0.005 vs. 

blank.  
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also the structural properties of angiogenic sprouts. To further characterize the endothelial cell 

sprouts formed in the 7-day pre-culture vs. control samples, image analysis was performed. ASC-

preconditioned collagen gels stimulated formation of longer, much more intricately connected 

sprouts as compared to similarly treated blank gels (Fig. 2.5A); in HUVEC mono-cultures, none 

of the sprouts were longer than 40 μm, whereas in co-cultures some sprouts extended more than 

200 μm (Fig. 2.5B). In addition, a higher percentage of sprouts within ASC-preconditioned 

collagen gels exhibited lumens, and these lumens also had a larger cross-sectional area relative to 

those in blank hydrogels (Fig. 2.5C). More specifically, endothelial lumens within ASC-

preconditioned collagen gels were up to an order of magnitude wider as compared to HUVEC 

monocultures in blank collagen gels. Additionally, the majority of sprouts formed into ASC-

preconditioned collagen gels had connected branches spanning throughout the entire collagen gel, 

whereas those formed in blank hydrogels were less interconnected (Fig. 2.5D). Collectively, these 

data suggest that ASC pre-culture in collagen gels not only increases the number, but also changes 

the structural properties of endothelial sprouts. 
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2.5.5. ASC-mediated ECM remodeling stimulates endothelial sprouting in an MMP-

dependent manner 

To more directly assess whether ASC-mediated matrix remodeling played a role in endothelial cell 

behavior, we next performed fluorescence time-lapse microscopy to test (i) whether ASCs generate 

degradation pores and (ii) whether HUVECs explore these pores to invade into the underlying 

matrix. This analysis revealed that ASC culture within fluorescently labeled collagen type I yielded 

degradation pores (Fig. 2.6Ai, arrows), whereas blank gels lacked similar features. Interestingly, 

the pores generated by ASCs provided angiogenic guidance cues as HUVECs quickly migrated 

into these pores shortly after seeding (Fig. 2.6Aii). Given that degradation of collagen is largely 

mediated by MMPs128 and that ASCs express MMPs56,147, we next sought to assess whether ASC-

Figure 2.5. Pre-culture of ASCs for 7 days prior to seeding HUVECs changes 

endothelial sprout structure. (A) 3-D reconstruction of HUVEC mono-culture (H) 

and ASC and HUVEC (A+H) co-culture. HUVECs were seeded after the blank and 

ASC-containing collagen gels were cultured for 7 days. Green = CD31, Red = F-actin. 

(B) HUVEC sprout length in H and A+H conditions as measured by confocal image 

analysis. (C) Image analysis of microwell cultures containing lumenized sprouts (left) 

and corresponding analysis of lumen cross-sectional area (right) in H and A+H 

conditions; *: p<0.05. (D) Confocal image analysis of HUVEC branching in the 

different conditions; **: p<0.01.  
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mediated MMP activity played a role in collagen degradation and subsequent endothelial cell 

invasion. To this end, proteolytic activity of ASCs was inhibited with the broadband MMP 

inhibitor BB-94 throughout the 7-day pre-culture period (but not during HUVEC culture). 

Confocal reflectance microscopy and subsequent image analysis confirmed that this treatment 

significantly reduced gel degradation relative to control conditions (Fig. 2.6B). Importantly, 

HUVEC sprout formation was reduced to control levels when ASC-derived MMPs were inhibited 

(Fig. 2.6C). Interestingly, treating ASCs with exogenous TIMP-2 (i.e., a natural inhibitor of MMPs 

that is known to bind the catalytic domain of MT1-MMP148during the pre-culture also decreased 

HUVEC invasion, albeit less drastically than BB-94 treatment. To determine whether this BB-94-

associated reduction of angiogenic sprouting was related to decreased MMP-dependent release of 

VEGF from its ECM sequestration149, both matrix-bound and soluble VEGF levels were measured. 

While no significant difference was noted between matrix-associated VEGF in control and BB-94 

treated cultures, the amount of soluble VEGF in conditioned media was significantly reduced in 

BB-94-treated vs. control ASC cultures (Fig. 2.6D). This suggests that the angiogenic capability 

of ASCs depends on MMP-mediated ECM remodeling. Furthermore, simultaneous blockade of 

VEGF and MMPs during the ASC pre-culture period yielded a similar effect on endothelial cell 

invasion as on inhibition of MMPs alone (Fig. 2.6E). In contrast, blockade of VEGF alone during 

the co-culture period did not have a significant effect on endothelial cell invasion (Fig. 2.4E). 

Consequently, these data suggest that MMP-mediated ECM remodeling promoted angiogenic 

sprouting more effectively than VEGF signaling in our experimental setup.  
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2.5.6 ASC pre-culture increases trans-endothelial invasion of MDAs into underlying collagen 

gels 

Figure 2.6. Inhibiting MMP activity of ASCs during pre-culture blocks 

subsequent endothelial sprouting. (A) i) HUVEC mono-culture (H) and ASC and 

HUVEC (A+H) co-culture in fluorescently labeled collagen gels. HUVECs were 

seeded after the blank and ASC-containing collagen gels were cultured for 7 days. 

Arrows indicate degradation pores generated by ASCs. Scale bar = 50 μm. ii) 

Fluorescence time-lapse images of HUVECs migrating into a degradation pore 

previously created by ASCs (arrowheads). Scale bar = 10 μm. (B) Confocal 

reflectance images of ASC-embedded collagen gels that were pre-cultured with or 

without the MMP inhibitor BB-94 (left); corresponding quantification of degradation 

pore sizes (right). Scale bar = 50 μm. (C) Confocal image analysis of HUVEC 

sprouting into blank collagen gels or collagen gels pre-cultured with ASCs in the 

presence or absence of BB-94 or TIMP-2; *** p<0.001 vs. blank,  p<0.01 vs. 

ASCs + TIMP-2,  p<0.001 vs. ASCs + BB-94. (D) Levels of VEGF 

sequestered in the collagen matrix (matrix) and secreted into the media (soluble) as 

measured by ELISA; * p<0.05 vs. soluble ASCs. (E) HUVEC invasion into collagen 

gels pre-cultured with ASCs in the presence or absence of BB-94. The effect of VEGF 

signaling was tested by adding a function-blocking antibody during the HUVEC co-

culture period. ** p<0.01 vs. control conditions.  
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To assess the effects of ASC pre-culture on trans-endothelial invasion of cancer cells, MDAs were 

seeded on top of HUVEC monolayers. As shown in Fig. 2.7, ASC pre-cultured gels increased 

trans-endothelial migration and invasion of MDAs into the underlying bulk. In comparison, when 

MDAs were introduced onto ASC-HUVEC immediate co-cultures, fewest MEA invasions were 

seen. Between blank gels, there was no significant difference, although there was a slight increase 

in gels that were not pre-cultured.  

  

 

2.5.7 Subcutaneous implantation of pre-cultured ASC-embedded collagen hydrogels affect 

 
Figure 2.7. ASC pre-culture increases trans-endothelial invasion by MDAs. (A) 

Confocal micrographs of HUVEC monolayer and bulk of the collagen microwells. 

0-3 indicates immediate seeding of HUVECs, 7-3 indicates 7-day pre-culture of 

ASCs followed by 3-day co-culture with HUVECs. H indicates HUVECs seeded on 

blank gels, and A+H indicates HUVECs seeded on ASC-embedded gels. Scale bar 

= 50 μm. (B) Quantification of MDAs invaded into the bulk of gels. * p<0.05 vs 0-

3, A+H 
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angiogenesis in vivo  

In order to assess the physiological relevance of the in vitro results, ASC-embedded collagen 

scaffolds were implanted subcutaneously into SCID mice in vivo. Four conditions were examined: 

blank gels, 0-day pre-cultured ASC-embedded gel (D0), 7-day pre-cultured ASC-gel (D7), and 7-

day + BB-94 (BB-94) (Fig. 2.8A). Immunohistochemistry (IHC) of scaffolds harvested after 14 

days of implantation revealed significantly greater degrees of angiogenesis in ASC-embedded gels 

compared to BB-94 and blank gels (Figs. 2.8B, D). However, no significant difference between 0-

day and 7-day gels was observed.  
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Figure 2.8. ASC pre-culture affects in vivo angiogenesis. (A) Schematic of the in 

vivo study. Type I collagen gels with 1) ASCs without pre-culture, 2) ASCs with 7-

day pre-culture, 3) ASCs with 7-day pre-culture + BB-94 were implanted 

subcutaneously into immunocompromised mice, with blank gels serving as control 

for each mouse. (B) Quantification of CD31 positive pixels per cross-sectional area 

of the implanted scaffolds; * p<0.05 vs. Blank, and  p<0.05 vs. BB-94. (C) 

ImageScope Positive Pixel Count Algorithm used in quantification of CD31 positive 

staining. Strong positive pixel counts were used for analysis. (D) Representative IHC 

images of H&E and CD31-stained cross-sections of the gels. For each staining, black 

outlines indicate the gels and a red box is shown in higher magnification on the right. 

For both H&E and CD31 staining, lower magnification images bar = 1 mm, higher 

magnification images bar = 50 μm.  
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2.6 Discussion  

The work presented here suggests that ASCs can facilitate both quiescent and activating stages of 

angiogenesis depending on their ability to undergo proteolytic ECM remodeling. In our system, 

immediate introduction of HUVECs to ASC-embedded collagen gels induced pericyte-like 

association of ASCs with the endothelium and inhibited HUVEC invasion. On the contrary, 

culturing ASCs in the collagen gel for 7 days prior to HUVEC introduction promoted vascular 

invasion due to proteolytic ECM remodeling rather than increased secretion of VEGF. 

Additionally, analysis of ASC-mediated differences in ECM remodeling and sprout structure 

indicated a functional relationship between both parameters. Finally, these differences were 

dependent on ASC proteolytic activity, as inhibition of MMP activity significantly abrogated 

angiogenic sprouting. Collectively, this work sheds light on not only the benefit of pre-culturing 

stem cells for creating pre-vascularized tissue grafts, but possibly also the pro-angiogenic 

contribution of ASCs to cancer during which the ECM-remodeling capability of ASCs 

increases43,44.  

The angiogenic behavior of ASCs in our studies was dependent on the culture condition; 

when HUVECs were immediately introduced, ASCs migrated toward and associated with the 

HUVEC monolayer, increased α-SMA levels, contributed to basement membrane assembly, and 

inhibited endothelial sprouting. Consistent with previous reports, the increased expression of α-

SMA by ASCs was not driven by HUVEC-secreted factors, but required direct cell-cell contact 

between both cell types143,150. Yet it is also possible that ASCs intrinsically expressing α-SMA 

migrated toward the endothelial cells and contributed to increased pericyte coverage151. In addition 

to inhibiting endothelial sprouting, pericytes are critical to basement membrane assembly, of 

which type IV collagen represents an important component145. Indeed, a coherent network of 
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collagen type IV was only detected when the endothelial monolayer was in direct contact with 

ASCs. This further confirms the pericytic phenotype of ASCs under these conditions, although 

analysis of additional pericyte markers such as desmin, NG2, and PDGF receptor beta would be 

valuable65. While direct cell-cell contact between ASCs and HUVECs likely contributed to the 

observed endothelium stabilization and basement membrane formation in our studies it is possible 

that ASC- secreted tissue inhibitors of metalloproteinases (TIMPs) also played a role. Indeed, 

ASCs secrete TIMP-2 and 356,152, which were previously shown to inhibit endothelial cell 

invasion134.  

Interestingly, endothelial sprouts that had formed within the collagen bulk following ASC 

pre-culture only exhibited low levels of associated α-SMA positive cells. This observation is 

consistent with the fact that α-SMA levels of ASCs did not vary between mono-cultures of ASCs 

and co-cultures of ASCs with endothelial cells. Nevertheless, it is also possible that the activated 

state of endothelial cells during sprouting did not result in the secretion of paracrine factors that 

typically stimulate ASC recruitment toward the endothelium (e.g. PDGF-BB153,154). Alternatively, 

this finding is possibly related to the short co-culture period of ASCs and HUVECs in our 

experimental setting (3 days), as previous studies suggested that pericyte-like association of ASCs 

with endothelial cells requires at least 11 days of co-culture between both cell types54,155.  

In our 3-D culture system, ASC pre-culture in collagen increased not only the number of 

sprouts but also the formation of longer, more dilated, and interconnected sprouts. Oftentimes, 

structural differences of blood vessels are associated with increased VEGF secretion caused by 

hypoxia156. However, VEGF levels did not significantly differ between our conditions. 

Furthermore, the utilized culture platform was designed to maintain normoxic oxygen distribution 

throughout the bulk138. Hence, an alternative mechanism was likely at play and possibly involved 
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proteolysis-mediated reduction of ECM mechanical properties, a mechanism previously associated 

with increased endothelial sprouting in response to VEGF157. Supporting the concept that ECM 

degradation was involved in varied endothelial cell behavior in our experiments, we observed that 

HUVEC lumen formation coincided with ASC-generated degradation pores, and that these pores 

were formed in an MMP-dependent manner. Nevertheless, future mechanistic studies will be 

necessary to further confirm these conclusions. 

In addition to their ECM-degrading activity, MMPs can regulate angiogenesis via various 

additional mechanisms that may have collectively influenced angiogenesis in our experimental 

setup. For example, MMP-1 degrades fibrillar collagen type I, while MMP-2 can expose cryptic 

binding sites for pro-angiogenic integrins in collagen, and activate pro-angiogenic factors 

including transforming growth factor beta (TGF-β). Furthermore, MMP-9 has been shown to 

facilitate degradation of both basement membrane and other ECM components158,159. In addition 

to secreted MMPs, ASC-associated MT-MMPs likely played a key role as well. In particular, 

ASCs express MT1-MMP, which in combination with MMP-2 and -9 may be critical to regulating 

angiogenesis132. When expressed by endothelial tip cells and/or vessel-associated pericytes, MT1-

MMP-dependent matrix degradation provides physical guidance cues for further elongation of 

endothelial sprouts 133,160,161. In our experiments, degradation pores were mostly co-localized with 

ASCs, suggesting that matrix degradation occurred locally, possibly by membrane-tethered MMPs 

rather than secreted, diffusible MMPs. Indeed, addition of TIMP-2, which binds to the catalytic 

domain of MT1-MMP148 during the ASC preculture time reduced sprouting of subsequently 

seeded endothelial cells albeit to a lower degree than BB-94. This supports that the collective 

interplay between multiple MMPs were responsible for our results. In addition, TIMP-2 may affect 

cell behavior through alternative mechanisms that go beyond MMP inhibition162 or that can, in 
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fact, activate rather than inhibit certain MMPs including MMP-283. 

In our studies, endothelial cells explored pores created by ASC-mediated proteolytic ECM 

remodeling for invasion into the underlying bulk, suggesting that not only endothelial tip cells and 

pericytes, but also alternative stromal cell types generate ECM guidance cues for 

neovascularization. In fact, increased endothelial cell sprouting due to stromal cell-mediated ECM 

remodeling may not be unique to ASCs as fibroblasts co-cultured with endothelial cells similarly 

stimulate vascular sprouting163,164. However, when injected in vivo, ASCs associate significantly 

more with the vasculature and express pericyte markers when compared to fibroblasts165,166. 

Accordingly, co-delivery of endothelial cells with ASCs leads to the formation of mature 

capillaries, whereas co-delivery with fibroblasts yields less mature, leaky vasculature166. Our 

results are consistent with these previous findings, but additionally suggest that ASC-dependent 

proteolysis physically directs increased vascular sprouting toward sites of active ECM remodeling, 

which may be explored for future pro- and antiangiogenic therapies.  

Subcutaneous implantation of ASC-embedded collagen scaffolds did not elicit great 

angiogenic responses as observed in vitro. Although there was a significant difference between 

ASC-embedded gels and blank gels, as well as with BB-94-treated scaffolds, the overall degree of 

angiogenesis was not high. One of the reasons behind this difference between in vitro and in vivo 

results could be attributed to lack of direct endothelial cell supply in vivo. In our in vitro platform, 

a confluent HUVEC monolayer was introduced immediately above the ASC-laden gels, allowing 

easier and more direct crosstalk between HUVECs and ASC-derived cues. In in vivo settings, 

however, endothelial cells would first have to be recruited to the site of implantation. In addition, 

the culture media contained TPA, which promotes endothelial cells to form sprouts167,168. 

However, in vivo surroundings do not naturally provide such stimulants. Additionally, pathological 
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assessment of the harvested samples indicates presence of immune response, suggesting that 14 

days might not have been enough to initiate angiogenesis. Future studies will need to be performed 

to determine the optimal amount of time to elicit angiogenic response with maintainng the effect 

of BB-94 treatment.  

Although this work has focused on MMP-mediated effects of collagen remodeling on 

sprouting angiogenesis, new blood vessel formation is an inherently complex process involving 

various additional ECM components, signaling factors, and cell types. To obtain a more detailed 

mechanistic understanding, future modification of the described culture platform will help to 

assess the effects of other ECM components (e.g. fibrin169 and hyaluronic acid170), matrix 

remodeling molecules (e.g. plasmin or urokinase plasminogen activator171), pro- and anti-

angiogenic factors (e.g. basic fibroblast growth factor, interleukin-8, thrombospondin-1), and cell 

types (e.g. macrophages, smooth muscle cells) in the described processes. Furthermore, the co-

localization of the degradation pores with ASCs and that addition of TIMP-2 during the preculture 

time inhibited vascular sprouting could indicate a role for membrane-bound MMPs, but whether 

they function alone or in combination with other secreted MMPs as suggested by previous 

studies132 would need to be confirmed. Finally, it would be interesting to assess whether the 

different culture conditions ultimately affect vessel functions such as permeability and response to 

fluid flow because the integrity of the vasculature can be compromised in diseases where extensive 

ECM remodeling occurs, as in cancer172.  

 

2.7 Conclusion 

In summary, our work contributes to a better understanding of the role of ASCs in angiogenesis, 

especially their proteolytic remodeling of the ECM and how endothelial cells utilize the resulting 
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cues during sprouting angiogenesis. By varying pre-culture time, we could recapitulate the two 

different states that ASCs assume during angiogenesis, from activating endothelial cell branching 

to inhibiting sprouting angiogenesis by associating perivascularly with the endothelium. The pre-

culture approach explored in this work could not only be utilized to improve vascularization 

strategies for regenerative medicine, but also to more appropriately study the capability of ASCs 

to regulate neovascularization during cancer.  
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CHAPTER 3 

 

BREAST CANCER-DERIVED EXTRACELLULAR VESICLES STIMULATE 

MYOFIBROBLAST DIFFERENTIATION AND PRO-ANGIOGENIC BEHAVIOR OF 

ADIPOSE STEM CELLS 

under review for submisstion to Matrix Biology, 2016 
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3.2 Abstract 
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Adipose-derived stem cells (ASCs) are abundantly present in the mammary microenvironment and 

can promote breast cancer malignancy by differentiating into myofibroblasts. However, it remains 

largely unclear which role tumor-derived extracellular vesicles (TEVs) play in ASC myofibroblast 

differentiation in the tumor microenvironment. Here, we used microfabricated, type I collagen-

based 3-D tissue culture platforms to investigate the effects of breast cancer cell-derived TEVs on 

ASCs myofibroblast differentiation and tested the resulting effects on extracellular matrix 

remodeling and vascular sprouting. TEVs collected from MDA MB-231 human metastatic breast 

cancer cells (MDAs) increased alpha smooth muscle actin (-SMA) and fibronectin (Fn) levels of 

ASCs in both 2-D and 3-D culture. This was in part dependent on transforming growth factor beta 

(TGF-)-related phosphorylation of ERK and JNK. In contrast, TEVs collected from glutaminase 

inhibitor compound 968-treated MDAs decreased ASCs ERK/JNK phosphorylation and 

myofibroblastic differentiation of ASCs. Correspondingly, ASCs embedded in 3-D collagen disks 

were most contractile when treated with TEVs relative to 968-TEVs or control media. Finally, 

TEV-treated ASCs promoted human umbilical vein endothelial cell sprouting significantly more 

than control ASCs or ASCs treated with 968-TEVs. In summary, our data suggest that TEVs are 

important signaling factors that contribute to ASC desmoplastic reprogramming in the tumor 

microenvironment, and suggest that tumor cell glutamine metabolism may be used as a therapeutic 

target to interfere with this process. 

 

3.3 Introduction  

Excessive fibrotic remodeling of the stroma, termed desmoplasia, is a hallmark of breast 

cancer that is mediated by myofibroblasts and correlates with an advanced, invasive phenotype 

and worse clinical prognosis173–175. Myofibroblasts are highly contractile cells that are typically 
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defined by expression of alpha smooth muscle actin (α-SMA)-positive stress fibers53 and their 

ability to deposit and remodel key fibrillar components of the extracellular matrix (ECM) including 

type I collagen and fibronectin42,176. The resulting compositional, structural, and mechanical 

changes of the ECM directly impact tumor cell aggressiveness6,45,177. Increasing evidence also 

suggests that myofibroblasts play a critical role in regulating tumor angiogenesis, i.e., the 

formation of new blood vessels from a pre-existing vasculature necessary for tumor growth and 

metastasis178–180. More specifically, myofibroblasts can promote vascular sprouting directly and 

indirectly through their secretion of key pro-angiogenic factors including vascular endothelial 

growth factor (VEGF) and their ECM remodeling capability, respectively181.  

While fibroblasts and bone marrow-derived mesenchymal stem cells are typically 

discussed as the main cellular source of myofibroblasts182,183, adipose-derived stem cells (ASCs) 

may be similarly important184. ASCs are abundantly contained in mammary fat, but can also 

circulate in the blood stream and thus be recruited to mammary tumors from distant sites185. In 

fact, breast cancer-associated ASCs can differentiate into myofibroblasts186 as detected by 

increased expression of α-SMA187, greater contractility23, and elevated deposition of fibrillar ECM 

proteins44,188. Additionally, ASCs have also been shown to modulate angiogenesis through various 

mechanisms. For example, ASCs secrete pro-angiogenic factors such as VEGF, associate 

perivascularly with blood vessels, and provide physical ECM guidance cues that promote 

endothelial sprouting60,181,189. Collectively, these changes render the tumor microenvironment 

more permissive for further progression towards malignancy. However, the signaling mechanisms 

by which tumors transform ASCs into myofibroblasts and the resulting consequences on 

endothelial cell invasion and subsequent tumor angiogenesis remain poorly understood.  

Tumor cell-derived extracellular vesicles (TEVs) including exosomes and microvesicles 
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(MVs) are increasingly recognized for their role in tumorigenesis and appear to also play a role in 

myofibroblast differentiation, but their effects on ASCs remain unclear. Exosomes are released 

from late endosomal multivesicular bodies190, whereas MVs are generated by outward budding 

and pinching off of the plasma membrane and at greater levels by more malignant cancer cells93. 

Once thought to be cellular debris, these TEVs contain a variety of signaling molecules that prime 

the host microenvironment for tumor progression98,191–193. More specifically, TEVs not only 

facilitate the evasion of immune responses and drug therapy, but also support the establishment of 

pre-metastatic niches99,194,195. TEVs have also been shown to promote myofibroblastic 

differentiation of stromal progenitor cells196,197. Specifically, enhanced potency of TEV-associated 

transforming growth factor beta (TGF-β), a key driver of myofibroblast differentiation198, has been 

correlated with increased myofibroblastic behavior of fibroblasts199.   

The goals of this study were to i) assess whether TEVs play a role in breast cancer-

associated differentiation of ASCs into myofibroblasts and ii) if the resulting phenotypic 

differences functionally impact endothelial sprouting. Using 2-D and 3-D cell culture approaches, 

our work suggests that ASC phenotypic changes in the tumor microenvironment are mediated by 

TEVs and that therapeutic intervention with this process may be used to deter ASC-mediated 

changes in tumor stroma remodeling and thus, overall tumor malignancy. 

 

3.4 Materials and Methods  

Cell culture 

Human ASCs were purchased from Lonza, routinely cultured in growth media (ADSC-GM, Lonza) 

and utilized between passages 3 to 6. Human breast adenocarcinoma cells MDA MB-231 (MDAs) 

were purchased from ATCC and maintained in their growth media containing minimum essential 
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medium with alpha modification (α-MEM, Sigma) supplemented with 10% fetal bovine serum 

(FBS, Atlanta Biologicals) and 1% penicillin/streptomycin (P/S, Gibco). Human umbilical vein 

endothelial cells (HUVECs, Lonza) were expanded in growth media (HUVEC-GM) composed of 

Bio-Whittaker® Media 199 (M199, Lonza) supplemented with 16% FBS, 1% P/S, 30 μg/mL 

endothelial cell growth supplement (Millipore), 2 mM Glutamax (Gibco), and 2500 U heparin 

sulfate sodium salt (Sigma). For experiments, HUVECs were used between passages 3 and 4. Cell 

cultures were maintained at 37˚C, 5% CO2 with media changes every 2 days. 

 

Extracellular vesicle isolation and glutaminase inhibition 

MDAs were maintained in their growth media until 80-90% confluency, at which time they were 

incubated with serum-free α-MEM for 7-12 hours (Fig. 1A). Control media were prepared by 

treating blank serum-free α-MEM in parallel. For glutaminase inhibition studies, MDAs were 

treated with 10 μM compound 968 (Millipore), a small molecule inhibitor against mitochondrial 

glutaminase, in growth media. After 24 hours, MDAs were rinsed with PBS and incubated with 

serum-free α-MEM with compound 968, also for 7-12 hours. Media were harvested and 

centrifuged twice to remove cell debris. EVs were isolated by slow vacuum filtration through 0.22 

μm membrane filters (Millipore) or 100,000 MWCO concentration filter centrifugal tubes 

(Millipore), and subsequently rinsed with serum-free α-MEM. The enriched EV or control fraction 

was reconstituted in Dulbecco’s minimum essential medium (DMEM, Gibco) mixed with F-12 

nutrient mixture (Gibco) supplemented with 1% FBS and 1% P/S (DMEM/F12) for ASCs, with 

fresh EVs isolated for every media change. For size and concentration measurement, enriched EVs 

were analyzed with NanoSight (Malvern). EVs from ASCs were collected similarly, with serum-

free DMEM/F12.  
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Scanning electron microscopy 

To visualize MDAs and EVs, MDAs were cultured on 12 mm micro cover glass (VWR) coated 

with fibronectin (30 μg/mL, Gibco). After 48 hours of culture, MDAs were treated with or without 

compound 968 as described above. After 7 hours of incubation in serum-free media, MDAs were 

fixed in 2.5% glutaraldehyde (Electron Microscopy Sciences) in 50 mM cacodylate buffer 

(Electron Microscopy Sciences). Subsequently, MDAs were washed with 50 mM cacodylate 

buffer, dehydrated using a serial ethanol gradient, treated with hexamethyldisilazane (Electron 

Microscopy Sciences), and finally air-dried in a chemical fume hood overnight. Samples were 

attached to SEM specimen mounts using conductive carbon adhesive tabs (Electron Microscopy 

Sciences), coated with gold/palladium alloy in a sputter coater (Denton Vacuum), and imaged 

using MIRA3 LM (Tescan) SEM at 5 keV.  

 

TEV treatment of ASCs  

ASCs were cultured in low-serum (1% FBS) DMEM/F12 supplemented with freshly isolated 

TEVs (4 × 108 particles/mL) or the corresponding control fraction for 7 days. TEVs or the control 

fraction were replenished with each media change. For 2-D cultures, ASCs were seeded onto 

fibronectin-coated (30 μg/mL, Gibco) plastic coverslips (Nunc) for immunofluorescence analysis 

or on tissue culture treated 6-well plates for western blot analysis. For inhibition studies, ASCs 

were serum starved overnight before treatment with anti-human LAP TGF-β1 blocking antibody 

(500 ng/mL, R&D Systems), anti-MEK inhibitor PD98059 (10 μM, Millipore), and anti-JNK 

inhibitor SP600125 (10 μM, Millipore) in the presence of TEVs for 7 days. For 3-D culture, ASCs 

were grown in rat tail-derived type I collagen hydrogel-based microwells (Fig. 3.4A-i) and free-



 

56 

floating disks (Fig. 3.4A-ii) as described previously138,189. Briefly, microwells were made with 

poly(dimethylsiloxane) (PDMS, Dow Corning) using conventional soft lithography approaches 

(depth: 200 μm; diameter: 4 mm) and free-floating type I collagen disks were prepared using 

plexiglass molds with circular patterns (depth: 500 µm; diameter: 4 mm). For both 3-D culture 

systems, blank gels were prepared as controls. 

 

Endothelial cell invasion assay  

For analysis of endothelial cell invasion, a confluent monolayer of HUVECs was seeded on top of 

the ASC-embedded and TEV-pretreated collagen microwells, as described previously189. For 

decellularization experiment, ASCs were removed via chemical digestion with NH4OH and 

Triton-X prior to HUVEC introduction. These co-cultures were maintained in low-serum (1%) 

HUVEC-GM supplemented with 50 mg/mL L-ascorbic acid (Acros Organics) and 50 ng/mL 

tetradecanoyl phorbol acetate (TPA, Cell Signaling Technology) for 3 days. Subsequently, cultures 

were fixed and immunofluorescence was performed as described below. For HUVEC sprout 

quantification, individual CD31-positive sprouts extending a minimum of 10 μm into the bulk of 

the gel were counted.  

 

Immunofluorescence 

Immunofluorescence analysis was performed as described previously189. Briefly, ASCs were fixed 

in 10% neutral-buffered formalin (Millipore), washed with PBS, permeabilized with Triton-X 

(VWR), and blocked with bovine serum albumin (Fisher Scientific). ASCs were probed with rabbit 

anti α-SMA monoclonal antibody (Abcam), while fibronectin deposition was detected without 

prior permeabilization using a mouse anti-fibronectin monoclonal antibody (Sigma). HUVECs 
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were labeled with a mouse anti-CD31 monoclonal antibody (R&D Systems). Primary antibodies 

were labeled with host-matching Alexa Fluor® secondary antibodies and cell nuclei and the 

cytoskeleton were probed with DAPI and Alexa Fluor® phalloidin (Life Technologies), 

respectively. 3-D cultures were imaged using a Zeiss LSM 710 confocal microscope, and 2-D 

cultures were imaged with an Axio Observer.Z1 Zeiss inverted epifluorescence microscope. 

Quantification of α-SMA and fibronectin levels of ASCs was done via RGB measurement plugin 

in ImageJ. Measurement of ASC-deposited fibronectin fiber thickness in 2-D cultures was also 

done manually in ImageJ. 

 

Analysis of VEGF secretion by ASCs 

To measure VEGF secretion by ASCs, two 3-D microwells were pooled and incubated with 

DMEM/F12 after 7 days of culture with control or EV-containing media. After 24 hours, 

conditioned media were harvested and stored at -20˚C until analysis by enzyme-linked 

immunosorbent assay (ELISA, R&D Systems).  

 

Western blot 

ASCs were cultured in 2-D with TEV or control media for 7 days. For ERK1/2 and JNK1/2 

analysis, ASCs were seeded in 10-cm culture dishes and treated with TEVs or other designated 

media for 1 hour. Subsequently, cells were harvested in RIPA-based lysis buffer (Thermo 

Scientific). Gels were fabricated using FastCast 7.5% Acrylamide Kit (Bio-Rad). Samples were 

diluted in Laemmli sample buffer (Bio-Rad) and β-mercaptoethanol (J.T. Baker), run via SDS-

PAGE, and transferred onto PVDF membrane (Bio-Rad). The membranes were then blocked and 

incubated with primary antibodies against -SMA (Abcam) and fibronectin (Sigma) at 4˚C 
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overnight. Hsp90 was probed as a loading control (Santa Cruz Biotechnology). After subsequent 

washing steps, the membranes were probed with HRP-conjugated secondary antibodies (Novus 

Biologicals). Finally, the membranes were incubated with Pierce ECL Western Blotting Substrate 

(Thermo Scientific) and read using a ChemiDoc Touch Imaging System (Bio-Rad). Densitometric 

analysis of bands was performed using Image Lab software (Bio-Rad).   

 

Statistical analysis 

For all experiments, analysis of variance with Tukey’s post-hoc test was performed to assess 

significant differences across conditions. GraphPad Prism was used to plot the data as mean ± 

standard deviation. For both 2-D and 3-D culture analysis of ASC phenotypic changes and 

HUVEC sprouting, at least three replicates were analyzed per condition per experiment; for VEGF 

secretion, three replicates with a total of six microwells per condition were analyzed. For each 

study, at least two independent experiments were performed. The level of statistical significance 

was determined at p <0.05. 

 

3.5 Results 

3.5.1. Breast cancer cells secrete extracellular vesicles 

To characterize extracellular vesicles (EVs) shed by MDA MB-231 human breast cancer cells 

(MDAs), MDAs were incubated with serum-free culture media and tumor cell-derived 

extracellular vesicles (TEVs) were isolated from the conditioned media via size-based filtration 

(Fig. 3.1A). Subsequently, NanoSight, a nanoparticle tracking analysis tool, was used to measure 

particle size distribution and concentration of isolated TEVs. EVs shed by ASCs were collected 

similarly and served as a control to confirm increased EV biogenesis by malignant vs. normal cells. 
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Indeed, MDAs produced significantly greater levels of EVs than ASCs, and negligible numbers of 

particles were detected in the respective serum-free control media (Fig. 3.1B-C). These results 

imply that MDAs secrete significantly more EVs than ASCs, further supporting previous studies 

suggesting that EV production positively correlates with cell malignancy92.  

 

3.5.2. TEVs drive myofibroblastic differentiation of ASCs in 2-D 

While cancer cell-derived paracrine signals are generally known to promote the differentiation of 

 

Figure 3.1. Collection and characterization of extracellular vesicles (EVs). a) 

Subconfluent MDA MB-231 (MDAs) were subjected to serum starvation for 7-12 

hours. Media was harvested, centrifuged to remove cell debris, and then filtered to 

enrich for EVs. This EV fraction was then used for subsequent experiments and 

analyses. Control media was prepared by placing serum-free media in the incubator 

and processing it similarly. b) Concentration of particles in the blank control media 

vs. ASC- and MDA-derived EVs as measured by NanoSight. ***p<0.001 vs. MDAs, 

●● p<0.01 vs. ASCs c) Size distribution of particles in the blank control media vs. 

ASC- and MDA-derived EVs as measured by NanoSight. 
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host stromal cells into myofibroblasts20,42, it remains unknown which specific role TEVs play in 

this process. To investigate the effect of TEVs on ASC myofibroblast differentiation, ASCs were 

treated with MDA-shed TEVs and their expression of the myofibroblast markers alpha smooth 

muscle actin (α-SMA) and fibronectin was analyzed. Indeed, TEV-treated ASCs increased their 

expression of α-SMA, as evidenced by both immunofluorescence (Figs. 3.2A-B) and Western blot 

analysis (Fig. 3.2D). Additionally, TEV-treated ASCs assembled fibronectin matrices that were 

more abundant and composed of thicker fibers relative to those deposited by control ASCs (Fig. 

3.2C). This suggests that TEV treatment enhances hallmark features of myofibroblastic 

differentiation in ASCs.  
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3.5.3. TEVs activate MAPK pathway signaling in ASCs 

It is well established that tumor cell-secreted transforming growth factor-beta (TGF-β) drives 

myofibroblastic differentiation43,186, and that TGF-β-mediated activation of the mitogen-activated 

protein kinases (MAPK) pathway plays a key role in this process200,201. Interestingly, TEVs also 

contain TGF-β199, but whether TEVs promote ASC myofibroblast differentiation through 

activating signaling via the MAPK pathway remains unclear. To address this question, ASCs were 

  
Figure 3.2. Myofibroblastic marker expression of ASCs in 2-D is enhanced with 

TEV treatment. a) α-SMA and fibronectin (Fn) of ASCs treated with or without tumor 

cell-derived EVs (TEVs) as visualized by immunofluorescence. Scale bar = 50 um. b) 

Quantification of α-SMA levels and c) Fn fiber thickness by image analysis. d), e) 

Western blots and corresponding densitometric analyses of α-SMA and Fn. * p<0.05. 
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treated for one hour with TEVs and the resulting consequences on the phosphorylation levels of 

the MAPK family members ERK1/2 and JNK1/2 were measured. ASC-treatment with TEVs 

induced increased phosphorylation of ERK1/2 and JNK1/2, and this effect was inhibited by prior 

inhibition of TEV-associated TGF-β using function-blocking antibody (Figs. 3.3A-B). Consistent 

with these findings, inhibition of TGF-β and JNK2 in the presence of TEVs decreased ASC 

myofibroblast differentiation as indicated by significantly reduced α-SMA levels (Figs. 3.3C-D).  

Interestingly, ERK1/2 inhibition via MEK inhibitor did not affect α-SMA levels of ASCs. 

Fibronectin levels did not change in response to any of the inhibitors (data not shown). 

Collectively, these data indicate that TEVs activate MAPK signaling in ASCs in a TGF-β-

dependent manner and that these changes in part contribute to the above-described, TEV-

dependent increase in ASC myofibroblast differentiation. 
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3.5.4. TEVs drive myofibroblastic differentiation of ASCs in 3-D 

Given that cellular behavior is strongly influenced by culture context (dimensionality, substrate 

mechanical properties etc.), we next assessed whether TEV-mediated changes in ASC phenotype 

also occurred under physiologically more relevant culture conditions. To this end, ASCs were 

 
Figure 3.3. TEV treatment of ASCs activates MAPK signaling. Western blots and 

densitometric analysis of phosphorylated and total ERK (a) and JNK (b). * p<0.05 vs. 

all other conditions. c) α-SMA of ASCs treated with TEVs and ERK, JNK and TGF-β 

inhibitors as visualized by immunofluorescence. Scale bar = 50 um. d) Quantification 

of α-SMA levels by image analysis. 
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embedded in type I collagen, an ECM component present in the native ASC 

microenvironment202,203, and cultured in the presence and absence of TEVs. These 3-D hydrogels 

were microfabricated to sizes below the diffusion limit of oxygen and nutrients (~200 m) to 

ensure that results were not due to varied solute transport. Two different 3-D culture systems were 

used: free-floating disks to measure cell contractility via changes in top surface area, and PDMS-

based microwells that permit analysis of cell-cell interactions in both homo- and heterotypic cell 

culture using 3-D confocal imaging (Fig. 3.4A). Similar to 2-D cultures, TEV treatment increased 

α-SMA and fibronectin levels of ASCs in 3-D microwell cultures (Figs. 3.4B-C). To investigate 

the functional consequences of TEV-driven increases in α-SMA levels, ASC contractility was 

measured by embedding the cells in free-floating 3-D type I collagen hydrogels and measuring gel 

contraction following culture with and without TEVs. Indeed, TEV-treated ASCs contracted the 

gels significantly more than control media alone (Figs. 3.4D-E). These data suggest that TEVs 

induce myofibroblastic differentiation of ASCs in 3-D culture, which promotes their ability to 

deposit ECMs that are characterized by increased contraction and fibronectin deposition.  
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3.5.5. Glutaminase inhibition reduces TEV generation by MDAs 

Altered glutamine metabolism has been implicated in TEV biogenesis by cancer cells96. 

Specifically, elevated activity of mitochondrial glutaminase has been linked to both increased 

malignant potential of breast cancer cells and TEV production97. To confirm the role of 

glutaminase in regulating TEV release by MDAs, a small molecule glutaminase inhibitor, 

 
Figure 3.4. TEV treatment increases ASCs myofibroblastic behavior in 3-D 

culture. a) Schematic of 3-D culture systems: i) PDMS microwells and ii) free-floating 

collagen disks. b) Confocal micrographs of ASC α-SMA and Fn immunofluorescence 

following culture in collagen-based microwell cultures. Scale bar = 50 μm. c) 

Corresponding image analysis of immunofluorescence. * p<0.05 and ** p<0.01 vs. 

respective controls. d) Micrographs of free-floating 3-D collagen disks seeded with 

ASCs and cultured with control media or TEVs at day 0 and day 10. Blank collagen 

disks are shown as controls. Scale bar = 500 μm. e) Relative changes in surface area of 

the disks at day 10. *** p<0.001 vs. all other conditions.  

 



 

66 

compound 968, was added to MDAs prior to TEV collection (Fig. 3.5A). Morphological analysis 

of MDAs using SEM indicated that control cells were characterized by extensive bulging of their 

cell membranes indicative of TEV biogenesis (Fig. 3.5B). In contrast, MDAs exhibited smooth 

cell surfaces following 968 treatment, with no presence of outbudding TEVs. Accordingly, 

NanoSight analysis indicated that media harvested from 968-treated MDAs showed a significant 

decrease in particle counts relative to media harvested from MDA control cells (Figs. 3.5C-D). 

Analysis of 968-containing media alone showed no significant difference relative to blank control 

media. These data suggest that glutaminase-inhibition in tumor cells using compound 968 could 

be used to interfere with the TEV-mediated transformation of tissue-resident ASCs. 
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3.5.6. Inhibition of TEV formation reduces myofibroblastic differentiation of ASCs  

To test whether reduction of TEV production with compound 968 could be used to reverse the 

TEV-mediated myofibroblastic differentiation of ASCs, phosphorylated and total ERK1/2 and 

Figure 3.5. Inhibition of glutaminase with compound 968 reduces TEV 

formation by MDAs. a) Schematic (adapted from Servier Medical Art) showing 

mechanism of compound 968 inhibiting TEV biogenesis. b) SEM images of 

MDAs treated with or without 968. For each condition, a higher magnification 

image of the red-boxed area is shown on the right. Lower magnification scale bar 

= 5 μm, and higher magnification scale bar = 1 μm. c) Particle concentration in 

media collected from MDAs (TEV) and 968-treated MDAs (968-TEV) as well as 

respective control media as analyzed by NanoSight. *** p<0.001 vs. Control and 

968.  p<0.001 vs. TEV. d) Corresponding particle size distribution as 

measured by NanoSight.  
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JNK1/2 levels of ASCs were measured. As shown in Figs. 3.6A-B, the TEV fraction collected 

from 968-treated MDAs (968-TEV) did not induce phosphorylation of ERK1/2 and JNK1/2 in 

ASCs. Additionally, ASCs decreased their expression of α-SMA and fibronectin in 3-D collagen 

microwells upon 968-TEV treatment (Figs. 3.6C-D).  Finally, cell contractility was decreased 

upon treatment with 968-TEVs, as demonstrated by reduced collagen gel contraction relative to 

treatment with TEVs that were collected in the absence of 968 (Figs. 3.6E-F). Collectively, these 

data suggest that myofibroblastic differentiation of ASCs in the mammary tumor 

microenvironment relies on the glutaminase-dependent biogenesis of TEVs, and that interfering 

with glutaminase is a potential strategy to prevent stroma remodeling by myofibroblastic ASCs in 

the mammary tumor microenvironment. 
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3.5.7. TEVs enhance ASC pro-angiogenic behavior and consequential endothelial sprouting  

Myofibroblasts are highly pro-angiogenic and recruit endothelial cells to increase tumor 

vasculaturization179,204. To investigate whether TEVs promote the pro-angiogenic capability of 

ASCs, their secretion of vascular endothelial growth factor (VEGF) was measured. Indeed, TEVs 

increased VEGF secretion by ASCs, and this effect was reduced when cells were cultured with 

 
Figure 3.6. TEVs collected from 968-treated MDAs reduce ASC 

myofibroblastic behavior. Phosphorylated and total levels of (a) JNK1/2 and (b) 

ERK1/2 from ASCs treated with TEVs from control MDAs (TEV) vs. 968-treated 

MDAs (968-TEV). c) Confocal micrographs of α-SMA and Fn levels of ASCs 

treated with TEVs vs. 968-TEVs. Scale bar = 50 μm. d) Image analysis of α-SMA 

and Fn immunofluorescence intensity. * p<0.05 vs. TEVs α-SMA. e) 

Representative images of day 0 and day 10 ASC-embedded collagen disks treated 

with TEVs vs. 968-TEVs as well as respective controls. Scale bar = 500 μm. f) 

Quantification of surface area changes relative to day 0. * p<0.05 vs. 968-TEV  

and 968. 
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968-TEV or control media (Fig. 3.7A). These results suggest that the detected increase in ASC-

secreted VEGF levels relies on the glutaminase-dependent biogenesis of TEVs by MDAs. 

 To assess whether the detected increase of VEGF secretion by ASCs is functionally 

relevant to angiogenesis, vascular sprouting of human umbilical vein endothelial cells (HUVECs) 

into collagen gels containing either TEV-pretreated ASCs or control ASCs was investigated. These 

experiments were performed with a modified version of the above-described 3-D collagen-based 

microwell platform (Fig. 3.7B), which mimics interactions of ASCs with an adjacent endothelium 

and allows studying 3-D vascular invasion using confocal image analysis. TEV-treated ASCs 

increased HUVEC sprout formation, and this effect was reduced upon 968-TEV treatment (Figs. 

3.7C-D). Blank gels incubated with TEVs did not elicit angiogenic sprouting by HUVECs, 

suggesting that the endothelial sprouts were induced by altered ASC behavior rather than TEVs 

that may have been sequestered during the pre-incubation period (Fig. 3.7D). To verify that TEV-

mediated differences of VEGF secretion by ASCs contributed to the detected differences in 

angiogenic sprouting, a VEGF neutralizing antibody (α-VEGF) was added to the different ASC-

HUVEC co-cultures. VEGF inhibition significantly reduced HUVEC sprouting under conditions 

in which ASCs were pre-treated with TEVs; a less pronounced, but still significant decrease was 

also noted for 968-TEV pretreated ASCs, whereas no significant differences were detected for 

ASCs pre-treated with control media (Fig. 3.7E). These results suggest that TEV-conditioned 

ASCs increased HUVEC sprout formation through their increased secretion of VEGF. Finally, to 

specifically determine whether TEV-dependent changes of ECM remodeling by ASCs, a 

phenomenon previously shown to modulate angiogenic sprouting189, contributed to our 

observations, experiments were repeated following detergent-based decellularization of collagen 

microwells. As shown in Fig. 3.7F, ASCs pretreated with TEVs promoted endothelial cell 
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sprouting and this effect was maintained following decellularization. These results suggest that 

TEV-dependent changes in ASC-mediated ECM remodeling alone play a role in modulating 

endothelial sprouting, albeit to a lower extent than VEGF. In summary, TEVs enhance the pro-

angiogenic capabilities of ASCs by increasing both their secretion of VEGF and ECM remodeling. 
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Figure 3.7. TEV-pretreatment stimulates the pro-angiogenic capability of 

ASCs. a) VEGF secretion of control ASCs and ASCs treated with TEVs and 968-

TEVs as measured by ELISA. * p<0.05 vs. all other conditions. b) Schematic of 

endothelial cell invasion assay. c) Confocal micrographs of ASC/HUVEC co-

cultures in 3-D microwells following immunofluorescent staining for CD31. 

Representative confocal slices of the HUVEC monolayer and sprouts within the bulk 

are shown. Scale bar = 50 μm. d) Corresponding quantification of HUVEC sprouts 

via image analysis. * p<0.05 vs. TEV, ASCs. e) Quantification of HUVEC sprouts 

in the presence of a VEGF neutralizing antibody. * p<0.05 vs. all other conditions, 

# p<0.05 vs. Ctrl/Control. f) Quantification of HUVEC sprouts into ASC-embedded 

or decellularized microwells.  
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3.6 Discussion  

Paracrine signaling between cancer cells and host stromal cells supports the formation of a tumor-

promoting microenvironment by increasing desmoplasia and tumor angiogenesis. However, the 

integrated contributions of ASCs and TEVs to these changes remain elusive. Using both 2-D and 

3-D culture systems that allow quantitative assessment of cell- and tissue-level phenomena, we 

show that TEVs promote myofibroblastic differentiation of ASCs in a manner that depends on 

tumor cell glutamine metabolism. Moreover, our data suggest that these changes increase 

endothelial sprouting by modulating both VEGF secretion and ECM remodeling by ASCs.  

Our finding that the pro-myofibroblastic effects of MDA-derived TEVs could be inhibited 

by blocking glutaminase is exciting as this identifies a novel therapeutic target to interfere with 

desmoplasia. In general, many cancer cells are glutamine-addicted in order to satisfy their 

increased biosynthetic needs for proteins, lipids, and nucleotides as well as to maintain 

mitochondrial function, and glutaminase is a key enzyme of this metabolic pathway95. The 

commercially available glutaminase inhibitor compound 968 functions by preventing active 

tetramer formation of glutaminase205 and has been linked to suppression of RhoA-mediated cell 

contractility, which controls shedding of MVs into the extracellular space206. However, it should 

be considered that glutaminase inhibition not only limits TEV biogenesis, but can also affect 

additional mechanisms. For example, 968 treatment of MDAs can change gene expression, histone 

modification, apoptosis, and sensitivity to drug treatment207. Additionally, MDAs treated with 968 

exhibit decreased malignant behavior relative to control cells97. Future studies will need to evaluate 

whether these changes could independently affect the ability of MDAs to promote desmoplasia 

and if additional cell lines and patient-derived cells respond similarly.  
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It is also worth noting that 968 treatment is unlikely to interfere with exosome biogenesis 

as exosomes are generated through a different mechanism; i.e., exocytosis of endosomal 

multivesicular bodies with the plasma membrane rather than RhoA-mediated, actomyosin based 

pinching of the plasma membrane190,208. While the data presented herein imply that 968-induced 

inhibition of TEV production is sufficient to reverse phenotypic changes of ASCs, the link between 

glutaminase inhibition and exosome release remains to be investigated. Current knowledge of the 

difference between MVs and exosomes are limited to their size distribution and mechanism of 

formation94, but whether or not they exhibit differential capacities to promote desmoplasia and 

tumor angiogenesis remains unclear. Further analysis of the two populations of EVs, such as 

mechanism of cargo sorting and transfer into recipient cells, is necessary in order to gain a better 

understanding of how these two distinct populations promote disease progression.  

Myofibroblasts are key regulators of tumor desmoplasia and originate not only from host 

resident fibroblasts, but also mesenchymal stem cells such as ASCs209. Our work shows that TEVs 

stimulate ASCs to undergo differentiation into myofibroblasts as demonstrated by their increased 

expression of α-SMA and fibronectin, and enhanced cell contractility. Myofibroblastic 

differentiation was reduced when ASCs were treated with 968-TEVs, alluding to a functional link 

between tumor cell glutamine metabolism, TEV biogenesis, and transformation of stromal cells. 

Although treatment with 968 did not fully inhibit TEV biogenesis by MDAs as demonstrated by 

NanoSight analysis, it is possible that the TEVs shed by 968-treated MDAs are less potent to exert 

their effects on ASCs. Furthermore, it should be considered that TEV treatment may not only 

increase the quantity of fibronectin deposition as suggested by our studies, but also alter the nano- 

and microstructural features of the deposited fibronectin matrix44,188. These changes may, in turn, 
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indirectly affect the pro-angiogenic functions of ASCs188,210; future studies will need to evaluate 

these potential connections. 

In addition to increasing α-SMA and fibronectin levels, TEVs increased ERK and JNK 

phosphorylations in ASCs, a response that was attenuated upon treatment with 968-TEV or a 

functional-blocking TGF-β antibody. TGF-β is known to activate not only canonical Smad 

pathways, but also MAPK signaling, and these changes may contribute to our findings201. For 

example, activation of p38 by TGF-β1 is required for myofibroblastic differentiation of human 

fetal lung fibroblasts200, and TGF-β-dependent ERK and JNK activation has been shown to 

increase α-SMA expression211,212. Rapid phosphorylation of ERK and JNK by TEVs did not seem 

to always positively correlate with long-term response by α-SMA and Fn levels by ASCs. 

Specifically, 7-day inhibition of JNK phosphorylation resulted in decreased α-SMA levels, 

whereas ERK inhibition did not have any effect on α-SMA levels. Fibronectin levels were 

unchanged upon treatment with any of the inhibitors. This result suggests that TEVs exert 

temporally different effects on MAPK signaling activation of ASCs, and future studies will need 

to address how this modulates myofibroblastic behavior of ASCs in the mammary tumor 

microenvironment. Interestingly, studies exist where ERK and JNK phosphorylation is negatively 

correlated with myofbroblastic differentiation of periodontal ligament fibroblasts213. Additionally, 

bFGF-mediated ERK phosphorylation was shown to correlate with lower levels of α-SMA of 

ASCs214. It would also be important to assess the effects of other cargoes on myofibroblastic 

differentiation and MAPK pathway activation of ASCs. 

TEV treatment of ASCs increased subsequent angiogenic sprouting from an adjacent 

HUVEC monolayer. Sprout formation was decreased when ASCs were treated with 968-TEVs 

rather than TEVs, suggesting that TEV-mediated transformation of ASCs affected not only their 
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myofibroblastic differentiation but also their pro-angiogenic capability. Importantly, this increased 

angiogenic response of ASCs was not only due to increased VEGF secretion, but also related to 

their increased ECM-remodeling ability. More specifically, blocking ASC-derived VEGF 

signaling via addition of a neutralizing antibody to the co-culture significantly decreased HUVEC 

sprouting. Additionally, chemical decellularization to decouple effects mediated by increased 

VEGF secretion vs. ECM remodeling similarly enhanced vascular sprouting albeit at reduced 

levels as compared to VEGF. Interestingly, in decellularized microwells the control condition 

seemed to have promoted endothelial sprouting. This might be due to additional pores created from 

removal of the cells throughout the collagen matrices, in which pores in the collagen gels have 

been previously shown to promote endothelial sprouting189. This suggests that the TEV-mediated 

pro-angiogenic changes of ASC occur at both the secretory and ECM remodeling level. 

 Although the work described here focused on TEVs derived from malignant breast cancer 

cells, stromal remodeling in the mammary microenvironment occurs gradually during disease 

progression and even in the absence of tumors such as in the case of obesity203. It would be 

interesting to test the effect of EVs isolated from normal and/or premalignant mammary epithelial 

cells on ASCs, and to determine whether TEV-treatment impacts EV biogenesis of the ASCs 

themselves. Additionally, the culture models used in our studies lend themselves to mechanical 

characterization and will allow assessing the effect of TEV-treated ASCs on ECM stiffening, a 

hallmark of desmoplasia that permits breast cancer diagnosis via palpation and directly contributes 

to malignant transformation175,215. Finally, future studies will need to test whether the detected 

differences in TEV-mediated changes of ASC pro-angiogenic capability contribute to the 

formation of leaky and dilated vessels found in tumors216. Such studies can be performed in vivo, 

but would also benefit from microfluidic platforms in which perfusable endothelialized channels 
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can be embedded into ASC-seeded collagen scaffolds and allow generating insights into how TEV-

treated ASCs contribute to remodeling of the tumor vasculature217. 

 

3.7 Conclusion 

In summary, this work suggests that TEVs promote myofibroblastic differentiation and pro-

angiogenic behavior of ASCs, and that these changes subsequently increase angiogenic sprouting 

by endothelial cells. Interestingly, this effect was dependent on tumor cell glutamine metabolism, 

as blocking glutaminase inhibited TEV formation and consequently decreased their transformative 

effects on ASCs.  
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CHAPTER 4 

 

TUMOR-SECRETED FACTORS AND HYPOXIA PROMOTE PRO-ANGIOGENIC 

BEHAVIOR OF ADIPOSE-DERIVED STEM CELLS 

 

4.1 Contributors  

The co-authors and their contributions to this chapter are as follows: Seung Hee Shon performed 

the contraction assay and assessed α-SMA expression of ASCs under ambient and hypoxic 

conditions. Professor Claudia Fischbach aided in design of the experiments, data analysis, and 

writing of the manuscript. 

 

4.2 Abstract 

Adipose derived stem cells (ASCs) represent an important tumor-associated stromal cell type; 

however, their role in tumor angiogenesis remains unclear. Here, we have investigated phenotypic 

changes of ASCs in the presence and absence of tumor-derived soluble factors and/or hypoxia. 

Addition of conditioned media from MDA MB-231 breast cancer cells (tumor conditioned media, 

or TCM) promoted pro-angiogenic factor secretion by, myofibroblastic differentiation of, and 

collagen contraction by ASCs. Hypoxia further increased pro-angiogenic factor secretion by 

ASCs, whereas it inhibited myofibroblastic differentiation. Hypoxia and tumor-secreted factors 

alone as well as in combination led to increased endothelial cell tube formation. Collectively, these 

data suggest that the pro-angiogenic capabilities of ASCs are modulated by TCM and hypoxia 

together, and that these microenvironmental factors must be considered for a potential future 

therapeutic target. 
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4.3 Introduction  

Adipose-derived stem cells (ASCs) are mesenchymal stem cells present in adipose tissue that are 

known to be pro-angiogenic, and their ability to promote angiogenesis have previously shown to 

enhance tumor progression43,187,218. In addition, it is well established that ASCs become alpha 

smooth muscle actin (α-SMA) expressing myofibroblasts in tumor, which also promotes tumor 

progression via different ways, such as remodeling of the surrounding extracellular matrices 

(ECM), and increasing secretion of pro-angiogenic factors43,187,186. However, previous studies 

have not specifically shown how different microenvironmental factors, such as hypoxia and 

paracrine signaling with cancer cells, modulate pro-angiogenic behavior of ASCs. 

Hypoxia, or low oxygen tension, is a crucial pro-angiogenic factor. Hypoxia triggers 

stabilization of a transcription factor called hypoxia-inducible factor 1-α (HIF-1α), which leads to 

transcription of a main pro-angiogenic growth factor called vascular endothelial growth factor 

(VEGF)219. It is well established that hypoxia-initiated transcription of VEGF initiates endothelial 

sprouting, a key process in angiogenesis. Another key microenvironmental factor is tumor-secreted 

factors. Previously published studies, as well as the study presented in Chapter 3, show that tumor-

derived factors enhance pro-angiogenic behavior of ASCs43,186. However, the combined effects of 

hypoxia and tumor-secreted factors on pro-angiogenic behavior of ASCs remain largely unclear.  

The goal of this study was to assess the individual and combined effects of hypoxia and 

tumor-derived factors on pro-angiogenic behavior of ASCs, and the subsequent effects on the 

ability of endothelial cells to form capillary networks via the traditional cord formation assay on 

Matrigel®220. A combination of 2-D and 3-D culture systems was utilized to answer these 

questions. The results highlight the importance of concomitantly assessing multiple tumor 

microenvironmental factors in investigating the contribution of stromal cells to tumor 
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angiogenesis.   

 

4.4 Materials and Methods 

Cell culture 

Human ASCs (Lonza) of passage 4 to 6 were maintained in their corresponding growth media 

(ADSC-GM, Lonza). Human breast adenocarcinoma cells MDA MB-231 (MDAs) were purchased 

from ATCC and maintained in minimum essential medium with alpha modification (α-MEM, 

Sigma), supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals) and 1% 

penicillin/streptomycin (P/S, Gibco). Human umbilical vein endothelial cells (HUVECs, Lonza) 

of passage 3 and 4 were maintained in growth media containing Bio-Whittaker® Media 199 (M199; 

Lonza) supplemented with 16% FBS, 1% P/S, 30 μg/mL endothelial cell growth supplement 

(Millipore), 2 mM Glutamax (Gibco), and 2500 U heparin sulfate sodium salt (Sigma). For the 

cord formation assay, EGM-2 media (Lonza) without any exogenous growth factors were used. 

Cell cultures were maintained at 37˚C, 5% CO2 with media changed every 2 days. 

 

Collection of tumor-conditioned media 

Tumor-conditioned media (TCM) were prepared as previously described43. Briefly, a T-150 flask 

90% confluent with MDAs was treated with fresh α-MEM containing 1% FBS and 1% P/S for 24 

hours. Control incubator media (INC) were prepared by placing blank media in a 50mL conical 

tube in the same incubator. Afterwards, the media were collected and spun to remove debris. 

MDAs were passaged and counted, and TCM normalized to 7 million MDAs were concentrated 

tenfold using centrifugal filter tubes (Millipore). INC media were processed similarly. For ASCs, 

TCM or INC were reconstituted in DMEM/F12 containing 1% FBS and 1% P/S (DMEM/F12). 
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Tumor-associated ASCs 

To generate tumor-associated ASCs (tASCs) prior to embedding them in 3-D cultures, a confluent 

flask of ASCs was treated with TCM for 72 hours. Control ASCs (nASCs) were prepared by 

similarly treating ASCs with INC. For the cord formation assay, tASCs and nASCs were incubated 

with fresh DMEM/F12 in either an ambient incubator or an oxygen-controllable incubator with 

pO2 at 1%. After 24 hours, media from ASCs were collected and processed similarly to TCM.   

 

2-D Culture of ASCs 

To assess -SMA expression of ASCs treated with TCM and/or hypoxia, ASCs were cultured in 

2-D. ASCs were seeded on glass coverslips previously sterilized in 70% ethanol, and then cultured 

in ADSC-GM. The next day, ASCs were treated with TCM or INC and cultured in an ambient or 

1% pO2 incubator for 7 days. Afterwards, ASCs were fixed in formalin, washed with PBS, 

permeabilized with 0.05% Triton-X in PBS, blocked with 1% BSA in PBS, and incubated with 

rabbit polyclonal antibody against -SMA (Abcam) overnight in 4˚C. ASCs were washed with 

PBS and then subsequently incubated for 1 hour with DAPI and host-matched secondary antibody. 

ASCs were then washed with PBS and imaged using a Zeiss Axio Observer.Z1 microscope and 

20x objective. 

 

3-D Culture of ASCs 

Both tASCs and nASCs were trypsinized and embedded in free-floating 3-D type I collagen gels 

(10 mg/mL) at 5 million cells per mL. These disks were prepared similarly as described 

previously138. Briefly, the gel mixed with ASCs was cast onto a mold with circular patterns 4 mm 
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in diameter and 500 μm in depth. After polymerization, the gels were demolded and cultured 

individually in 96-well plates. For hypoxia treatment, ASC-embedded gels were cultured in the 1% 

pO2 incubator. To measure ASC contractility, pictures of the disks were taken throughout 14 days 

of culture and AxioVision software was used to measure changes in surface area of the disks. To 

measure changes in pro-angiogenic factor secretion, two gels within a condition were combined 

into a single well after 3 days of culture, and then incubated with fresh DMEM/F12. After 24 hours, 

media were collected and their VEGF and IL-8 levels were measured via ELISA (R&D Systems). 

To assess myofibroblastic differentiation of ASCs in response to hypoxia and/or tumor-secreted 

factors, immunofluorescence against alpha smooth muscle actin (–SMA) was performed as 

described above. A Zeiss 710 confocal microscope was used to image the disks.   

 

Cord Formation Assay 

In a 96-well plate, 50 µL of 10 mg/ml growth factor-reduced Matrigel® was added to each well. 

After the Matrigel® was polymerized, HUVECs were resuspended in tenfold concentrated ASC-

conditioned media reconsitutued in growth factor-free EGM-2 at a 1:4 ratio. Subsequently, 20,000 

HUVECs were seeded onto the gel in each well. After 24 hours of culture, media were manually 

aspirated and the cells were stained with Calcein AM dye to visualize network formation. Pictures 

were taken using a Zeiss Axio Observer.Z1 microscope, and a minimum of four images was taken 

per well. Images were used to analyze the cords by measuring the length of the tubules and 

counting the number of the junctions using ImageJ.  

 

Statistical Analysis 

For each experiment, analysis of variance with Tukey’s post-test was performed to assess the 
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significance across the experimental groups. The data are plotted as mean ± standard deviation 

using Prism GraphPad, unless stated otherwise. For each study, at least two independent 

experiments were performed. The level of statistical significance was set at p <0.05. 

 

4.5 Results  

 

4.5.1 TCM and hypoxia increase VEGF and IL-8 secretion by ASCs 

To measure ASC secretion of the pro-angiogenic factors VEGF and IL-8, ASCs were cultured in 

free-floating 3-D collagen disks (Fig. 4.1A). ASCs increased secretion of both proteins upon TCM 

treatment, and this effect was further enhanced under hypoxia (Figs. 4.1B-C). 

 
Figure 4.1. Tumor-conditioning and hypoxia enhance pro-angiogenic factor 

secretion by ASCs. A) Schematic of ASC-embedded, free-floating 3-D collagen disk 

fabrication. VEGF (B) and IL-8 (C) secretion by nASCs and tASCs cultured in 

ambient and hypoxic oxygen levels as measured by ELISA. For each statistic notation, 

x p<0.05, xx p<0.01, xxx p<0.001.  
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4.5.2 Capillary tube formation by endothelial cells is enhanced by TCM and hypoxia treated 

ASCs 

To assess the functional consequences of TCM and hypoxia-driven increases in VEGF and IL-8 

secretion by ASCs, ASC-conditioned media were applied to HUVECs seeded on Matrigel® (Fig. 

4.2A). Soluble factors collected from tASCs increased tube formation by HUVECs. The effect of 

TCM was further enhanced by combined treatment with hypoxia, which yielded the longest 

tubules and highest number of junctions (Figs. 4.2B-D).  

 
Figure 4.2. Soluble factors from tumor-associated ASCs (tASCs) and hypoxia 

promote endothelial cord formation. A) A schematic showing the experimental 

setup for generation of tASCs and HUVEC treatment with soluble factors from 

tASCs. B) Calcein-AM stained HUVECs on Matrigel®. Scale bar = 500 μm. C) and 

D) show quantification of tubule length and number of junctions, respectively. Data 

are shown as mean ± standard error mean. : p<0.05 vs. blank media ambient 
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4.5.3 Hypoxia inhibits myofibroblastic differentiation of ASCs 

ASCs in the tumor microenvironment have also been shown to become myofibroblastic cells that 

are highly contractile and express alpha smooth muscle actin (α-SMA)43. To assess the effect of 

hypoxia on myofibroblastic differentiation of ASCs, they were treated with TCM in either ambient 

or hypoxic conditions. As shown in Figs. 4.3A-B, ASCs expressed significantly more α-SMA 

when treated with TCM in ambient conditions. Interestingly, hypoxia reduced α-SMA expression 

of ASCs, regardless of TCM treatment. To assess the functional consequences of these changes in 

 
Figure 4.3. ASC myofibroblastic differentiation and contractility is enhanced by 

tumor-secreted factors and inhibited by hypoxia. A) Immunofluorescence of ASCs 

in the collagen disks after 14 days of culture. Scale bar = 500 μm.  B) Quantification of 

surface area changes of ASC-embedded collagen gels. C) Immunofluorescence of α-

SMA (green) and nucleus (blue) of ASCs. Scale bar = 50 μm. D) Quantification of α-

SMA intensity normalized by cell number. * p<0.05 vs. tASC ambient. E) Arrows 

indicate α-SMA-positive, rounded phenotype ASCs in hypoxia. Scale bar = 50 μm. 
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α-SMA expression, ASCs were embedded in the collagen disks described previously, and changes 

in disk surface area were measured. In agreement with α-SMA levels, hypoxia treatment inhibited 

ASC contractility, as shown by relatively small changes in gel surface area under hypoxic 

conditions (Figs. 4.3C-D). Interestingly, as shown in Figure 4.3E, some cells in hypoxia exhibited 

an α-SMA-positive, rounded phenotype, which has previously been shown to correspond to a 

chondrogenic phenotype221. 

 

4.6 Discussion and Conclusion 

This work suggests that tumor-secreted factors and hypoxia enhance pro-angiogenic behavior of 

ASCs, yet the presence of hypoxia inhibits myofibroblastic differentiation of ASCs despite 

presence of tumor-secreted factors. This shows that despite the potency of soluble factors, other 

physical parameters such as low oxygen tension can reverse or interfere with the effect of tumor-

secreted factors on stromal cells such as ASCs, and subsequently, endothelial cells. This work 

hints at possible reasons why current therapies targeted against growth factors only have showed 

limited success.  

In this study, ASCs increased VEGF and IL-8 secretion in response to tumor-conditioned 

media harvested from MDA MB-231s, and this effect was further enhanced under hypoxia. Cancer 

cells secrete high levels of TGF-β that facilitate development of tumor microenvironment, for 

example by promoting myofibroblastic differentiation of stromal cells and promoting 

angiogenesis43,222. Our work aligns with these previous findings, in that TCM i) promoted 

myofibroblastic differentiation of ASCs that exhibited high contractility, possibly via TGF-β 

contained in TCM, and ii) elevated VEGF and IL-8 secretion by ASCs, which promoted cord 

formation by HUVECs seeded on Matrigel®. Additionally, the synergistic effect of hypoxia and 



 

87 

TCM further potentiated pro-angiogenic behavior of ASCs.   

In our 3-D culture models, hypoxia inhibited myofibroblastic differentiation of ASCs, even 

with TCM treatment of ASCs. Interestingly, some ASCs in hypoxic conditions exhibited a possible 

chondrocytic phenotype, with rounded shape and expression of α-SMA as shown in Fig. 4.3E. 

There exist conflicting data in the literature on the effect of hypoxia on myofibroblastic 

differentiation of fibroblasts; whereas lung- and liver-derived fibroblasts became more 

myofibroblastic under hypoxia, heart- and skin-derived fibroblasts reduced their myofibroblastic 

differentiation potential under hypoxia91,90. As for MSCs such as ASCs, hypoxia attenuates 

osteogenic differentiation of ASCs and instead promotes chondrogenic differentiation223,224. The 

effect of hypoxia on ASCs in 3-D culture in the presence/absence of TCM needs to be further 

investigated to gain a better understanding of the plasticity of ASCs in hypoxia.   

In addition to phenotypic changes, molecular mechanism studies on hypoxia-mediated 

myofibroblastic differentiation to date also seem to be conflicting. Some studies suggested HIF-

1α activation induces α-SMA expression, whereas others showed that hyperoxia induces TGF-β 

expression through activation of p38 MAPK pathways, which further enhances myofibroblastic 

differentiation of fibroblasts225,226. Interestingly, expression of α-SMA and increase in contractility 

have been correlated with osteogenic differentiation of MSCs227. Given these connections among 

hypoxia, osteogenesis, and α-SMA expression, it is possible that in my study hypoxia impairs α-

SMA expression by ASCs and thus myofibroblastic differentiation. This connection also partly 

explains the absence of a contractile, myofibroblastic phenotype, although further investigation 

would be necessary to confirm the alternative lineage that ASCs might be committing to.  

This work opens avenues for novel investigation that could help lead to a better 

understanding of how physical and chemical microenvironmental factors modulate ASC behavior 
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within a mammary tumor. In a tumor, cancer cells are exposed to hypoxia, especially at the core 

of the tumor where the demand for oxygen outweighs supply of vasculature. To understand how 

secretory profiles of cancer cells change in hypoxia, TCM harvested from MDAs cultured in 

hypoxia would help increase understanding of the effect of hypoxia on cancer cells, as well as its 

subsequent effects on other stromal cells such as ASCs and endothelial cells. It is also known that 

hypoxia increases release of tumor-derived extracellular vesicles (TEVs), a component of TCM, 

and hypoxia-derived TEVs (hTEVs) have been shown to increase cancer cell growth, migration, 

and invasion, as well as tumor growth and angiogenesis in vivo88,228,89. Additionally, the work 

presented in Chapter 3 suggests that TEVs enhance pro-angiogenic capabilities and 

myofibroblastic differentiation of ASCs. Given that hypoxia augments TEV release by cancer 

cells, hTEVs could potentiate pro-angiogenic behavior and myofibroblastic differentiation of 

ASCs, and media conditioned by these ASCs might increase capillary network formation by 

endothelial cells.   

Additionally, hypoxia promotes tumor metastasis and enhances ECM remodeling229, 

processes in which stromal cells are thought to play a critical role. Therefore, it would be 

interesting to assess the effects of hypoxia and TCM on ASC contribution to ECM remodeling and 

invasive behavior of cancer cells. To do this, 3-D co-cultures of cancer cells and ASCs in collagen 

can be generated and cultured under hypoxia. Lastly, all of the studies presented in this chapter 

involve long-term exposure of ASCs to hypoxia. Cell signaling changes occur rapidly in response 

to hypoxia with stabilization of transcription factors regulated by hypoxia such as HIF-1α within 

minutes86. Therefore, short-term exposure of hypoxia to ASCs and assessing genetic changes 

would allow for a better assessment of physiological relevance of hypoxia in the tumor 

microenvironment. In all of these proposed future directions, assessing how changes in ASCs 
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mediated by hypoxia and by tumor-secreted factors affect endothelial cell behavior would allow 

for a better understanding of functional links between hypoxia-driven microenvironmental 

changes and angiogenesis, and ultimately, progression of cancer. 

In conclusion, we found that tumor-secreted factors promoted pro-angiogenic and myofibroblastic 

behavior of ASCs, whereas exposure to hypoxia further enhanced pro-angiogenic behavior but 

attenuated myofibroblastic differentiation of ASCs. Changes in soluble factor secretion by ASCs 

in response to hypoxia and tumor-secreted factors enhanced capillary network formation by 

endothelial cells. This work highlights that combinations of different microenvironmental factors 

can modulate stromal cell behavior in the mammary tumor microenvironment, and hence the 

importance of developing therapies targeted against microenvironmental factors other than soluble 

factors, which have shown limited success. 
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CHAPTER 5 

 

CONCLUSION  

 

5.1. Summary 

My doctoral research focused on investigating the role of tumor microenvironmental factors in 

modulating myofibroblastic and pro-angiogenic behavior of adipose-derived stem cells (ASCs). 

In particular, my work focused on ASCs’ myofibroblastic and pro-angiogenic behavior in response 

to tumor-secreted factors, hypoxia, and extensive ECM remodeling. Since type I collagen is the 

most abundant type of ECM in mammary stroma, ASCs were cultured in collagen gels to provide 

a physiological context. My work suggests that different microenvironmental factors, such as 

tumor-secreted factors and an environment permissive to extended ECM remodeling, promote 

myofibroblastic differentiation of ASCs, with increased matrix remodeling capabilities and 

secretion of pro-angiogenic factors that subsequently enhance angiogenesis from endothelial cells. 

More specifically, my work suggests that physical modulation of the microenvironment by ASCs 

contributes to increased angiogenesis, challenging the pre-conceived notion that pro-angiogenic 

capability is largely attributed to secretion of pro-angiogenic factors. Interestingly, hypoxia 

increased pro-angiogenic factor secretion but decreased contractility of ASCs. The following 

subsections will briefly discuss findings from each of the previous three chapters. Subsequently, 

there will be a discussion on future work that needs to be done in order to draw a more 

comprehensive picture of my studies and possible therapeutic applications. 

 

5.1.1. Extended ECM remodeling by ASCs on endothelial sprouting 
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In Chapter 2, we investigated the effect of collagen matrix remodeling by ASCs on angiogenic 

sprouting from an adjacent endothelium. Although ASCs are widely recognized for their pro-

angiogenic behavior, the specific effects of their matrix remodeling capability on angiogenesis 

remain largely unknown. To address this issue, ASCs were cultured in type I collagen hydrogel-

based 3-D microwell culture system for 7 days before introducing the endothelial cell monolayer 

to allow ASCs to remodel the surrounding matrices. 

The results from this study suggest that temporal variations in co-culture of ASCs and endothelial 

cells are critical in stabilizing vs. activating endothelium. Mesenchymal stem cells such as ASCs 

are known to be perivascularly located and behave in a pericyte-like manner. In our 3-D microwell 

culture system, immediate introduction of HUVECs onto ASC-embedded gels allowed 

perivascular association of ASCs and resulted in significant decrease of endothelial sprouting. In 

particular, ASCs increased expression of one of the pericyte markers α-SMA and reorganized 

HUVEC-deposited basement membrane protein type IV collagen into a continuous structure.   

In contrast, 7-day preculture of ASCs in the collagen microwells promoted increased endothelial 

sprouting and vascular network formation. We saw that this dramatically different endothelial cell 

response was mediated by MMP-mediated proteolytic remodeling of the collagen matrix by ASCs. 

It is well established that endothelial cells utilize vascular guidance tunnels created by tip cells and 

pericytes to tread along ECM and migrate to form new sprouts. This work showed that non-

vascular cells such as ASCs are capable of generating physical guidance cues that can be utilized 

by endothelial cells to form new angiogenic sprouts. Additionally, our study with TIMP-2 suggests 

that proteolytic activity of ASCs is not limited to membrane-bound proteases such as MT1-MMP, 

but it could be a combinatory work of membrane-tethered proteases and secreted enzymes.  

Interestingly, metastatic human breast cancer cell MDA MB-231 also responded differently to 
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immediate vs. pre-cultured conditions. Immediate co-culture of ASCs and HUVECs where ASCs 

exhibit perivascular niche resulted in low trans-endothelial migration of MDAs, whereas higher 

number of migrated MDAs was observed into pre-cultured conditions. This implies that temporal 

variations in co-culture not only affect endothelial sprouting, but also endothelial permeability and 

subsequent cancer cell invasiveness. 

  

5.1.2. Tumor-derived extracellular vesicles on ASCs and subsequent endothelial sprouting 

In Chapter 3, we assessed the effect of tumor cell-derived extracellular vesicles (TEVs) on pro-

angiogenic behavior of ASCs. It has been shown that TEVs are an important means of cell-cell 

communication in primary tumor as well as in distant sites via circulation. Additionally, it is also 

known that ASCs are pro-angiogenic. However, how TEVs modulate pro-angiogenic behavior of 

ASCs and how these changes affect adjacent endothelium remains unclear. This work was 

performed in order to address this gap in understanding between paracrine signaling of TEVs and 

ASCs in mammary tumor microenvironment.  

We saw that TEVs promote myofibroblastic differentiation of ASCs in both 2-D and 3-D culture, 

as evidenced by increased expression of α-SMA and fibronectin. Most studies assessing changes 

in cell behavior are done in 2-D plastic cultures, which do not fully recapitulate physiological 

microenvironment in which these events occur. By reproducing the results in 3-D, we show 

physiological relevance of ASCs myofibroblastic differentiation by TEVs. Additionally, we show 

that MAPK signaling in ASCs is activated by TEVs, in part by TGF-beta associated with TEVs, 

as exhibited by increased phosphorylation of ERK and JNK. We also showed that this event is 

dependent on the presence of TEVs as blocking TEV biogenesis with the glutaminase inhibitor 

compound 968 reduced this effect.  
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Blocking glutaminase activity has previously been shown to inhibit MV biogenesis, although its 

effect on exosome generation has not yet been established. Although our TEV fractions likely 

contained both MVs and exosomes, our work shows that media collected from 968-treated MDAs 

is capable of repressing myofibroblastic differentiation and pro-angiogenic behavior of ASCs. It 

is also worth noting that TEV fractions collected from 968-treated MDAs did not affect ASC 

viability, suggesting that the reduced -SMA, fibronectin and VEGF levels of ASCs were not due 

to cell death.  

ASCs also increased their secretion of VEGF, which in turn resulted in a greater number of 

endothelial sprouts from an adjacent HUVEC monolayer. This effect was reduced when the ASC-

HUVEC co-cultures were treated with VEGF blocking antibody. Additionally, TEVs augmented 

ECM remodeling capabilities of ASCs as chemical digestion of cells, leaving behind acellular 

collagen matrices, resulted in similar trends of endothelial invasion. This shows that TEVs induced 

ASCs to exhibit increased physicochemical pro-angiogenic capabilities that subsequently 

increased endothelial sprouting.  

 

5.1.3. Tumor-secreted factors and hypoxia on ASCs 

In Chapter 4, we saw the effect of tumor-secreted factors (TSF) on stemness and differentiation 

potential of ASCs. Additionally, synergistic effects of TSF and hypoxia on pro-angiogenic 

behavior of ASCs were addressed. Tumor microenvironment is often hypoxic due to rapid growth 

of the tumor mass. The goal was to gain a better understanding of how hypoxia affects host organ 

stromal cells such as ASCs and subsequent effects on endothelial cells.  

When ASCs were subjected to TSF and hypoxia, they secreted higher levels of VEGF and IL-8, 

which likely contributed to enhanced capillary network formation by HUVECs seeded on 
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Matrigel. TSF alone had an effect, but it was exerted significantly greater when combined with 

hypoxia. Interestingly, TSF and hypoxia treatment synergistically decreased ASC differentiation 

into myofibroblasts. Since TSF treatment alone resulted in the greatest degree of collagen disk 

contractility, the repressed myofibroblastic behavior was induced by hypoxia. Preliminary data 

suggested chondrogenic differentiation of ASCs occurred under hypoxia, but this work warrants 

further investigation to gain a better understanding of the effect of hypoxia on ASCs in the 

mammary tumor microenvironment.  

 

5.2. Future Directions 

This body of work suggests that ASCs are indeed an important stromal cell mediator of 

development of the tumor microenvironment by enhancing their pro-angiogenic behavior in 

response to various tumor microenvironmental factors, such as TEVs, hypoxia, a surrounding 

permissive of extended ECM remodeling, and that this change induces endothelial sprouting. In 

order to develop effective therapeutic strategies against tumor-associated stromal cells, there is 

still a significant amount of work need to be completed. The following subsections describe future 

directions that I envision will contribute to increased understanding of the tumor 

microenvironment and possible treatment avenues. 

 

5.2.1. Functional characteristics of endothelial sprouts induced by ASCs 

Tumor vessels are leaky, dilated and tortuous in flow, which allows for tumor cell 

metastasis as well as ineffective drug delivery230. However, the studies presented here do not 

address functional characteristics of the endothelial sprouts formed into ASC-embedded collagen 

hydrogels, but rather how i) extended ECM remodeling by ASCs and ii) TEV treatment during 
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ASCs extended ECM remodeling affect the number of sprouts. It is important to know that these 

conditions generate more sprouts, but also it is equally or more critical to assess permeability of 

and flow throughout these sprouts as irregular flow and increased permeability throughout the 

vessels make the tumor more aggressive and resistant to therapy.  

Microfluidic devices have been utilized to create hollow endothelialized channels to study 

tumor angiogenesis, with which various functional characteristics of the blood vessels can be 

evaluated231. Specifically, co-culture of endothelialized channels with bone marrow-derived MSCs 

or other stromal cells such as pericytes have allowed for permeability assessment and cell-matrix 

interactions232,233.  

Following up on studies from chapters 2 and 3, co-culturing ASCs and endothelial cells in 

collagen hydrogels would reveal the effects of ASCs ECM remodeling and TEV treatment on 

blood vessel permeability. As control, TEVs or TCM could be applied to the channels to directly 

assess the effect of TSF on vessel permeability. Additionally, a more thorough analysis of physical 

characteristics such as vessel diameter, length of sprouts formed from the stalk channels, etc. 

throughout the device would provide insight into the effect of ASCs on angiogenesis in vitro.  

Permeability testing can be done by several ways. First, pericytic association of ASCs with 

the endothelial channels would need to be established in the microfluidic cultures. Afterwards, 

over time the changes in ASCs location would indirectly correlate with vessel permeability. 

Staining for basement membrane proteins such as collagen IV as well as endothelial cell-cell 

junction marker ZO-1 or VE-Cadherin would further confirm changes in vessel stability. Second, 

fluorescent molecules such as FITC-dextran can be applied throughout the channels. As shown 

previously, leaky vessels would provide fluorescent signal outside of the channels233. Finally, 

invasive cancer cells can be added to the channels. As seen in Chapter 2, MDAs migrated across 
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the endothelium more into pre-cultured gels. It would be more physiologically relevant to assess 

extravasation of cancer cells across the endothelium in flow.  

Although a thorough investigation on the relationships between ECM remodeling by ASCs 

and tumor vasculature need to be done in vivo, the studies discussed in this section would improve 

our understanding of stromal cell contribution to dysfunctional tumor vasculature and potentially 

develop new therapeutic strategies that will normalize tumor vasculature and increase drug 

delivery as well as interfere with metastatic cascade. 

 

5.2.2. Mechanical properties of ASC-remodeled collagen matrix  

Tumor parenchyma is known to be stiffer234 than normal tissues, a hallmark of tumor-associated 

desmoplasia that is mediated by extensive ECM remodeling by myofibroblastic cells in the 

stroma175. From my work, TEVs induced myofibroblastic differentiation of ASCs, with deposition 

of thicker and greater amounts of fibronectin fibers. This suggests that ASCs could be a potential 

contributor to desmoplasia, and in order to answer this question it would be important to assess 

mechanical properties of ECM remodeled by ASCs. With atomic force microscopy, stiffness of 

the ASC-embedded collagen hydrogels that I have cultured can be measured235. This would allow 

us to answer whether TEV-treated ASCs remodel the surrounding collagen matrix just as they 

would do in the mammary tumor microenvironment.  

Stiffer matrices in the stroma are critical to disintegrating mammary epithelial lumen structure and 

promoting malignant transformation of mammary epithelial cells into the cancerous state6. 

Another trait regulated by mechanosignaling is nuclear localization of mechanotransducer 

YAP/TAZ transcriptional regulators236, which has been shown to increase in cancer cells on stiffer 

matrices as in fibrotic regions of obese tissue203. As discussed in detail below, assessing the 
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integrity of mammary acini with ASCs in the microwells would allow us to correlate mechanical 

changes of the collagen matrix with acini formation. 

In addition to measuring fiber and bulk stiffnesses, changes in matrix structure via ASC-mediated 

remodeling can be assessed. As shown in Chapter 2, type I collagen hydrogels can be fluorescently 

labeled. Combining this method with time-lapse imaging followed by careful and rigorous 

analyses would provide how the fiber structure changes as ASCs degrade, contract and deposit 

new ECM molecules. Alternatively, traction force microscopy of 3-D cultures would allow for not 

only matrix displacements but also cellular forces generated during ECM remodeling237. These 

strategies can then be employed to assess changes in mechanotransduction of ASCs with TEV 

treatment, as studies in Chapter 3 suggest that ASCs become more contractile and express 

contractile α-SMA-positive stress fibers in response to TEVs derived from MDAs.  

 

5.2.3. Development of 3-D ASC, EC, and cancer cell tri-culture models  

The work presented here largely involved co-culture of ASCs and ECs. However, the physical 

presence of cancer cells, not just their secreted factors, modulates the tumor microenvironment, 

which results in transformation of tissue-resident stromal cells. These transformed stromal cells in 

turn modulate the tumor microenvironment, which further promotes cancer cell malignancy. 

Therefore, co-culture of ASCs, ECs and cancer cells in microwells, microfluidic devices, or any 

other 3-D culture systems would allow for improved understanding of the heterotypic cell-cell and 

cell-matrix interactions in the mammary tumor microenvironment. Furthermore, benign or non-

cancerous mammary epithelial acini can be added to the co-cultures, and changes in the integrity 

of the acini can be visualized and correlated to matrix properties6.  

In addition, the effect of ASC-secreted factors on cancer cells can be investigated. It is known that 
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ASCs promote malignancy of the disease, such as promoting tumor growth43,59 and metastasis of 

aggressive cancer cells to a secondary site238. We have shown here that soluble factors derived 

from ASCs modulate endothelial responses, suggesting ASCs secrete potent factors that can alter 

behavior of the recipient cells. It would be interesting to see whether soluble factors derived from 

TEV-treated ASCs can i) promote migration and invasion of breast cancer cells through collagen 

matrices, ii) disrupt structural integrity of mammary acini, iii) promote malignant transformation 

of benign mammary tumor cells, etc. Additionally, it would be equally important to assess how 

breast cancer cells respond to ECM remodeling by ASCs, where the three questions stated above 

can be addressed. Answering these questions would allow us to better understand the effect of 

ASC-secreted factors on tumor malignancy and potentially develop a therapeutic drug against 

ASCs secretory profiles.  

In addition to ASCs and cancer cells (CCs), endothelial cells (ECs) can be added to the co-culture 

to more fully recapitulate the tumor microenvironment. Co-cultures of ECs with CCs239,240 and 

stromal cells232,233 using have been established using microfluidic devices, but not every study 

reported was able to recapitulate physiological niches of CCs and stromal cells with respect to the 

vasculature created by endothelialized microfluidic channels. Tri-cultures of ECs, CCs and stromal 

cells have been reported as well241,242, but to a fewer number. In order to fully investigate malignant 

transformation of breast tissue and its effects on CCs, ASCs and ECs, developing microfluidic 3-

D culture system where the entire physiological mammary tissue is recreated would be ideal, with 

the presence of mammary lumens complete with myoepithelial and basement membrane 

coverages, interstitium with collagen-rich matrices, adipocytes, ASCs and vasculature. However, 

for matters of practicality, devising a tri-culture system with CCs, ASCs and ECs would still be 

much more cutting-edge than what has been reported so far and would allow novel discoveries of 
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how heterotypic cell-cell and cell-matrix interactions govern behavior of different cells and the 

fate of the microenvironment.  

By employing organs-on-a-chip models, one can envision creating in vitro models of metastasis 

as well as drug delivery via circulation16. With this, one can also envision utilizing patient-derived 

tissues to devise customized treatment regiments based on how the body-on-a-chip responded to 

proposed drug therapy, taking one-step closer to practicing precision medicine for cancer patients 

of various stages.  

 

5.2.4. Therapeutic Strategies 

In translating my work into therapeutic approaches, one way of doing this is to target enhanced 

ECM remodeling by ASCs in the tumor microenvironment. My studies suggest that ASCs increase 

their ability to remodel ECM by differentiating into myofibroblasts as response to tumor-secreted 

factors, including both soluble factors as well as extracellular vesicles. Inhibiting this process could 

slow down tumor progression. 

One of the potential target molecules is TGF-β, which is a well-known driver of myofibroblast 

differentiation and desmoplasia. It also promotes tumor progression in through several pathways 

that include increasing pro-angiogenic factor VEGF secretion and inducing epithelial-to-

mesenchymal transition of cancer cells, facilitating their metastatic migration towards a secondary 

site. Targeting TGF-β signaling in ASCs could interfere with myofibroblastic differentiation of 

ASCs and inhibit extensive ECM remodeling and angiogenesis. One way of specifically targeting 

ASCs TGF-β signaling is to utilize one of the surface markers that ASCs have been shown to 

exhibit: Sca-156. This could be utilized to develop drug delivery vehicle that specifically identifies 

Sca-1 high ASCs, and once taken up by ASCs could then release the drug molecules. Currently, 
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clinical trials targeting TGF-β signaling are just beginning, but there is a potential in this approach 

as patients seem to tolerate the treatment well, host immune response is reactivated, and plasma 

pro-angiogenic factor levels are decreased222. Additionally, several growth factors, such as basic 

fibroblast growth factor and epidermal growth factor, have been shown to reverse myofibroblastic 

differentiation of precursor cells such as ASCs and fibroblasts213,214. Although these growth factors 

promote tumor progression in their own various ways, it would be good to keep these studies in 

mind and work on potentially normalizing host stromal cells such as ASCs.  

Alternatively, as studies from Chapter 3 suggest, targeting glutaminase activity of cancer cells 

could not only avert cancer cell growth but could also interfere with creating pro-tumorigenic 

microenvironment by inhibiting myofibroblastic differentiation of host stromal cells such as ASCs. 

Cancer cells undergo glutamine addiction95 to support their supraphysiologic growth, primarily 

occurring because glutamine is a rich source of nitrogen and carbon. It is understood that the 

glutamine addiction is one way to provide materials for cancer cells to generate EVs. Interfering 

with this step would reduce molecular supplies for cancer cells to undergo rapid proliferation and 

shed high amounts of EVs, rendering glutamine metabolism a promising therapeutic target not 

only against cancer cells, but also the tumor microenvironment.  

 

5.2.4.1. Translational relevance 

In order to show physiological relevance of the implications from my work done in vitro, in vivo 

studies will need to be performed. The following paragraphs describe potential studies that can be 

done to assess translational potentials of my work.   

Increased myofibroblastic and pro-angiogenic behavior of ASCs was observed in a TEV-

dependent manner. Previous studies have shown that injecting cancer-cell derived factors alone 
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can induce tissue-level changes100,243. Similarly, TEVs can be injected systemically and changes 

in the adipose tissue, can be assessed; increased presence of α-SMA positive myofibroblasts, 

fibronectin fibers formation, and collagen matrix remodeling can all be quantified and attributed 

to myofibroblast-mediated desmoplasia. Additionally, injecting TEVs into tumor-free mice would 

allow us to assess whether TEVs alone are capable of inducing tumor, as some studies have. 

Changes in vascular density can also be measured via CD31 immunohistochemistry.  

Finally, assessing the effect of glutaminase inhibitor can be done by first establishing tumor in 

mice by injecting MDAs and ASCs43, then subsequently injecting compound 968 or 968-TEVs. 

Compared to injecting 968-TEVs, 968 injection would provide a direct result of employing 

glutaminase inhibition as a therapeutic strategy. However, careful design of the study is needed in 

injecting 968 into the mice since the effect of 968 on any other cell types in the mammary tumor 

microenvironment, such as ASCs and endothelial cells, have not been investigated in my work or 

characterized in general. These studies will improve our understanding of ASCs contribution to 

breast cancer progression and contribute to developing novel therapeutic strategies against the 

tumor microenvironment.  

 

5.3. Concluding Remarks 

In summary, my doctoral work suggests that different factors present in the mammary tumor 

microenvironment, such as cancer cell-derived extracellular vesicles, hypoxia, and extended ECM 

remodeling by ASCs, contribute to enhancing pro-angiogenic behavior of ASCs and subsequently 

increase angiogenic sprouting by an adjacent endothelium. My work confirms that the stromal 

environment must be considered in the development of new therapies.  

I believe my work has provided novel insight into how host-resident stromal cells such as ASCs 
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in the mammary tumor microenvironment contribute to breast cancer progression. In specific, I 

have identified the role of i) proteolytic ECM remodeling by ASCs in promoting vascular network 

formation, ii) hypoxia and tumor-derived factors, including extracellular vesicles, in promoting 

pro-angiogenic and myofibroblastic behavior of ASCs. All of these studies suggest that targeting 

ASCs should not be overlooked while developing therapeutic strategies, as I have unveiled new 

insights into the pro-angiogenic and myofibroblastic behavior of ASCs in response to various 

factors in the mammary tumor microenvironment. I hope that in the future, my findings could be 

used to develop more effective therapies against various solid tumors that contain adipose tissue 

and ASCs, for example, by aiming for the normalization of these stromal cells in the tumor 

microenvironment.  
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APPENDIX 

 

APPENDIX I. OSTEOGENIC DIFFERENTIATION OF MESENCHYMAL STEM CELLS IN 

PRESENCE OF TUMOR-DERIVED SOLUBLE FACTORS 

 

This work was done with Min Joon Lee, a former undergraduate student in Fischbach lab. 

Increased expression of α-SMA by MSCs, as we have observed with TCM and TEV treatments of 

ASCs, has been correlated with increased predisposition towards osteogenic differentiation227. 

Given that MSCs become α-SMA-positive myofibroblastic cells in response to tumor-secreted 

factors, the goal of this study was to assess whether TCM treatment of MSCs enhance their 

osteogenic differentiation. 

To this end, tumor-conditioned media (TCM) was collected from 90-95% confluent flask of MDA 

MB-231 human mammary adenocarcinoma cell line (ATCC). Two sublines of MDAs, namely 

bone-metastasized line 2287 and lung-metastasized 4175, were also cultured to collect their 

soluble factors.  As a control to TCM, a blank media was placed in the incubator, termed incubator 

media (INC). After spinning to remove cell debris, TCM and INC were concentrated tenfold using 

Amicon Ultra-15 Centrifugal Filter Units (Millipore), then diluted to a final concentration of 2x in 

DMEM supplemented with 1% FBS and 1% P/S. Human BM-MSCs (Lonza) were maintained in 

their growth media (Lonza) until experimentation. Trypsinized BM-MSCs were seeded on 24 well 

plates (BD Bioscienes). After overnight adherence, these cells were subjected to osteogenic 

differentiation with the following cocktail of inducers: 100 nM dexamethasone, 50 μM ascorbic 

acid-2-phosphate, 10 mM β-glycerophosphate, all purchased from Sigma. After 2-3 weeks, cells 

were harvested for i) mineral content visualization via Alizarin Red staining and ii) alkaline 

phosphatase activity by these differentiated osteoblasts.  
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The results suggest that tumor-secreted factors enhance osteogenic differentiation, with the 

greatest effect exerted by parental and bone-metastatic MDAs. Lung-metastatic MDAs exerted 

less stronger effect, suggesting organ-dependent effects of metastasized breast cancer cells.  

 

 

 

Figure AI.1. Tumor-secreted factors enhance osteogenic differentiation of BM-

MSCs. a) alizarin red staining of BM-MSCs subjected to the following conditions: 

(+) positive control with inducers in INC; (-) negative control without inducers in 

INC; 231(+) parental MDA-CM with inducers; 231(-) parental MDA-CM without 

inducers; 2287 bone metastatic MDA-CM with inducers; 4175 lung metastatic 

MDA-CM with inducers. Quantification of extracted stain is shown in b). c) ALP 

measured from cell lysates, normalized to DNA content. In b) and c), significant 

differences are noted by different letters above the bars. 


