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Cancer is a complex disease that is often tissue and context dependent. Tumor 

microenvironment has been shown to have pivotal roles in regulating tumor initiation, 

growth and metastasis. Enrichment of cancer associated fibroblasts (CAFs) have been 

shown to promote cancer cell invasion by modulating physiochemical components of 

ECM, promoting angiogenic behaviors of endothelial cells (ECs) and shuffling 

metabolites to satisfy tumor metabolic demands. Obesity worsens the prognosis for 

breast cancer patients, and adipose stromal cells (ASC)-mediated fibrotic ECM 

remodeling of breast tissue plays a role in this process. Obese ASCs have been shown 

to share many similarities to CAFs. Whether or not obese vs. lean ASCs differentially 

affect the other factors important to progression of premalignant breast cancer, remains 

unclear. In this dissertation, I proposed the hypothesis that obese vs. lean ASCs can 

prime the breast tissue microenvironment to be permissive to breast cancer progression 

by remodeling the surrounding extracellular matrix (ECM), altering angiogenesis and 

reprogramming metabolism.  

 

Leveraging different tissue engineering strategies, I designed numerous physiologically 

relevant 3D in vitro models and developed advanced imaging tools to investigate 1) how 



 

does obese ASC and ECM remodeling mediate breast cancer cell invasion? 2) how does 

ASC and ECM remodeling contribute to angiogenesis? 3) what is the metabolic 

interplay between ASC and tumor cells during cancer invasion? Results from these 

studies suggest that 1) direct cell-cell contact with ASCs enables collective tumor cell 

migration and obese ASCs are more effective than their lean counterparts. Both matrix 

metalloproteinase-dependent proteolytic activity and ASC contractility are important 

during obese ASC mediated collective cancer migration. 2) Obese ECMs promote the 

proangiogenic behavior of ECs by altering their proliferative, secretory, and invasive 

capacities as compared to lean ECMs. 3) A label free multiphoton anisotropy imaging 

platform can be used to measure NAD(P)H dynamics as an indirect readout for cell 

metabolism. Combining with gold standard seahorse analysis, it is a powerful tool to 

allow us to monitor the metabolic states of ASCs and tumor cells in various culture 

platforms.  

 

In summary, tools and models developed in this dissertation provide novel insights into 

how different aspects of obesity associated microenvironmental changes are 

functionally related to breast cancer cell invasion, which increase the understanding of 

how obesity promotes breast cancer.  
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  CHAPTER 1 

INTRODUCTION 

 

1.1 Breast cancer 

Cancer comprises hundreds of different diseases with a common theme: an abnormal 

growth begins in a given tissue that can then spread to other parts of the body. Cancer 

presents a major global healthcare challenge as it accounts for 1 in 6 deaths according 

to the World Health Organization. In the United States (US) alone, the National Cancer 

Institute (NCI) estimates that over 1,800,000 new cases and 600,000 deaths will result 

from the disease in 2020. 1 The cost of therapies for these patients is projected to be over 

$170 billion, representing an enormous socioeconomic burden on the US healthcare 

system. 2,3  

 

Breast cancer is the most common cancer in women and causes the second highest 

number of cancer-related deaths in women after lung cancer. 1 In the clinic, breast cancer 

is often classified into subtypes based on biomarker status and histological grade. 4 

Three key biomarkers, the estrogen receptor (ER), progesterone receptor (PR), and 

human epidermal growth factor receptor 2 (HER2), are used for classification of 

molecular subtypes. In their landmark paper 5 and follow up studies 6, the authors 

compared the gene expression of breast tumor samples from individuals across different 

stages of disease progression. Using this data, the authors established the following 

breast cancer molecular subtypes: luminal A (ER+, PR+, HER2-), luminal B (ER+, PR+, 

HER2+), normal breast-like (ER+/-, PR unknown, HER2-), HER2 (ER+/-, PR+/-, 
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HER2+), and basal-like (ER-, PR-, HER2-). Additional biomarkers such as claudin have 

also been used together with these traditional biomarkers to further stratify molecular 

subtypes. 4  

 

Current breast cancer treatment is largely determined by biomarker status and stages. If 

patients test positive for amplification of ER, PR, or both receptors, hormone therapies 

are used to block estrogen production (i.e., anastrozole, exemestane) or block estrogen 

receptors (i.e., tamoxifen, toremifene). (NCI, Onitilo et al.) If the tumor is confined 

within breast tissues, it is considered as “local” or stage 0. When tumor cells spread to 

lymph nodes, the stage increases to stage I-III depending on the levels of spreading and 

specific biomarkers. If the cancer cells have already spread to other organs, it is stage 

IV or metastatic. 8 The 5-year survival rate for patients with local tumors is more than 

99% accordingly to the Surveillance, Epidemiology, and End Results Program (SEER). 

However, cancer can relapse and patients often become resistant to treatments as more 

than 55% of cancer reoccurrence is metastatic, indicating that the cancer has spread to 

other parts of the body. 7 The 5-year survival rate for patients with distant metastases 

drops sharply to 27% (SEER). Basal or triple-negative breast cancer refers to patients 

without ER, PR, or HER2 amplification. Without the ability to target these receptors 

with therapies, patients with basal or triple-negative breast cancer experience much 

higher mortality rates and worse disease-free survival rates as well. 7,9  

 

Metastasis occurs in a series of distinct phases: tumor cells initially migrate to adjacent 

tissues, intravasate into blood vessels, circulate to other organs, and finally form 



 

- 3 - 

secondary tumors at distant sites. 10 The whole process can take decades and it is 

difficult to predict which cell populations may eventually metastasize. This difficulty is 

not only due to a lack of predictive biomarkers, but also due to cancer’s constantly 

evolving behavior and interactions with host tissues across time and in response to 

treatment. 11 As breast cancer cells leave the primary tumor, they migrate across 

complex tissue barriers and interact with other cells residing in the mammary tissue, 

which constitutes a microenvironment that influences the invasion process. In response 

to a developing tumor, the surrounding mammary tissue experiences changes in stromal 

composition and matrix architecture, which ultimately create a pro-tumorigenic 

environment that favors metastasis. 12 Therefore, a better understanding of the dynamic 

interactions between mammary tissue and breast cancer cells will help inform strategies 

to prevent recurrence and metastasis. In this thesis, the initial phases of metastasis, 

namely tumor cell migration through local tissues and into surrounding blood vessels, 

are modeled and explored.  

 

1.2 Tumor microenvironment 

Historically, cancer has been viewed as a genetic disease with sequential mutations to 

tumor suppressor genes, oncogenes, and DNA repair genes which eventually result in 

uncontrolled cell proliferation. 13 Projects such as the Cancer Genome Atlas, 

International Cancer Genome Consortium, and Human Cell Atlas provided the first 

insights into the complex puzzles by providing genomic insights on how mutations 

contribute to cancer development. Some therapies that target specific mutations have 

yielded promising results for breast cancer patients. 5 However, research increasingly 
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shows that genetics alone cannot explain why cancer is tissue and context dependent. 

For example, within genetically similar cancer cells, some remain at the primary tumor 

site, while others migrate into surrounding tissues, suggesting that non-genetic factors 

also facilitate metastasis. 14 

 

Over one hundred years ago, Dr. Stephen Paget proposed the “seed and soil” theory 

where he referred to cancer cells as “bad seeds” and the surrounding host tissue as “soil”. 

The idea is that this surrounding host tissue, or the microenvironment, provides essential 

information on the pathology of cancer metastasis. 15 Although overlooked for nearly a 

century, researchers in the 1980s in the fields of immunology and angiogenesis 

rejuvenated this concept and further defined our understanding of the tumor 

microenvironment. 16 Now, there are many factors in the tumor microenvironment that 

are widely accepted to influence cell migration: cancer-associated fibroblasts (CAFs), 

angiogenesis, the extracellular matrix (ECM), altered biochemical cues, metabolic 

perturbations, inflammation, and immunity to name a few. 13 In addition to the 

microenvironmental changes that may directly promote cancer invasion, the fibrotic 

tissue and immature blood vessels that often surround a tumor also limit the transport 

and delivery of therapeutic drugs. 17,18 Thus, a better understanding of the 

microenvironmental changes that occur during tumor progression will lead to the 

development of more effective treatments and ultimately improve disease management.  

 

Cancer-associated fibroblasts 

In non-cancerous tissues, fibroblasts deposit and remodel ECM during homeostasis to 
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maintain tissue structures. Although normally quiescent, fibroblasts become activated 

during the wound healing process and differentiate into myofibroblasts. Myofibroblasts 

respond to tissue damage by depositing new ECM and remodeling existing ECM to 

facilitate repair. 19 These myofibroblasts are rich in alpha smooth muscle actin (α-SMA) 

which forms cytoplasmic stress fibers and maintains gap junctions to synchronize 

contraction during wound closure. 19 In addition, myofibroblasts are a main source of 

cell-derived vascular endothelial growth factor (VEGF). VEGF helps promote the 

formation of new microvasculature that facilitates the transport of oxygen and nutrients 

to local tissues. 20 Normally, activated fibroblasts undergo apoptosis after wound closure. 

Cancer is often described as a wound that never heals and is associated with a sustained 

presence of reactive stromal fibroblasts termed cancer-associated fibroblasts (CAFs). 

21–23  

 

CAFs are identified as cells within the tumor stroma with an elongated morphology and 

markers including α-SMA, fibroblast activation protein (FAP), and platelet derived 

growth factor receptor α/β (PDGFR α/β), while negative for epithelial and endothelial 

markers. 24–26 The signals that mediate the initial transition from normal fibroblasts to 

CAFs are not well understood but several secreted factors such as transforming growth 

factor-β (TGF-β) have been implicated in previous studies. 27 Other factors such as 

inflammation 28 and ECM remodeling could also drive this activation process. 29  

 

Once activated, CAFs drive tumor progression via multiple mechanisms. CAFs are 

responsible for ECM remodeling by laying down collagen I, fibronectin, and hyaluronan, 
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which results in fibrotic stiffening of the matrix termed desmoplasia. In addition to 

depositing matrix, CAFs can also secrete ECM-degrading proteases such as matrix 

metalloproteinase 2 (MMP2), MMP3 and MMP9, which create open tracks within the 

ECM that allow tumor cells to invade. 30,31 Changes in the microarchitecture of ECM 

could also promote invasion as cells preferably migrate across linearized collagen fibers. 

32,33 More recently, CAFs have been shown to exert forces on ECM or tumor cells to 

mediate directional migration. 34,35 Besides ECM remodeling, CAFs can secrete a broad 

spectrum of cytokines and chemokines, including stromal cell-derived factor 1 (SDF1), 

hepatocyte growth factor (HGF), epidermal growth factor (EGF), and interleukin 6 (IL-

6), which can modulate tumor cell proliferation and stem-like properties. 36–39 As 

mentioned earlier, CAFs also secrete factors such as VEGF that could promote 

angiogenesis and provide nutrients to fuel cancer cell metabolism. Last but not the least, 

CAFs have been shown to facilitate recruitment of immune cells such as myeloid cells 

and macrophages that have immunosuppressive roles. 40 

 

Extensive ECM remodeling during tumor progression creates physical boundaries that 

can impede drug delivery. Moreover, CAF-mediated changes in vasculature are often 

associated with the formation of new but immature and poorly permeable vessels, which 

also limit drug trafficking. These microenvironmental changes can also activate 

signaling pathways that govern cancer cell fate and drug resistance. 24 Therefore, drugs 

that target CAFs may be therapeutically beneficial. Several mouse model studies used 

selective depletion of CAFs to increase intratumoral drug uptake which in turn inhibited 

tumor growth and metastasis. 41–43 Blockage of CAF-secreted factors or administration 
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of drugs to alleviate fibrosis can also improve outcomes associated with treatment. 44,45 

However, as shown in the literature 46, CAFs can also mediate tumor suppression, as 

depletion of CAFs in pancreatic tumors resulted in reduced vasculature and hypoxia. 

This led to epithelial-to-mesenchymal transition (EMT) in cancer cells and resulted in 

diminished survival. These discrepancies underscore the importance of understanding 

the different types of CAFs within the tumor microenvironment and their specific 

interactions with ECM remodeling, vasculature changes, and metabolic alterations to 

provide insights for clinical interventions.  

 

Figure 1.1. Schematic showing CAFs in tumor microenvironment and roles in 

promoting tumor invasion.  

 

Tumor angiogenesis 

Angiogenesis is the formation of new capillaries from existing vessels by endothelial 

cells (EC) and can be summarized into the following steps: activation, degradation of 

the basement membrane, sprouting (proliferation, invasion, adhesion, and migration), 

lumen formation, and maturation. 47 During tumor growth, the multicellular tumor mass 

expands in size. This results in diffusion limitations for nutrient and waste exchange, 

which eventually manifest into a necrotic tumor core that is highly hypoxic. Hypoxia 

inducible growth factor (HIF1-α) is key regulator to stimulate cancer cell metabolic 
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plasticity to adapt to hypoxia and induce EC angiogenesis by upregulating transcription 

of proangiogenic factor including VEGF. 48 Interestingly, VEGF secretion from ECs is 

often minimal, while larger amounts are secreted from tumor cells and other tissue-

resident cells such as muscle cells and CAFs. 49  

 

ECM is directly involved in every step of the angiogenic process as it provides a 

supportive framework for EC adherence and migration. In adipose tissue, EC activation 

can be modulated through tissue-secreted growth factors and cytokines such as VEGF, 

PDGF, fibroblast growth factor (FGF), and IL-8. 50,51 ECM can modulate the 

bioavailability of those factors through their binding and release. In addition, EC 

migration, another important step in angiogenesis, can be stimulated through growth 

factors, while cell motility is still dependent on EC adhesion to ECM and MMP cleavage 

of cell-ECM connections. 52 MMPs also facilitate digestion of ECM to contribute to 

branching and morphogenesis. 53 Therefore, ECM has fundamental and complex control 

over EC functionality during angiogenesis. As cells grab and pull on the matrix during 

adhesion, mechanical stress can be transmitted through the integrins that connect the 

cell cytoskeleton to the matrix. Conformational changes of integrins can lead to the 

activation of downstream signaling cascades to the nucleus and result in alteration of 

cellular behaviors in response to mechanical stimuli and is broadly termed 

mechanotransduction. 54,55. The role of pathological angiogenesis is a complex and 

multifaceted challenge that needs to be better understood in conjunction with ECM 

remodeling. 
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Inhibitors of angiogenesis such as bevacizumab (antibody against VEGF) have been in 

tested in clinical trials but demonstrate minimal survival benefits. 49 One possible 

explanation is that vascular remodeling comes from multiple mechanisms and 

suppression of one leads to activation of another to compensate. Another direction of 

angiogenesis treatment is to normalize the tumor-associated blood vessels to improve 

drug delivery and immune cell infiltration. Ongoing clinical trials involve normalizing 

tumor vessels via interferon γ (IFNγ) signaling pathways with cancer immunotherapy. 

56 It is important to understand how the different pro- and anti- angiogenic signals are 

involved and how we could achieve a synergistic treatment within a specific 

microenvironment.  

 

Metabolic reprogramming  

Tumor growth is associated with a rapid increase in biosynthetic needs. During the 

expansion of tumor size, necrotic cores form in the center of the tumor mass which result 

from inaccessibility of nutrients and diffusion limitations. This creates a gradient of 

oxygen, pH, and nutrients within a tumor, which can trigger metabolic reprogramming 

with possible oncogenic mutations. 57 As tumor cells migrate across tissues during 

metastasis, different microenvironmental niches pose varied metabolic challenges. In 

response to ECM changes, cancer cells can rewire their metabolic phenotypes via 

activation of phosphoinositide 3-kinase/protein kinase B/mammalian target of 

rapamycin (PI3K/Akt/mTOR), a master regulator of glucose uptake and cell growth. 58 

Therefore, metabolic plasticity has been recognized as a hallmark of cancer and it is 

important to understand the dynamics of tumor cell metabolism within different 
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microenvironmental conditions. 48 

 

To satisfy rapid cell growth within a nutrient-limiting environment, cancer cells uptake 

more glucose compared to healthy proliferating cells. This marked increase in glucose 

consumption and lactate production regardless of local oxygen levels was first described 

by Otto Warburg and is termed the “Warburg effect”. 59 As glucose is metabolized 

within cells, it is converted to different carbon intermediates and metabolites in 

glycolysis or the tricarboxylic acid cycle (TCA) to provide building blocks for cell 

division. Nicotinamide adenine dinucleotide (NADH) and nicotinamide adenine 

dinucleotide phosphate (NADPH) are co-enzymes that are involved in these processes 

and constantly switch between oxidized/reduced forms to maintain redox state. NADH 

also transports electrons along the electron transport chain in mitochondria or in the 

cytosol during lactate fermentation to facilitate generation of adenosine triphosphate 

(ATP) in cells. 2-deoxy-2-[fluorine-18] fluoro- D-glucose integrated with computed 

tomography (18F-FDG PET/CT) has been used in clinics to determine tumor stage and 

gauge response to treatment. 60  

 

Recent studies suggest another working hypothesis known as the reverse Warburg effect. 

These findings indicate that cancer cells induce myofibroblastic differentiation of 

neighboring stromal cells that then undergo aerobic glycolysis, which can transport 

lactate and pyruvate through monocarboxylate transporters (MCTs) to tumor cells. In 

this scenario, cancer cells maintain normal metabolic phenotypes and even have 

increased mitochondria and TCA activities. 57,61 Caveolin-1 (Cav-1) inhibits TGF-β-
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mediated CAF formation and loss of Cav-1 is associated with worse clinical outcomes 

as those CAFs shuffle energy-rich metabolites to fuel tumor growth. 62 Metabolic 

interplay between CAFs and tumor cells in different metabolic situations has been 

proposed, but the exact details of how ASCs may facilitate dynamic cancer migration 

remain unknown.  

 

1.3 Obesity and breast cancer 

It is estimated that over 40% of the population in the United States is obese in 2017–

2018 and this number is expected to grow in the future. 63 Obesity is defined by the 

World Health Organization (WHO) as a body mass index greater than 30, a 

measurement that estimates adiposity based on height and weight. 63 Obesity is a 

complex metabolic disorder and has been linked to many pathological outcomes such 

as type 2 diabetes mellitus, hypertension, stroke, and cancer. The obesity epidemic poses 

a healthcare burden with significant economic impacts. 64–66 Obesity is linked to higher 

risks for 13 cancers, including breast cancer and many cases are also associated with 

worse prognosis. 67,68 

 

Mammary adipose tissue (AT) is a loose connective tissue that contains many cell types 

such as adipocytes, endothelial cells, immune cells such as monocytes and macrophages, 

and adipose stromal cells (ASCs). 69,70 ASCs are a heterogeneous pool of cells that 

mainly consist of progenitor stem cells and fibroblasts. Mammary AT is a unique tissue 

as it undergoes differentiation and dedifferentiation over the course of an individual’s 

lifetime. This complex cycle of changes is highly regulated and yet also a main source 
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of malignant transformation if it becomes dysregulated. 71 The expression of ER and PR 

often increases after menopause and the main site of ER production switches from the 

ovaries to mammary AT. 72 Women often accumulate additional AT during menopause 

and this changes body composition and fat distribution. 71 Specific microenvironmental 

changes that occur in obese mammary AT could be drivers for breast cancer migration 

and are addressed further in the following subsections.  

 

Obesity-associated ASCs and ECM remodeling 

Studies from our lab show that during obesity ASCs exhibit a more myofibroblastic 

phenotype, secrete more growth factors, and deposit thicker and stiffer matrices. 73 

These matrices could be potentially beneficial for adipocytes as they become 

hypertrophic (increase in size) and hyperplastic (increase in cell number) in obesity as 

a rigid ECM scaffold would help maintain cell shape and spread stress. 71 Interestingly, 

similar changes are also observed in the tumor microenvironment where normal 

fibroblasts become myofibroblastic CAFs.74 As described in previous sections, CAFs 

can directly promote cancer invasion by modulating fibrotic remodeling of ECM 75 and 

secreting pro-tumor and pro-angiogenic factors. 25 Whether obesity-associated ASCs 

can act similarly to CAFs to promote early stage breast cancer migration is relatively 

unknown. Past studies that profiled ECM composition revealed collagens type I–VI, 

laminin, hyaluronic acid, and fibronectin as the major components of AT matrix but the 

relative concentration varied between studies. 76–78 AT maintains a constant turnover of 

collagen and possibly other components in the ECM even in adulthood. Such turnover 

requires a delicate balance between matrix degradation and construction. When new 
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matrix proteins are deposited from ASCs, matrix processing enzymes such as lysyl 

oxidase (LOX) and prolyl-4-hydroxylase control collagen synthesis and cross-linking. 

These steps have been found to malfunction during obesity. 76 On the other hand, MMPs 

are a family of proteolytic enzymes that can be secreted by ASCs to degrade matrices 

as they move along the ECM. MMPs are actively engaged in the remodeling of matrices 

and have multiple functions: MMP2 cleaves the basal lamina components of ECM 

surrounding adipoctyes79; MT1-MMP modulates the rigidity of collagen to affect cell 

shape and differentiation, 80 while MMP9 can cleave and release matrix bound VEGF 

to promote angiogenesis. 81 In obesity, there is a profound alteration of different MMPs 

in adipose tissues and the balance is tilted towards increased ECM digestion. 82 

Collectively, changes associated with ECM remodeling in obese tumor-free tissues 

share many similarities to tumor-containing microenvironments which could provide a 

permissive niche that promotes tumor progression.  

 

Vascular dysfunction in obesity 

AT is considered to be an endocrine organ rich in hormones, growth factors, and 

cytokines. 83 The alterations in the soluble profiles of AT have long been the focus of 

research in obesity-associated disorders. Accordingly, AT requires vascular networks 

to maintain homeostasis through the exchange of bioactive factors, nutrients, and waste 

products. During obesity, the expansion of adipose tissue results in a multitude of 

structural changes to accommodate altered metabolism and nutrient expenditure; 

angiogenesis is triggered by endocrine/paracrine factors secreted from AT. 84 However, 

obesity-associated vascular properties are poorly characterized with both excessive 
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formation of immature blood vessels or reduced capillary densities and impaired vessel 

dilation reported at different fat depots in body, suggesting context-dependent 

mechanisms. Additionally, even with rarefaction in capillary networks, larger vessels in 

the same tissue have been associated with increased alpha smooth muscle actin and 

collagen V, indicating a possible role of ECM-mediated modulation of vessel properties. 

84,85 

 

In AT, interstitial fibrosis is a hallmark of obesity and can be reflected in mechanical, 

structural, and compositional changes in ECM. Our lab and others have previously 

shown that there is an increased amount of fibronectin (Fn) and collagen I in obesity-

associated matrices which could have a proangiogenic influence. 52,86,87 Enriched and 

linearized collagen fibers can induce actin stress through activation of Rho-ROCK 

signaling pathways to form spindle-shaped cellular morphology that can later assemble 

into cords. 86,88 This signaling cascade can also lead to increased expression of VEGF 

receptor (VEGF2) and therefore increased angiogenic behavior of ECs. 89 In addition, 

enhanced migration of ECs due to integrin binding to VEGF via activation of Erk1/Erk2 

MAP kinase signaling has also been suggested. 87 On the other hand, Fn contains 

biologically active cryptic sites that are sensitive to mechanical stress during matrix 

assembly and remodeling. Studies have demonstrated that increased ECM stiffness can 

lead to Fn conformational changes, activating integrins α5β1 and αvβ3 to stimulate 

secretion of VEGF from cells and possibly release of sequestered VEGF in the matrix. 

90 Therefore, physical changes in obese ECM can have functional consequences in EC 

behavior and we aim to understand these mechanisms in more detail. 
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1.4 3D in vitro models 

Preclinical models have been used for decades to screen for potential cancer drug 

candidates. The typical route of translational medicine starts from cancer cell cultures 

on two-dimensional (2D) in vitro platforms, to murine or other animal studies, and then 

human trials. However, many cancer drugs fail clinical trials, despite promising in vitro 

and animal study data. This lack of prediction power and other gaps in performance 

during translational research are linked to many factors. 91 

 

One main consideration is the lack of microenvironmental factors in these 2D studies. 

The invasion and growth capacities of tumor cells depend on interactions with other 

cells as well as ECM. The microenvironment has broad impact on shaping dynamic 

cellular behaviors that are not recapitulated on 2D tissue culture plastic. Three-

dimensional (3D) model systems provide a unique intermediate between 2D cell culture 

and in vivo studies. Systems such as tumor spheroids allow cells to self-assemble into 

3D multicellular structures that provide cell-cell communication and even necrotic cores 

that resemble in vivo tumor conditions. 92 More complex tissue engineering strategies 

involve encapsulating cells or spheroids in physiologically relevant ECM (using 

synthetic or natural materials) to have tissue-specific architecture and biophysical 

properties. 93 This complexity can continue to build by incorporating other cell types, 

fluid flow, and more. 55  

 

Another important consideration is the ability to observe complex cell-cell and cell-
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ECM interactions in real time. Organoid culture is one example where stem cells are 

encapsulated in Matrigel® or other bio-mimic culture media and allowed to self-

assemble and differentiate into more complex structures. 94–96 Spheroid culture usually 

refers to cells derived from cancer cell lines and allowed to form aggregates to mimic 

the cell-cell interactions found in vivo. 97,98 These more advanced systems enable 

biomarkers and other morphological changes to be monitored and measured across 

different time scales ex vivo, providing more insight into the dynamics of biological 

processes than previously possible.  

 

More research has also pointed out the complexity and heterogeneity of individual 

tumors, which is often patient dependent. There is an increased need for personalized 

medicine applications with the hope to have individualized and thus more effective 

treatments. The development of 3D in vitro platforms could provide innovative 

approaches to better understand how microenvironmental factors, such as obesity and 

consequential changes in stroma remodeling, regulate cancer cell behavior and enable 

cancer drug screening on a per patient basis.  

 

1.5 Imaging tools and considerations 

Confocal microscopy 

Fluorescence microscopy consists of many powerful imaging tools to look at biological 

samples with fluorescent probes, which allows detection of cellular structures and 

activities. This typically involves exciting a sample from a ground state to a higher 

energy state and photons are then emitted when molecules return to the ground state. 
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Compared to a conventional widefield microscope, confocal microscopy uses focused 

laser scanning to optically scan the samples and therefore allow 3D imaging of a thick 

specimen without having to physically cut the sections. 99 First used by Minsky in 1957, 

the addition of a pinhole significantly reduced out of focus light and enabled confocal 

microscopy to have higher optical resolution and contrast. 100 Now, confocal 

microscopy has commercially available models and have been widely used for 

biological applications.  

 

In addition to fluorescence imaging, confocal microscope can also image unlabeled 

samples such as the cornea of eyes using confocal reflectance microscopy (CRM). 101 

Those tissues are rich with fibrillar collagen that has a different refractive index than 

other cellular parts. 102 CRM uses back scattering of light to collect reflected light from 

collagen and allows for reconstruction of 3D images with high resolution. CRM can be 

used to visualize collagen networks in tissues and in vitro collagen scaffolds without 

fluorescent labels. 99 

 

Multiphoton microscopy 

Multiphoton microscopy is based on nonlinear excitation of fluorescent probes. 

Compared to 1-photon excitation in confocal microscopy, two-photon excitation (2PE) 

requires simultaneous absorption of two photons and collect the emitted fluorescence. 

2-PE absorption keeps excitation to a single focal point, without requiring physical 

pinholes to avoid out of focus light. In addition, 2-PE excitation generally requires 

double the wavelength compared to one photon imaging. The use of higher infrared (IR) 
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wavelengths allows less optical scattering and lower phototoxicity compared to visible 

light excitation. These advantages of multiphoton microscopy allow non-invasive live 

tissue imaging with high resolution and less phototoxicity. 103   

 

Second-harmonic generation (SHG) microscopy is also based on nonlinear optical 

effects. The SHG phenomenon refers to a nonlinear process where two photons 

simultaneously interact with non-centric structures and combined to produce a new 

photon with exactly half the wavelength (doubled frequency). One example is fibrillar 

collagen (e.g., types I and II), which has a strong SHG signal and thus SHG microscopy 

has been commonly used to locate collagen structures in live animals or histological 

samples. 104 

 

NADH Autofluorescence imaging 

Nicotinamide adenine dinucleotide (NAD(H)) is an important co-enzyme that is 

involved in many cellular processes, especially in glucose metabolism for energy 

production. NADH is an electron donor and constantly switches between NADH 

(reduced) and NAD+ (oxidized) during glycolysis in the cytosol or during the citric acid 

cycle and oxidative phosphorylation (OXPHOS) in the mitochondria. In addition to free 

NADH in solution, NADH can also bind to different enzymes such as malate 

dehydrogenase, alcohol dehydrogenase and citrate synthase which are important for 

metabolism. 102 First described by Chance, NADH has autofluorescence around 440-

460nm with ultraviolet (UV) excitation while NAD+ is not autofluorescent. 

Nicotinamide adenine dinucleotide phosphate (NADP(H)) has a similar 
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autofluorescence spectrum to NADH and currently it is difficult to differentiate these 

two. Therefore, the autofluorescent signals in this range are generally referred as 

NAD(P)H. 105 The development of 2PE microscopy allows imaging at 720-780nm and 

is therefore less phototoxic compared to UV light excitation. Given the role of 

NAD(P)H in metabolic processes, tracking changes in its autofluorescence, and thus 

enzyme binding state, enables indirect readouts of mitochondrial function in live cells. 

106 

 

Fluorescence lifetime imaging microscopy (FLIM) is one way to track NAD(P)H 

autofluorescence without the need for additional labels. 107–109 FLIM measures the 

fluorescence decay of a fluorophore. The basic setup involves exciting a sample with a 

pulsed laser light. The time it takes a single photon emitted from the sample to reach the 

detector before the next laser pulse is called the fluorescence lifetime. For statistical 

measurements, this is repeated thousands of times to generate a histogram that 

represents the fluorescence signal intensity over time to calculate average lifetime 

values. The lifetime value is dependent on fluorescence decay, conformation, resonant 

energy transfer, and environmental factors such as temperature and pH. FLIM has also 

been used to measure NAD(P)H in cells. NAD(P)H has both free and protein-bound 

versions. When NAD(P)H is bound to proteins, the lifetime values increase to be around 

1-5ns compared to free NADH (~0.5ns). 107–109 FLIM measurements of NAD(P)H can 

also be coupled with flavin adenine dinucleotide (FAD(H)) and the NAD(P)H/FAD 

intensity REDOX ratio has been used for different FLIM-based applications to measure 

cellular metabolism. 110,111 
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Fluoresce anisotropy imaging measures NAD(P)H from a different angle. A molecule 

such as NAD(P)H can freely rotate in solution and quickly loses polarization. 112When 

NAD(P)H is bound to a protein, this rotation is reduced and the retained fluorescence 

after polarized light excitation is increased compared to a free NAD(P)H molecule. This 

change in conformation can be captured via changes in polarization to obtain anisotropy 

values that are indicative of the NAD(P)H protein bound/free population. 113Anisotropy 

is much faster than FLIM and therefore allows for the possibility of long-term imaging. 

In this dissertation, we developed a new anisotropy imaging platform that permits live 

tracking of NAD(P)H dynamics during 3D cell migration. The detailed setup and 

application of this platform is described further in chapter 4. 

 

Traction force microscopy 

When cells reside in tissues or on a surface, the biophysical properties of their 

microenvironment are important factors that regulate cellular behavior by influencing 

cell adhesion, migration, and other physiologic processes. Cells can sense substrate 

stiffness and react to changes of their surrounding mechanical properties by activating 

actomyosin-related signaling pathways which have significant roles in cancer biology. 

Traction force microscopy (TFM) consists of diverse techniques to quantify the 

mechanical forces that are exerted by cells on substrates and thereby provides insights 

into how physical mechanisms regulate tumor progression. 114 

 

A typical TFM setup involves culturing cells on substrates with a tunable stiffness such 
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as polyacrylamide or polydimethylsiloxane (PDMS). Additional coatings of ECM 

proteins such as Fn and collagen are commonly used to provide surface ligands for cell 

adhesion. Fluorescent beads are embedded within the substrate to allow for tracking of 

surface deformation. 115 Some studies use PDMS surfaces with micropatterned pillars 

to allow for similar measurements. 116 Confocal microscopy is then used to capture the 

displacement fields at high resolution. Together with the known mechanical properties 

of substrate, one can back calculate the forces exerted by cells. 117 

 

However, cells in tissues are often subject to 3D microenvironments, which pose unique 

challenges for measuring traction forces compared to 2D microenvironments. 

Conventional TFM techniques are limited to monitoring cells on 2D and elastic 

substrates, which cannot satisfy the growing demands of more physiologically relevant 

models. 117 Several challenges limit the use of TFM for 3D model systems. One main 

challenge is the speed of confocal image acquisition for volumetric data during live cell 

migration. Collagen is a main ECM protein but is optically scattering and requires more 

laser power to penetrate which can lead to phototoxicity for long term monitoring. 

Increased laser power also risks photobleaching of fluorescent tracking beads over time. 

Collagen also has viscoelastic properties, meaning a combination of instantaneous 

(elastic) and time-dependent strain (viscous), making it difficult to compute the actual 

forces being generated in 3D space and requiring measurements of strains in the volume 

of interest. 114,117 

 

Currently, there are several applications of TFM for 3D biological studies, but most are 
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limited to single cell imaging in short-term experiments. 118–120 There is still a need to 

develop 3D TFM for long-term live multicellular imaging. Optical coherence 

tomography (OCT) is a technique that uses low coherence light, similar in principle to 

ultrasound, to obtain cross-sectional images. OCT uses interferometry to separate out 

noise and collect “echoes” of light that are reflected from surfaces, even in a scattering 

media. 121 Using imaging reconstruction, OCT allows for noninvasive and label-free 

imaging of biological samples with low laser power. OCT also allows high speed 

measurements of volumetric data (seconds to 1 minute for 1mm3 per field of view, FOV). 

The use of IR excitation gives better depth penetration while minimizing phototoxicity. 

121,122 In this dissertation, we developed traction force optical coherence microscopy 

(TF-OCM) to provide a novel imaging platform that is versatile for 3D in vitro systems. 

The setup and applications of this platform are described further in chapter 2.  

 

1.6 Research objectives 

Obesity is associated with microenvironmental changes that could prime mammary AT 

to be permissive to breast cancer progression. Specifically, obesity-associated fibrotic 

remodeling could drive cancer proliferation and induce myofibroblastic differentiation 

of ASCs. (Seo, et al.; Seo, Chen, et al.) Whether or not obese vs. lean ASCs differentially 

affect the progression of premalignant cancer remains unclear. Metastasis is the leading 

cause of death for cancer patients and this involves cancer cell migration through tissue 

barriers before reaching to blood vessels and disseminate to other parts of body. 

Obesity-associated ASCs share many similarities to CAFs and may influence tumor 

progression by affecting the ECM landscape, angiogenesis, and metabolism during cell 
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migration. The challenges to investigate these changes are, in part, due to a lack of 

toolsets that allow us to isolate dynamic cell-cell and cell-ECM interactions with 

minimal interference. Therefore, my doctoral work focuses on developing different 

physiologically relevant 3D in vitro platforms as well as advanced imaging techniques 

that enable observations in situ.  

 

I hypothesize that obesity-associated ASCs promote breast cancer migration via 

biochemical and physical changes in ECM remodeling, which can directly influence 

cancer migration and angiogenesis. Direct ASC-tumor cell contacts mediate collective 

cell migration and metabolic alterations similar to CAFs in a tumor microenvironment. 

Together, all of these factors contribute to increased breast cancer invasion in obesity. 

The overall hypothesis is addressed via the following sub-hypotheses and objectives: 

1. Obesity-associated ASCs directly promote breast cancer cell migration via physical 

interactions and ECM remodeling. 

2. Obesity-associated ASCs can remodel ECM and promote angiogenesis by altering 

endothelial cell secretory functions and contractility 

3. Development of an imaging based method to monitor NAD(P)H dynamics as a 

functional readout for metabolism during live cell migration 
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Figure 1.2 Schematic showing changes in obesity-associated ASCs and proposed areas 

of interest to investigate roles of obese ASCs in promoting cancer invasion.  

 

Further details of studies to address these hypotheses are described in the following 

chapters.  

 

In chapter 2, the direct interactions between obesity-associated ASCs and breast cancer 

cell migration are explored. To differentiate the cellular effects of obesity, ASCs were 

isolated from age-matched wild type (WT, lean) vs. ob/ob (genetic obesity model, obese) 

mice. MCF10AT1 is a premalignant breast cancer cell line and was used to model 

noninvasive cancer. A multicellular spheroid platform embedded in collagen with a 

tunable stiffness and microarchitecture was developed to mimic ASC-tumor cell 

interactions in vivo. To monitor the dynamics of cell-ECM changes, we collaborated 

with Professor Steven Adie and developed an advanced imaging technique called 

traction force optical coherence microscopy (TF-OCM) based on their prior work on 

single cell in optically clear tissues that is label free and has low phototoxicity even 

when cells are imaged for long periods of time. 121Both matrix metalloproteinase-

dependent proteolytic activity and ECM contractility were explored to understand the 
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different cues that drive ASC-mediated cancer migration.  

 

In chapter 3, the role of ECM remodeling by obesity-associated ASCs on the angiogenic 

behavior of ECs was explored. To model angiogenesis in lean or obese adipose tissue, 

human umbilical vein endothelial cells (HUVECs) were seeded onto 3D collagen 

scaffolds of pre-remodeled ECM by ASCs from WT vs. ob/ob mice. To elucidate the 

role of cell- vs. matrix-mediated changes, ASCs encapsulated in the 3D collagen gels 

were removed prior to HUVEC seeding. HUVEC morphology, secretome, and invasion 

were quantified. In addition, decellularized 2D ECMs deposited by ob/ob vs. WT ASCs 

were further evaluated and inhibition of the Rho-ROCK signaling axis in HUVECs was 

used to examine its effects on the resultant changes in endothelial cell behavior.  

 

In chapter 4, to study the dynamics of metabolism during cell migration, I collaborated 

with Professor Warren Zipfel and developed a fluorescence anisotropy imaging 

platform to track endogenous NAD(P)H signals as a functional readout of metabolic 

alterations. This imaging-based method is label free and does not induce cell stress over 

long-term imaging. Furthermore, we validated this approach by correlating the resulting 

imaging data with conventional seahorse metabolic flux measurements. By performing 

anisotropy analysis in combination with co-labeling of different intracellular 

compartments (mitochondria, endoplasmic reticulum, neutral lipid droplets), we were 

able to differentiate between signals derived from NAD(P)H-based anisotropy vs. other 

confounding signals. The tools developed in this study enable live monitoring of tumor 

cell metabolism with subcellular resolution and provide novel insight into how 
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metabolism is linked to tumor cell invasion. 

 

In my doctoral work, my studies suggest that obese ASC-mediated cancer migration 

depends on direct cell-cell contacts and that this collective cell migration is dependent 

on both contractility- and MMP-based migration modes. Obese ASCs can also mediate 

pro-angiogenic behavior of ECs via ECM remodeling, which is sensitive to 

mechanosignaling. The two new imaging methods, TF-OCM and fluorescence 

anisotropy could provide quantitative and long-term measurements of dynamic traction 

forces as well as metabolic changes in complex 3D in vitro model systems, which were 

not previously possible. Combining 3D in vitro systems with advanced imaging tools, 

my PhD work provides insights on how microenvironmental changes in obesity 

influence tumor progression. In addition, these tissue culture platforms and imaging 

tools can be expanded to investigate other biological questions. The results from my 

studies also provide insights for designing safe biomaterials for regenerative medicine 

as ASCs and collagen are commonly used materials in this field. ASCs from donors 

may be subjected to donor-host microenvironmental changes that have long-term 

implications and potential consequences on tumor recurrence which warrant further 

analysis.  
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CHAPTER 2 

Obesity-associated adipose stromal cells promote breast cancer invasion through 

direct cell contact and ECM remodeling 

Ling, Lu, et al. Advanced Functional Materials (2020): 1910650 

 

2.1 Contributors 

I was responsible for the design of in vitro systems used in this chapter. I performed or 

was involved with all cellular experiments, imaging acquisition and data analysis. Co-

authors and their contributions to this chapter are as follows: Dr. Jeffrey A. Mulligan 

collaborated and developed a novel traction force optical coherence microscopy (TF-

OCM) technique which was utilized to acquire data to track collagen fiber deformation. 

Yunxin Ouyang performed replicates of control studies and were involved with 

development of spheroids platform and statistical analysis of brightfield images. Adrian 

A. Shimpi assisted with ASC isolation from mice and provided suggestions for ImageJ 

analysis. Dr. Rebecca M. Williams assisted with live imaging on spinning disk 

microscopy and provided valuable suggestions for confocal imaging set ups. Garrett F. 

Beeghly provided histology images of human stromal with breast cancer and proofread 

the paper. Dr. Benjamin D. Hopkins provided samples for patient-derived xenografts 

(PDX). Dr. Jason A. Spector provided human adipose tissue for human ASC isolation. 

Dr. Steven G. Adie provided help and discussions for TF-OCM. Dr. Claudia Fischbach 

provided guidance for designs of experiments, analysis of results and writing of 

manuscript.  
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In addition, Matthew A. Whitman and Aaron E. Chiou provided technical assistance 

with Dynamic mechanical thermal analysis (DMTA) measurements. Dr. Alexandra R. 

Harris, Dr. Jennifer M. Munson, and the University of Virginia Biorepository and Tissue 

Research Facility provided assistance with patient sample acquisition and processing. 

The work described was supported by the Center on the Physics of Cancer Metabolism 

through Award Number 1U54CA210184-01 from the National Cancer Institute and 

R01GM132823. Unless otherwise noted, imaging was performed through Cornell 

University’s Biotechnology Resource Center, with NIH S10RR025502, S10OD010605, 

S10OD018516 and NYSTEM C029155 funding. Furthermore, this work made use of 

the Cornell Center for Materials Research Shared Facilities which are supported through 

the NSF MRSEC program (DMR-1719875). 

 

2.2. Abstract 

Obesity increases the risk and worsens the prognosis for breast cancer due, in part, to 

altered adipose stromal cell (ASC) behavior. Whether ASCs from obese individuals 

increase migration of breast cancer cells relative to their lean counterparts, however, 

remains unclear. To test this connection, multicellular spheroids composed of 

MCF10A-derived tumor cell lines of varying malignant potential and lean or obese 

ASCs were embedded into collagen scaffolds mimicking the elastic moduli of 

interstitial breast adipose tissue. Confocal image analysis suggests that tumor cells alone 

migrate insignificantly under these conditions. However, direct cell-cell contact with 

either lean or obese ASCs enables them to migrate collectively, whereby obese ASCs 

activate tumor cell migration more effectively than their lean counterparts. Time-
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resolved optical coherence tomography (OCT) imaging suggests that obese ASCs 

facilitate tumor cell migration by mediating contraction of local collagen fibers. Matrix 

metalloproteinase (MMP)-dependent proteolytic activity significantly contributes to 

ASC-mediated tumor cell invasion and collagen deformation. However, ASC 

contractility is also important, as co-inhibition of both MMPs and contractility is 

necessary to completely abrogate ASC-mediated tumor cell migration. These findings 

imply that obesity-mediated changes of ASC phenotype may impact tumor cell 

migration and invasion with potential implications for breast cancer malignancy in 

obese patients. 

 

2.3 Introduction 

 

The obesity epidemic has become a major health crisis in the United States due, in part, 

to the fact that obesity increases the risk and worsens the prognosis for many cancers 

including breast cancer. 123,124 The link between obesity and breast cancer is best 

established for postmenopausal, estrogen-receptor positive breast cancer, but obesity 

has also been associated with the pathogenesis of other breast cancer subtypes including 

triple negative breast cancer. 67,123,124 Excess body weight is typically linked with altered 

metabolism, chronic inflammation, and abnormal secretion of adipokines and hormones 

by adipocytes. 72,78,125 As a consequence, most previous work has focused on 

investigating the role of obesity-associated endocrine functions in breast cancer. 

However, microenvironmental perturbations of breast tissue may be similarly important 

and could stimulate the activation of otherwise non-malignant cells into overt disease. 
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12,78,126 

 

Fibrotic remodeling of mammary tissue can promote breast cancer development and 

progression by altering both the biochemical and biophysical microenvironment. 27,127 

While most previous work was performed in the context of tumors, we and others have 

shown that obesity may induce similar changes. 12,128 In tumors, activated fibroblasts 

(also termed myofibroblasts or cancer-associated fibroblasts [CAFs]) deposit and 

remodel fibrillar extracellular matrix components (ECM) including collagen type I and 

fibronectin.129 The resulting increase in ECM density and stiffness as well as 

microarchitectural changes contribute to tumor development, invasion, and metastasis. 

32,130,131 Interestingly, obesity leads to an enrichment of myofibroblasts in breast adipose 

tissue independent of cancer. Obesity-associated myofibroblasts reside in interstitial 

regions of adipose tissue as part of the adipose stromal cell (ASC) fraction and promote 

tumor cell malignancy by altering the density, stiffness, and microarchitecture of local 

ECM. 12,132 As tumor cells invade breast adipose tissue by exploring fibrotic ECM and 

myofibroblast-rich interstitial regions, 133 it will be critical to define whether or not 

obesity-dependent changes of ASCs and the resulting differences in ECM remodeling 

may promote invasion of otherwise non-invasive mammary epithelial cells. 

 

Myofibroblasts can promote tumor invasion via both biochemical and biophysical 

mechanisms. In particular, myofibroblasts have been shown to generate physical 

guidance channels for cancer cells through matrix metalloproteinase (MMP)-dependent 

degradation of the ECM. 74 Furthermore, myofibroblasts can use contractility-based 



 

- 31 - 

mechanisms to promote tumor cell invasion by exerting physical forces on the 

surrounding ECM and/or the cancer cells themselves. 33–35,134 Whether or not ASCs 

employ similar mechanisms to promote tumor cell invasion and if ASCs from obese 

versus lean patients are more effective in doing so remains unclear.  

 

To study tumor cell migration and invasion as a function of obesity-associated changes 

of ASCs, multicellular spheroids can be embedded into collagen type I, the primary 

ECM component of interstitial adipose tissue. With a diameter of 200-500 μm, tumor 

spheroids exhibit typical characteristics of tumors including an outer proliferating zone, 

inner quiescent zone, and necrotic cores due to limited diffusion of nutrients and oxygen. 

91,135 Furthermore, tumor spheroids can recapitulate heterotypic cell-cell interactions 

and cell-ECM interactions in a more physiologically relevant manner than conventional 

2D culture systems. 135,136 However, monitoring cellular and ECM dynamics of 

collagen-embedded spheroids poses technical challenges, as these studies require 

imaging large volumes of interest at high resolutions over extended periods of time. To 

overcome limitations of conventional confocal microscopy, including limited imaging 

depth due to optical scattering, potential cell stress due to phototoxicity, and 

photobleaching of cellular labels, alternative imaging methods such as optical coherence 

tomography (OCT) can be utilized to study cell-ECM interactions. 121,122 OCT uses low 

temporal coherence light to image scattering contrast in a label-free manner and new 

techniques such as traction force optical coherence microscopy (TF-OCM) can separate 

cell movements and traction force-dependent ECM deformations in millimeter-sized 

volumetric fields-of-view with temporal coverage spanning minutes to days. 121 
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Here, we leverage collagen-embedded multicellular spheroids in combination with 

advanced imaging approaches including confocal microscopy and OCT to investigate 

the role of lean versus obese ASCs in promoting tumor cell migration. Furthermore, it 

was our goal to delineate the mechanistic contributions of MMP- and cell contractility-

dependent changes of collagen remodeling to ASC-mediated tumor cell invasion. 

Results from these studies provide insights into the role of ASCs in promoting tumor 

cell invasion into adipose tissue and contribute knowledge that leads to a better 

understanding of the obesity-breast cancer connection. 

 

2.4 Results 

2.4.1 ASCs promote collective migration of premalignant cancer cells via direct 

cell-cell contact 

To study the potential effect of obesity-associated ASCs on the migration of otherwise 

non-invasive cells, a co-culture model was developed to mimic key aspects of how 

ASCs and premalignant tumor cells may interact within collagen-rich interstitial regions 

of adipose tissue. The design of this model was inspired by histological features of a 

clinical specimen from a lymph-node negative, triple breast cancer patient in which 

tumor cells and stromal cells are intermixed and in direct contact with each other (Figure 

2.1a). First, monoculture spheroids composed of only premalignant MCF10AT1 cells 

were formed under non-adherent conditions as described previously (Figure 2.1b). 137 

MCF10AT1, initially derived from MCF10A mammary epithelial cells through H-Ras 

mutation, 138 are considered premalignant but can develop into invasive cells under 
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appropriate conditions, thus representing an appropriate model system to test the pro-

invasive effects of ASCs. 139 Following spheroid formation, MCF10AT1 were 

embedded into 6 mg mL-1 collagen using a custom-made device for improved confocal 

imaging (Figure 2.1c). This collagen concentration yielded hydrogels with an elastic 

modulus of 2214.5 +/– 218 Pa mimicking the mechanical properties of collagen-rich 

interstitial ECM of obese breast tissue (Figure 2.1d). 12 While MCF10AT1cells could 

readily invade collagen at low concentrations (1-3 mg mL-1 [Figure S1a]), they were not 

able to invade into 6 mg mL-1 collagen matrices (Figure 2.1c, S1a) over a culture period 

of up to 4 days. These results suggest that the mechanical properties of collagen present 

within interstitial obese adipose tissue may prevent, rather than encourage, invasion of 

premalignant cells. 

 

To test whether ASCs could promote the invasion of MCF10AT1 cells into dense 

collagen and if ASC-secreted soluble factors play a role in this process, wild type (WT) 

ASCs were isolated from the mammary fat pads of female C57BL/6J mice. As 

myofibroblasts secrete factors that can promote tumor cell migration (e.g. transforming 

growth factor beta 1 (TGF-β1) 140,141 and stromal-derived factor 1 [SDF-1] 142,143), we 

first tested whether WT-ASCs promote cancer cell invasion via paracrine signaling. To 

this end, WT-ASC spheroids were formed and used to collect ASC-conditioned media 

(Figure 2.1e, i). However, ASC-conditioned media had little to no effect on the invasion 

of collagen-embedded MCF10AT1 spheroids, suggesting that ASC-secreted soluble 

factors alone are not sufficient to promote MCF10AT1 invasion into dense collagen. 

Next, we tried mixing WT-ASCs into the collagen bulk prior to encapsulating the 



 

- 34 - 

MCF10AT1 spheroids to mimic the distribution of ASCs in interstitial ECM. While 

tumor cells did not invade significantly under these conditions, small invasions were 

observed when ASCs were located immediately adjacent to the tumor spheroid (Figure 

2.1e, ii, arrow). As direct cell-cell contact with CAFs can promote migration and 

invasion 35, we next formed MCF10AT1-WT-ASC co-culture spheroids to increase 

direct cell-cell contact between both cell types. Indeed, this approach led to robust tumor 

cell invasion into collagen, whereby increasing the ratio of WT-ASCs to tumor cells 

correlated with increased invasion (Figure 2.1e, iii). Tumor cells invaded as groups of 

cells and were led by ASCs that stained positive for the myofibroblast marker α-smooth 

muscle actin (α-SMA). 131,140,144 Interestingly, co-culture spheroids in which tumor cells 

were intermixed with ASCs isolated from human breast adipose tissue similarly 

promoted invasion (Figure 2.1f) suggesting that our data are of potential relevance to 

humans. Collectively, these data indicate that ASCs promote collective invasion of 

premalignant tumor cells via direct cell-cell contact rather than secreted factors alone, 

and that myofibroblasts play a role in this process. Given the abundance of ASCs in 

adipose tissue stroma 144, all subsequent experiments using co-culture spheroids were 

performed with a 1:1 ratio of tumor cells: ASCs.  
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Figure 2.1: Adipose stromal cells promote collective invasion of MCF10AT1 cells 

via direct cell-cell contact. a. Immunohistochemical staining showing intermixing of 

tumor (cytokeratine-positive) and stromal (α-SMA positive) cells in a human lymph 

node-negative, triple negative breast cancer sample. Scale bars represent 100 μm. b. 

Schematic overview of spheroid formation and c. embedding of spheroids in collagen. 

Brightfield images showing MCF10AT1 spheroids in collagen (6 mg mL-1) on day 0 

and day 2. Scale bars represent 100 μm for brightfield images and 50μm for 

immunofluorescence (IF) images. d. DMTA testing of collagen scaffolds showing stress 

strain curves and the corresponding average elastic modulus, 2214.5 +/- 218 Pa (n=4). 

e. Brightfield and IF images visualizing the role of ASC in invasion of MCF10AT1 

spheroids. i) Effect of conditioned media (CM) from ASC spheroids on tumor spheroid 

(green). Red arrow indicates invasion site. ii) Effect of ASCs mixed uniformly in 

collagen surrounding tumor spheroid (green). Red arrow indicates invasion site. iii) 

Effect of direct cell-cell contact by mixing a constant number of MCF10AT1 cells 

(5,000 cells per spheroid) with an increasing number of ASCs; i.e., 50 ASCs (1:100), 

500 ASCs (1:10) or 5,000 ASCs (1:1) to form co-culture spheroids that were embedded 

into collagen scaffolds. f. Effect of patient-derived ASCs on invasion of MCF10AT1 as 

quantified by image analysis of co-culture spheroids following two days of culture. 

Scale bars represent 100 μm.  *p< 0.05 and **p<0.01.  
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2.4.2 Obese ASCs promote tumor cell collective migration more effectively than 

lean ASCs 

Since ASC-mediated invasion of tumor cells appeared to be related to α-SMA positive 

cells (Figure 2.1d) and because obesity-associated adipose tissue contains increased 

levels of α-SMA-positive myofibroblasts 12, we next compared invasion of lean versus 

obese ASCs, and the ability of both cell types to promote collective invasion of 

MCF10AT1 cells. ASCs were isolated from age-matched WT and leptin-deficient 

B6.Cg-Lepob/J (ob/ob) mice, a commonly used genetic mouse model of obesity that 

has comparable interstitial fibrosis as diet-induced mouse models of obesity (Figure 

2.2a). 12,145 Initially, we characterized the invasion pattern of WT and ob/ob ASC mono-

culture spheroids (Figure S1b). When embedded into dense (6 mg mL-1) collagen gels, 

both WT- and ob/ob-ASC spheroids invaded readily and featured α-SMA positive cells 

at the leading edge of invasions (Figure 2.2b, i). Yet ob/ob-ASCs migrated over longer 

distances as compared to WT-ASCs. Because α-SMA-positive myofibroblasts have 

been described to invade using both ECM degradation and contractility-dependent fiber 

alignment 33,34,129,146, we next tested whether obesity impacts how ASCs preferentially 

use these migration patterns. Confocal reflectance image analysis of ASC invasion 

associated with fiber contraction (Type I) versus cell-sized collagen degradation pores 

(Type II) revealed that obese ASCs explore cell contractility-dependent Type I invasion 

more frequently than lean ASCs (Figure 2.2b, ii). Correspondingly, lean ASCs had an 

increased tendency to form large degradation pores relative to obese ASCs (Figure S2a). 

These results suggest that obese ASCs are more invasive relative to lean ASCs due, in 
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part, to altered migration mechanisms.  

 

To test whether these differences translate to ASC-mediated changes of tumor cell 

invasion, co-culture spheroids composed of MCF10AT1 and either lean or obese ASCs 

were formed (Figure S1b) and embedded into collagen. Interestingly, ob/ob-ASCs 

promoted the collective invasion of tumor cells more effectively than WT-ASCs as 

ob/ob-ASC-guided invasions were associated with fewer ASCs and were larger than 

WT-ASC-guided invasions (Figure 2.2c). Indeed, live-cell imaging using spinning disk 

confocal microscopy confirmed that ASCs were the driver of collective invasion as they 

migrated out of the spheroids first, while GFP-MCF10AT1 cells only followed 

subsequently (Figure S2b, Supplemental video 1, 2). This pro-invasive effect of ob/ob-

ASCs was not limited to the MCF10AT1 cell line as isogenic MCF10DCIS.com and 

MCF10CA1a of the MCF10A progression series responded similarly (Figure 2.2d, S3). 

Moreover, co-culture spheroids of triple negative MDA-MB231 cells or PDX-derived 

cells also migrated more when co-embedded with ob/ob-ASCs versus WT-ASCs 

although both cell types were unable to form spheroids in mono-culture (Figure S3). 

These results suggest that obese ASCs can stimulate the invasion of premalignant and 

malignant tumor cells into interstitial, dense collagen more effectively than their lean 

counterparts. 
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Figure 2.2: Obese ASCs promote collective tumor cell migration more effectively 

than lean ASCs. a. Schematic showing isolation of ASCs from WT and ob/ob mice. b. 

Confocal image analysis of WT- and ob/ob-ASC mono-culture spheroid migration into 

collagen. (i) Maximum projection of IF images (left) and corresponding single slice 

(right) showing ASCs migrating out of spheroids into collagen (right). Comparison of 

WT- and ob/ob-ASC migration distances. Scale bars represent 200 μm for the maximum 

projections and 100 μm for the single slice images. (ii) Zoomed-in images (20 μm scale 

bar) of individual cells associated with contracted collagen (Type I migration) and 

adjacent to degradation pores (Type II migration) and corresponding quantification. c. 

IF images showing invasion of co-culture spheroids into collagen. Zoomed-in images 

of α-SMA+ ASCs leading the invasion of GFP+ MCF10AT1 cell clusters. 

Quantification shows the sizes of protruding invasion strands and the number of ASCs 

leading each strand. 200 μm scale bar for overview and 100μm scale bar for zoomed-in 

images. d. Quantification of ASC-led invasions across the MCF10A series, and with 

MDA-MB231 and PDX-derived organoids (X indicate missing data points due to lack 

of spheroid formation as shown in Figure S3a) as measured via brightfield image 

analysis. Student t-tests were used for comparisons between two groups and two-way 

ANOVAs were used for comparisons between three or more groups. *p < 0.05, ## or 

**p <0.01, ###p < 0.001 and ****p<0.0001.  

 

2.4.3 ASC-mediated tumor cell invasion correlates with MMP-dependent collagen 

remodeling 

The formation of physical guidance cues due to MMP-mediated degradation of collagen 
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contributes to CAF-mediated migration of tumor cells. 147,148 Accordingly, we have 

found that both lean and obese ASCs can form degradation pores when migrating into 

collagen (Figure 2.2b, ii), and we have previously shown that similar pores promote 

invasion of other cells. 149 To more directly investigate the importance of ASC-

dependent MMP activity to tumor cell migration, we added the broadband MMP 

inhibitor Batimastat 150 to both mono- and co-culture spheroids embedded in collagen. 

Batimastat decreased growth-mediated expansion of MCF10AT1 mono-culture 

spheroids, but had no effect on invasion (Figure 2.3a). In contrast, MMP inhibition 

significantly reduced, but did not fully abrogate invasion of either WT- or ob/ob-ASC 

mono-cultures. Similarly, addition of Batimastat to tumor cell co-cultures with WT- or 

ob/ob-ASCs reduced, but did not completely block invasion. Interestingly, MMP-

inhibited co-cultures containing ob/ob-ASCs invaded more than cultures containing 

WT-ASCs (Figure 2.3a, b) suggesting again that alternative mechanisms may contribute 

to ob/ob-ASC-mediated invasion. 

 

As CAFs can mediate tumor cell invasion via contractility-dependent ECM remodeling 

34 and because obesity increases ASC differentiation into contractile myofibroblasts 12, 

we hypothesized that obesity-dependent changes in ASC contractility may explain 

MMP-independent differences in cell migration between ob/ob- and WT-ASCs co-

cultures. To address this possibility, we first visualized the microarchitecture of collagen 

in Batimastat-treated ASC-MCF10AT1 co-cultures using confocal reflectance 

microscopy. While invading control spheroids exhibited significant remodeling of 

collagen networks, the respective MMP-inhibited cultures formed a dense ring of 



 

- 40 - 

collagen around the spheroid edges consistent with growth-induced collagen 

compression (Figure 2.3c). 151 In clinical samples, collagen densification and alignment 

parallel to the tumor border has been classified as tumor-associated collagen signatures-

2 (TACS-2) and correlates with less invasive tumors in patients. 32 Accordingly, dense 

collagen at the spheroid boundary prevented cell migration in our studies, while regions 

lacking this dense layer of collagen were readily invaded by cells (Figure 2.3d). 

Interestingly, the continuity of the spheroid-associated collagen ring appeared more 

compromised in Batimastat-treated ob/ob- versus WT-ASC co-cultures (Figure 2.3c, 

right) suggesting that the invasion of MMP-inhibited spheroids may be related to 

differences in ECM remodeling between lean and obesity-associated ASCs and possibly 

their intrinsic variations of cell contractility. 

 

Figure 2.3: ASC-mediated collective invasion of tumor cells depends on MMPs. a. 

Brightfield images of mono-culture (MCF10AT1, WT ASCs and ob/ob ASCs) invasion 
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patterns with or without Batimastat over a period of four days. Image analysis of bright-

field images showing differences relative to control groups (untreated) across all 

conditions. Scale bars represent 100 μm. b. Brightfield images of WT-ASC and ob/ob-

ASC co-culture spheroids. Scale bars represent 100 μm. Quantification of invasion areas 

from bright-field images with Batimastat treatment. c. Representative single slice 

images for WT-ASC co-culture and ob/ob-ASC co-culture spheroids with or without 

Batimastat treatment to visualize different invasion patterns. d. Representative single 

slice image and zoomed-in views of non-invasive (top) and invasive regions (bottom) 

of a Batimastat-treated ob/ob-ASC co-culture spheroid. Collagen intensity distribution 

along the corresponding dashed blue line are shown on the right. Scale bar represents 

100 μm. Two-way ANOVA with multiple comparison used for all graphs.  

 

2.4.4 ASC-mediated tumor cell invasion correlates with MMP-independent 

collagen contraction 

To more directly test the potential link between ob/ob-ASCs and contractile ECM 

remodeling, we performed label-free time-lapse imaging of collagen fiber displacement 

and cell migration using a custom-built spectral domain optical coherence tomography 

(SD-OCT) system. 121 3D OCT images were reconstructed using temporal speckle 

contrast to separate cells from surrounding collagen fibers. This approach allowed us to 

simultaneously monitor changes of collagen expansion/contraction and cell migration 

over extended periods of time (Figure 2.4a). Consistent with a lack of migrating cells, 

MCF10AT1 mono-culture spheroids did not yield significant collagen fiber 

displacement. A trend towards slightly increased values of collagen displacement at 

later time points can be explained by spheroid growth and the corresponding 

compression of the surrounding matrix (Figure 2.4b). In contrast, both WT- and ob/ob-

ASC mono-culture spheroids contracted the surrounding collagen, whereby ob/ob- were 

slightly more effective than WT-ASCs. (Figure 2.4b, Supplemental video 3) When 

combined with tumor cells, ob/ob-ASCs contracted collagen more than co-culture 
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spheroids with WT-ASCs or ob/ob-ASC mono-cultures. No difference was noted 

between WT-ASC mono- and co-cultures (Figure 2.4c, Supplemental video 4). 

Consistent with previous reports, these findings suggest that tumor cells can promote 

ASC myofibroblast differentiation via paracrine signals 152 and that ob/ob-ASCs may 

respond more to these factors than WT-ASCs. Indeed, a co-culture experiment in which 

ob/ob ASCs and MCF10AT1 mono-culture spheroids were embedded into collagen 

separately, but could communicate via soluble morphogens (Figure S4), confirmed that 

ob/ob-ASCs invade more effectively in the presence of tumor cell-secreted factors. 

ASC-secreted factors had no effect on tumor cell migration, recapitulating our findings 

using ASC-conditioned media (Figure 2.1d). Collectively, these data suggest that 

increased invasion of MCF10AT1 co-cultures with ob/ob- versus WT-ASCs is 

associated with local contractile deformation of collagen fibers.  

 

Next, we tested whether MMP-inhibited co-cultures of MCF10AT1 with ob/ob-ASCs 

also cause local collagen contraction by analyzing collagen displacement in the presence 

and absence of Batimastat and correlating these results with cell invasion. While 

Batimastat globally reduced collagen deformation, some regions of the surrounding 

matrix exhibited significant residual collagen contraction (Figure 2.4d, Supplemental 

video 5). Interestingly, in both control and MMP-inhibited cultures, regions with high 

collagen deformation correlated with more cell invasion, suggesting a functional link 

between both. To determine the relationship between collagen contraction and invasion 

in more detail, we quantified collagen displacement in two representative regions of low 

and high invasion for each control and Batimastat-inhibited culture (Figure 2.4d, e). 
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Again, more invasive regions (Figure 2.4d, e: green versus blue and red versus yellow 

boxes) were associated with more collagen deformation (Figure 2.4e: green versus blue 

and red versus yellow graphs) regardless of condition. The non-invasive region of 

Batimastat-treated spheroids exhibited collagen expansion over time, while the invasive 

region contracted in a manner that was comparable in magnitude to invasive regions of 

the control spheroids (Figure 2.4e). These results indicate that an MMP-independent, 

collagen contraction-based mechanism may play a role in ob/ob-ASC-mediated tumor 

invasion. 

 

Figure 2.4: TF-OCM imaging revealed a correlation between ASC-induced 

collagen fiber deformations and tumor cell invasion. a. Schematic outlining OCT 

quantification method. The line plots in b-d were computed from the median radial 

displacement of collagen fibers, as measured within the region indicated by gray surface, 

located 150 μm from the initial surface of each spheroid, and spanning +/– 15 degrees 

above/below the spheroid equator. Positive radial displacements indicate expansion 

with respect to the spheroid core, while negative radial displacements indicate 

contraction. Collagen displacements were measured via the tracking of collagen fibers. 

As an example, the right-hand panel depicts collagen fibers at time t=0 hours (green) 

and time t=24 hours (purple). b. Representative images of local collagen displacement 

in the vicinity of mono-culture spheroids at time t=24 hours. Median radial 

displacements (as measured from the region illustrated in a) are plotted over time on the 
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right, and depict the full range (minimum to maximum value) of the data obtained across 

all spheroids of the given type. Both WT ASCs and ob/ob-ASCs induced greater 

deformations than MCF10AT1 spheroids. c. Representative images of local collagen 

displacement in the vicinity of co-culture spheroids at time t=24 hours, with plots of 

median radial displacement on the right. d. (Top) Representative images of local 

collagen displacement in the vicinity of ob/ob-ASC co-culture spheroids at time t=24 

hours, under control and Batimastat conditions, with plots of median radial 

displacement on the right. (Bottom) Corresponding morphology of the spheroids shown 

above. Color encodes depth over a range of +/–100 μm with respect to the spheroid 

center. e. Expanded view of the inset regions shown in d. The green and red insets (top) 

depict regions with greater local invasion than the regions corresponding to the blue and 

yellow insets (bottom).  Median radial displacements within these regions over time 

are shown at the right. All scale bars represent 200 μm. 

 

2.4.5 MMP activity and contractility are co-requisites for invasion of ob/ob-ASC 

mono-cultures 

Given that ob/ob-ASC-mediated tumor cell invasion appeared dependent on ECM 

contraction, we next determined which effect ob/ob-ASC contractility has on the 

invasion of the ob/ob-ASCs themselves. To this end, we pharmacologically inhibited 

Rho-associated protein kinase (ROCK), a key regulator of myosin light chain (MLC) 

phosphorylation and actomyosin contractility33,153, in ob/ob-ASC mono-cultures either 

in the presence or absence of Batimastat. A collagen contraction assay revealed that 

ob/ob-ASCs contract dense collagen (6 mg mL-1) disks to less than 50% of their initial 

size over a period of 4 days. When added individually, Batimastat or Y27632, a specific 

inhibitor of p160ROCK, significantly reduced contraction; a slight but not significant 

advantage of co-inhibiting MMPs and ROCK was noted. We also tested whether 

Y27632 and/or Batimastat affected contractility of individual ob/ob-ASCs using a 

previously established microwell platform in which cells can remodel collagen fiber 

networks under conditions that prevent fiber detachment (Figure S5a). 149 Control 
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ob/ob-ASCs expressed α-SMA, formed robust stress fibers, and were associated with 

local collagen fiber contraction as defined by increased matrix density. In contrast, 

Y27632- or Batimastat-treated ASCs expressed less α-SMA, formed fewer stress fibers, 

and lacked local collagen contraction. Combined treatment with Y27632 and Batimastat 

was slightly more effective, but not to a significant extent. These data suggest that both 

contractility and MMP activity are important for ob/ob-ASC interactions with collagen. 

However, when analyzing ob/ob-ASC invasion from collagen-embedded spheroids, 

only MMP but not ROCK inhibition appeared to reduce invasion (Figure 2.5b). 

Nevertheless, confocal imaging revealed that ROCK inhibition led to distinct changes 

of cell morphology (Figure 2.5c, i). Whereas both control and Y27632 groups invaded 

robustly, Y27632 reduced F-actin and α-SMA levels compared to controls (Figure 2.5c, 

ii, S5b). Furthermore, Y27632 reduced contractility-dependent migration (Type I), 

while increasing degradation-dependent migration (Type II) relative to control 

conditions (Figure 2.5c, iii). Consistent with these findings, Y27632 treatment led to the 

formation of larger degradation pores compared to controls (Figure 2.5c, iv). These data 

suggest that contractility contributes to the invasion of ob/ob-ASCs and may explain the 

residual migration of Batimastat-treated cultures previously described. Indeed, co-

inhibition of both MMP and contractility significantly affected filopodia formation and 

reduced the number of invading ob/ob-ASCs (Figure 2.5c, i, v).  
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Figure 2.5: Collagen invasion of ob/ob ASC mono-cultures depends on both MMP 

activity and contractility. a. Representative images of collagen contraction by ob/ob-

ASC mono-cultures with different treatments: Y27632 (30μM), Batimastat (20 μM), or 

a combination of both denoted as co-inhibition. b. Effects of inhibitors on ob/ob-ASC 

invasion from mono-culture spheroids as visualized and quantified from brightfield 

images between day 0 and day 4. Scale bars represent 100 μm. c. (i) 3D renderings and 

maximum intensity projections visualizing qualitative differences in invasion patterns 

and filopodia formation between conditions. Scale bars represent 100 μm. (ii) 

Quantification of F-actin and α-SMA fluorescent intensity in the presence and absence 

of Y27632. (iii) Image analysis of confocal images showing a Y27632-dependent 

decrease of collagen contraction-associated invasion (type I) while increasing 

degradation-associated invasion (type II). (iv) Quantification of degradation pore area 

for collagen-embedded ob/ob-ASC monoculture spheroids with and without Y27632. 

(v) Quantification cell invasion as determined by the number of nuclei outside the 

spheroid cores. Two-way ANOVA with multiple comparisons used for all graphs. 

 

Given these results, similar inhibition studies were performed on ob/ob-ASC co-culture 

spheroids. While Y27632 alone had only small effects on ob/ob-ASC mono-culture 

invasion, it significantly inhibited invasion of ob/ob-ASC co-cultures (Figure 2.6a, S6). 

This difference may be explained by our findings that tumor cells secrete factors that 

promote ASC contractility 152 which may consequentially promote invasion (Figure 

S4c). Confocal image analysis further suggested that Y27632 treatment significantly 
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reduced the size of individual invasion strands and impaired the localization of ASCs to 

the leading edges of these invasions (Figure 2.6b, c). Similar to previous reports 

describing CAFs as leader cells that guide collective cancer cell migration through 

force-dependent heterotypic interactions with tumor cells 35, α-SMA positive ob/ob-

ASCs led individual tumor cell invasions in ob/ob-ASCs co-cultures (Figure 2.6b). In 

contrast, fewer ASCs led collective invasions in Y27632-treated co-cultures and were 

instead migrating individually or adjacent to tumor cells (Figure 2.6b, d, S6a). These 

data suggest that Y27632 treatment may stimulate compensatory mechanisms to enable 

tumor cell migration in co-cultures. For example, our data above (Figure 2.5 iii-iv) 

suggest that ROCK inhibition may promote ASC-dependent matrix degradation and 

thus, the formation of physical guidance cues. Alternatively, it is possible that Y27632 

could promote tumor cell migration independently of ASCs as it can increase cell 

deformability and thus ameboid migration mechanisms. 154 However, Y27632 had no 

effect on the invasion of MCF10AT1 mono-cultures excluding this possibility (Figure 

S6b). Collectively, these results imply that ob/ob-ASC contractility contributes to 

collagen invasion of tumor cells. To test the relevance of this mechanism in the context 

of MMP inhibition, Y27632 and Batimastat were added simultaneously. Indeed, MMP 

and ROCK co-inhibition led to reduced invasion of ASCs from the spheroids relative to 

MMP-inhibited conditions (Figure 2.6b, S6c). Given that ASCs may promote tumor cell 

invasion via contractility-based mechanisms, these findings suggest that ob/ob-ASCs 

may promote invasion of tumor cells via both degradation- and contraction-based ECM 

remodeling.  



 

- 48 - 

 

Figure 2.6: Collective invasion of ob/ob ASC co-cultures depends on both MMP 

activity and contractility. a. Brightfield images of ob/ob-ASC co-culture invasion with 

different treatments and corresponding quantification. Scale bars represent 100 μm. b. 

3D renderings of confocal images visualizing differences in collective migration 

patterns between conditions. Maximum projection (scale bar: 200 μm) and zoomed-in 

images (scale bar: 50 μm) illustrating the morphology of individual invasion strands. c. 

Volume quantification of individual invasion strands in Y27632-treated and control 

conditions. d. Quantification of ASC migrating individually, adjacent to or at the leading 

edge (leading) of invasion strands for the different conditions. e. Schematic of proposed 

mechanisms contributing to collective tumor cell invasion in the presence of obesity-

associated ASCs.  

 

2.5 Conclusions 

Obesity is associated with increased interstitial fibrosis mediated by myofibroblastic 

ASCs, but which role these cells play in tumor invasion remains unclear. Here, we 

combined a 3D in vitro model recapitulating aspects of ASC-tumor cell interactions and 

advanced imaging tools. Our results suggest that ASCs promote collective tumor cell 

invasion in a cell contact-dependent manner and that obese ASCs are more effective in 

doing so than their lean counterparts. Obese ASC-mediated differences in invasion were 

associated with MMP-dependent ECM degradation, but local contraction of collagen 
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also contributed. (Figure 6e) Disrupting Rho-ROCK based contractility and MMPs 

simultaneously reduced migration more effectively than MMP-inhibition alone.  

Different cell types explore varied migration mechanisms depending on their respective 

microenvironmental composition (i.e., cells, ECM, and biochemical context). 

Pharmacological interference with MMPs and contractility can impact all of these 

parameters and, hence, the migration mechanisms tumor cells explore. This should be 

considered when interpreting our results. Furthermore, the model systems employed 

here are missing important cellular and molecular component of the obese adipose tissue 

microenvironment, and future studies will need to evaluate our results under conditions 

of increased complexity. For example, cancer associated fibroblasts and thus, possibly 

obesity-associated ASCs can promote tumor invasion via altered fibronectin deposition 

129 and secretion of cytokines (including SDF-1 and TGF-beta). 140,143 Accordingly, our 

previous work suggests that obesity stimulates fibronectin deposition by ASCs 12 and 

that activated ASCs increase the secretion of factors contributing to elevated tumor 

malignancy. 149,152 Although secreted factors alone were not sufficient to promote 

extensive invasion in our experiments, cytokines can be sequestered within the ECM 

(e.g., due to differential binding to fibronectin). Therefore, it is possible that the 

combination of altered ECM deposition and cytokine release contributed to our findings, 

which will need to be tested in the future.  

Our work was motivated in the context of obesity-associated differences in ASC 

phenotype, but it has direct relevance to how cell-mediated differences in biomaterials 

properties (e.g. degradation and mechanical properties including 3D microarchitecture 

and fiber structure) may promote cancer progression. In particular, ASCs and 
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biomaterials including collagen are commonly used for breast reconstruction therapy 

following mastectomy. 155 However, it remains poorly understood whether or not this 

approach could contribute to activation of residual tumor cells and thus, increased risk 

for recurrence. Our results suggest that implanted or resident ASCs mediate structural 

changes of collagen that correlate with the ability of ASC to stimulate invasion of 

premalignant tumor cells. Indeed, cellular contractility can lead to the alignment of 

fibers in collagen matrices 134,156 and other materials. 157 These structural changes 

stimulate cellular mechanosignaling, which is key to both ASC myofibroblast 

differentiation as well as tumor cell aggression. 12,127,131 As such our work is of direct 

relevance to the field of regenerative medicine and will contribute to the design of safe 

biomaterials for reconstructive therapies in breast cancer patients. 

In summary, our studies increase understanding of the functional connections between 

microenvironmental changes in obesity and breast cancer progression.  

 

2.6 Materials and methods 

Animal use: All experiments using cells isolated from animals were approved by the 

Cornell University Institutional Animal Care and Use Committee (IACUC) under 

protocol number 2009-0117. 

 

Patient-derived tissue and cells: The patient sample was accessed through the 

University of Virginia Biorepository and Tissue Research Facility. This sample was 

selected from a patient with a definitive diagnosis of node-negative, triple negative 

breast cancer who received no treatment prior to tumor resection. Samples were de-
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identified before use. All procedures involving human tissue were performed in 

accordance with the ethical standards of the Institutional Review Board at the University 

of Virginia under protocol IRB-HSR 13310. To isolate human ASCs, mammary adipose 

tissue was resected from patients with normal body weight who underwent bi-lateral 

breast reduction, and human adipose stromal cells were isolated as described below. All 

procedures were performed according to a protocol (IRB 1510016712) approved by the 

Institutional Review Board at Weill Cornell Medicine and Cornell University. 

 

Immunohistochemistry of patient sample: Formalin-fixed, paraffin-embedded sections 

were deparaffinized in xylene and rehydrated in ethanol. Citrate-based antigen retrieval 

(Vector Labs) was performed before samples were permeabilized in 0.1% Triton X-100 

and then blocked in 4% goat serum. Samples were incubated with a pan-cytokeratin 

antibody (Thermo) and α-SMA antibody (eBioscience) overnight at 4°C. Samples were 

incubated with secondary antibodies for 1 hour at RT. Finally, samples were stained 

with DAPI (Sigma-Aldrich), mounted with Fluoromount-G (SouthernBiotech), and 

sealed. All antibodies were used at dilutions recommended by the manufacturer for 

paraffin-embedded tissues. Images were processed using ImageJ and Photoshop. 

 

Cell culture: Murine adipose stromal cells (ASCs) were isolated from inguinal fat of 10 

week-old B6.Cg-Lepob/J (ob/ob) mice and their age-matched C57BL/6J wild-type (WT) 

controls (Jackson Laboratories) according to previously published protocols. 12 Human 

ASCs were isolated from resected breast adipose tissue of female lean (body mass index 

[BMI] between 18-25) patients using the same protocol. 12 MCF10AT1, 
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MCF10DCIS.com and MCF10CA1a cell lines were obtained from the Barbara Ann 

Karmanos Cancer Institute. MCF10A and MDA-MB231 cell lines were purchased from 

ATCC. MCF10AT1 cells were transfected with a commercially available turbo-green 

fluorescent protein (GFP) vector (Thermo). Successfully transfected GFP+ cells were 

sorted on a BD FACS Aria cytometer. Organoids established from triple negative 

patient-derived xenografts (PDX) were received from the Englander Institute for 

Precision Medicine at Weill Cornell Medicine as 3D cultures suspended in Matrigel and 

were dissociated into single cells prior to spheroid formation. 158  

 

ASCs were cultured in DMEM/F12 media supplemented with 100 U mL-1 Penicillin-

Streptomycin and 10% fetal bovine serum. MCF10A, MCF10AT1, MCF10DCIS.com 

and MCF10CA1a cells were cultured in enriched DMEM/F12 media supplemented with 

5% horse serum, 10 μg mL-1 insulin, 0.5 μg mL-1 hydrocortisone, 100 ng mL-1 cholera 

toxin, 20 ng mL-1 EGF, and 100 U mL-1 Penicillin-Streptomycin. MDA-MB231 cells 

were cultured in DMEM media supplemented with 100 U mL-1 Penicillin-Streptomycin 

and 10% fetal bovine serum. PDX cells were cultured in enriched DMEM/F12 media 

according to previously published protocols. 158 All cell lines were maintained at 37°C 

and 5% CO2, with media changes every two days. 10μM Batimastat (Tocris) and 30μM 

Y27632 (R&D Systems), used for inhibition studies, was supplemented to fresh media 

every two days. For co-culture experiments, a 1:1 ratio of the respective media for each 

cell type was used unless otherwise noted.  

 

3D spheroid formation and invasion experiments: 96-well tissue culture plates were 
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coated with 50 μL of 1.5% agarose diluted in DMEM/F12 per well that solidified to 

form a non-adherent coating. Tumor cells were seeded alone or in co-culture with ASCs 

in each well of the agarose-coated plate and placed on a rotating shaker (60rpm) 

overnight to form multicellular spheroids. For invasion analysis, polydimethylsiloxane 

(PDMS) silicone elastomer (Dow Corning) rings (8mm inner diameter, 10mm outer 

diameter) were covalently bonded to 18mm glass coverslips following plasma treatment 

(Harrick Plasma). The inner glass surface of each coverslip was then treated with 1% 

[v/v] poly-ethylenimine (Sigma-Aldrich) and 0.1% [v/v] glutaraldehyde 

(ThermoFischer Scientific) to promote collagen attachment. High concentration rat tail 

collagen I (Corning) was reconstituted and neutralized with sodium hydroxide (NaOH) 

and 10X DMEM/F12 to a final concentration of 1, 3, or 6 mg mL-1 before the addition 

of cells or multicellular spheroids. The collagen gels were placed at 4°C for 15 min, 

20°C for 15 min, and at 37°C for 15 min to promote the formation of thick collagen 

fibers. Each gel was then immersed with media and cultured at 37°C for 2-4 days unless 

otherwise note. Brightfield images were taken every day prior to fixation.  

 

Conditioned media (CM) from mono-culture ASC spheroids (5,000 cells per spheroid) 

was collected after 24 hours of culture and added to mono-culture MCF10AT1 

spheroids as depicted in Figure 1D (i). For Figure 1D (ii), 5,000 ASCs were mixed 

homogeneously into collagen before the addition of a single mono-culture MCF10AT1 

spheroid. Co-culture spheroids were formed of ASCs mixed with MCF10AT1 cells at 

different ratios (1:1, 1:10, or 1:100). All co-culture spheroids were formed at a 1:1 ratio 

unless otherwise noted. The duration of experiments was 4 days.  
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Histology: Spheroids were fixed with 4% PFA (paraformaldehyde) for 20 minutes and 

washed in 1X PBS three times. 10-15 spheroids per condition were added to a centrifuge 

tube and stained with Eosin for identification during later sectioning. Spheroids were 

then embedded in HistoGel (Thermo), placed in cassettes, and stored in 70% ethanol. 

Samples were sent to the Cornell College of Veterinary Medicine Animal Health 

Diagnostic Center for paraffin embedding, sectioning, and staining with hematoxylin 

and eosin (H&E)  

 

ASC microwell experiments: Collagen microwells were prepared as previously 

described.149 In brief, PDMS was cast into silicon wafer molds with SU-8 micro-

patterning and then demolded. Individual molds were plasma treated and bonded to 24-

well plates. The previously described collagen gels were seeded with 2 million ASCs 

per mL and cast into the microwell molds prior to crosslinking. Inhibitors were added 

as described and media was changed every two days until samples were fixed for 

imaging.  

 

Immunofluorescence staining of samples: Samples were fixed with 4% PFA for 20 

minutes and washed in 1X PBS three times. Samples were then permeabilized with 0.05% 

Triton X-100 (Alfa Aesar) in 1X PBS and blocked with 1% BSA (Thermos Fisher 

Scientific) in 1X PBS before incubation with a primary antibody against α-SMA 

(Abcam) overnight at 4°C. The following day, samples were incubated with AlexaFluor 

488 or 568 secondary antibodies, Alexa Fluor 647 Phalloidin, and 4',6-diamidino-2-
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phenylindole (DAPI) for one hour at room temperature. After staining, samples were 

washed three times with 1X PBS. Samples were stored at 4°C in the dark prior to 

imaging.  

 

Confocal microscopy and image analysis: Whole field of view stacks of spheroids or 

representative zoomed-in images (n=3 per sample) were acquired on Zeiss LSM 710, 

upright 880, and inverted 880 microscopes. C-Apochromat 10x/0.45 W, W Plan-

Apochromat 20x/1.0 Korr DIC M27 75mm, LD LCI Plan-Apochromat 25x/0.8 Imm 

Korr DIC M27, C-Apochromat 40x/1.20 W Korr M27, and C-Achroplan 32x/0.85 W 

Korr M27 objectives were used for imaging various experimental set ups. Collagen 

fibers were visualized with either reflectance imaging or second harmonic generation 

imaging. 512 pixel × 512 pixel images were acquired individually or 2 by 2 tile images 

were stitched together to capture an overview image for each sample. Fluorescence 

channels were set up using smart set up options in Zeiss Zen software and customized 

to add either a reflectance or second harmonic generation (SHG) channel. Images were 

averaged 4 times during acquisition to reduce background noise. Time-lapse images of 

co-culture spheroids were acquired with a 4x/0.16 objective on an Andor Revolution 

Spinning Disk Confocal with one channel for brightfield and one channel for GFP 

signals. Z stack images (10 μm steps) were acquired at 10 min intervals. The brightfield 

channel is presented as a single focus plane and the fluorescence channel is presented 

as a 2D maximum intensity projection of each stack. The videos were processed using 

the IDL image visualization language (L3Harris Geospatial). At least three spheroids 

were imaged per condition and four representative images were acquired per sample. 
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Experiments were repeated three times. All images were processed in ImageJ, 

MATLAB, and Imaris. Detailed methods for image contrast enhancement are described 

in the image presentation section. Microsoft Excel and GraphPad Prism were used for 

subsequent data analysis and plotting purposes.   

 

Measurement of collagen pore size and intensity distribution: 3D z-stack images of 

nuclei, F-actin, and collagen were acquired for pore size analyses. Degradation pores 

were defined as empty collagen regions that co-localize with cell bodies. If the pore size 

was bigger than the nuclei of a given cell, it was defined as type II migration. If there 

was no visible degradation of collagen near the cell, it was defined as type I migration. 

Each experimental group contained at least three samples with representative 3D z-stack 

images for quantification. For analysis of collagen intensity distribution, a line was 

drawn along the diagonal direction of representative reflectance images. The 

distribution of collagen intensity was calculated using the “plot profile” function in 

ImageJ and re-plotted in GraphPad.  

 

Image analysis of invasion: Brightfield images were hand traced for boundaries in 

ImageJ to determine the cross-sectional area of spheroids. The percent change in cross 

sectional area after invasion was calculated as (
𝑓𝑖𝑛𝑎𝑙 𝑎𝑟𝑒𝑎

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑟𝑒𝑎
− 1) ∗ 100%. Brightfield 

images of spheroids were taken daily to monitor changes in invasion area over time. To 

determine the size of individual invasion strands, 2D maximum intensity projections in 

the XY plane were generated from 3D confocal z-stack images as depicted in Figure 2c. 

Strands of invading cancer cells were manually traced to determine the average 
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projected invasion area per strand. For Figure 6c, the 3D object counter function in 

ImageJ was used to determine the 3D volume of invasion strands. Volumes greater than 

3,000 μm3 were included for analysis.  

 

To quantify ASC location in co-culture spheroids, 2D maximum intensity projections 

in the XY plane were generated from 3D confocal z-stack images. ASCs were identified 

as GFP– cells and their relative locations to GFP+ cancer cells within invasion strands 

were manually documented. “Leading cells” are defined as ASCs located at the front 

end of invasion strands; “adjacent cells” are defined as ASCs located along the invasion 

strands, “individual cells” are defined as ASCs migrating outside the spheroids with no 

direct contact to invasion strands. Cell counts were pooled and averaged over three 

spheroids per condition. The relative percentage of each cell type was measured as the 

number of ASCs of a given type over the total number of ASCs quantified.   

 

Positive pixels and intensity measurements: 2D maximum intensity projections in the 

XY plane were generated from 3D z-stack images. Core regions of the spheroids were 

automatically segmented using the Otsu thresholding method in ImageJ for the 

Batimastat and co-inhibition treatment groups and manually traced in control and 

Y27632 treatment groups. Masks of the total spheroid projections were then generated 

using the Triangle thresholding method in ImageJ. The total spheroid and core region 

masks were imported into MATLAB and used to find the distance from the spheroid 

perimeter to the core using the bwdist function in the Image Processing Toolbox. A 

histogram distribution plot was used for data presentation. For intensity comparisons, 
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2D sum projections in the XY plane were generated from 3D z-stack images. Projections 

were thresholded with the Otsu method in ImageJ to identify a region of interest (ROI) 

mask for each channel. ROI masks were then processed with the smooth function and 

overlaid with original sum projections and the overlapping areas were measured in 

ImageJ. The number of nuclei per spheroid was processed in the same manner, with a 

sum projection followed by Otsu thresholding in ImageJ. The total number of nuclei 

was quantified with the analyze particles function in ImageJ within the same field of 

view. Three representative images per sample were acquired for analysis.  

 

Maximum projection image presentation and 3D rendering: 3D z-stack images were 

projected as 2D images in the XY plane using the maximum intensity projection 

function in ImageJ. 3D z-stack images were also visualized with maximum intensity 

projections and 3D renderings in Imaris. Images from Figure 1d, 2c, 3c, 5c, and 6b were 

processed in MATLAB to normalize the contrast of each channel by its 99.99th 

percentile, followed by a maximum intensity projection. This enhanced contrast was 

used to aid representation of spheroid morphology. Representative overview images 

were projected using maximum intensity projection and split into individual channels 

with the same spectrum of brightness contrast for all samples within each signal in 

Figure S4b and S5b.  

 

TF-OCM set-up and quantification of deformation: Time-lapse images of spheroids 

were acquired on a previously described custom-built spectral domain optical coherence 

tomography (SD-OCT) microscope121 equipped with an Olympus LCPlan N 20X/0.45 
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IR air immersion objective and upgraded with a motorized stage for parallel imaging of 

multiple spheroids. For each spheroid, images were acquired every 40 minutes for a 

total duration of 48 hours, beginning approximately 1 hour after embedding. All 

spheroids (2-3) for a given experimental condition (mono-culture versus co-culture and 

control versus MMP inhibition) were imaged in a single session. 

 

3D OCT images were reconstructed using an image formation protocol 121 customized 

for enhanced image stability. Since OCT microscopes record optical scattering contrast, 

the resulting OCT images simultaneously recorded time-varying spheroid/cell 

morphology, collagen degradation, and traction force-mediated collagen deformation. 

The images were separated into computed/synthetic “cell” and “collagen” channels by 

leveraging the burst acquisition and speckle reduction protocols detailed in a previously 

published paper. 121 The resulting “cell” images were used to generate renderings of 

spheroid invasions as depicted in Figure 4d. 

 

Time-varying displacements of the collagen matrix were measured with respect to the 

first image (acquired at t=0 hours) of the “collagen” channel via elastic image 

registration with the built-in MATLAB function imregdemons. The output displacement 

field u was given in Cartesian coordinates (i.e., 𝐮(𝐫) =

〈𝑢𝑥(𝑥, 𝑦, 𝑧), 𝑢𝑦(𝑥, 𝑦, 𝑧), 𝑢𝑧(𝑥, 𝑦, 𝑧)〉). Radial components of the measured displacement 

field were computed from these data via the relation: 𝑢𝑟(𝐫; 𝐫𝟎) = 𝐮(𝐫) ∙ (𝐫 −

𝐫𝟎)/|(𝐫 − 𝐫𝟎)|, where 𝐫𝟎 = 〈𝑥0, 𝑦0, 𝑧0〉 is defined as the center of the spheroid body at 

the initial time point. z0 was determined by the axial depth (z) for which the initial 
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spheroid body displayed the greatest lateral area (i.e.,𝑧0 = arg max 𝐴𝑠𝑝ℎ(𝑧)). x0 and y0 

were obtained from the lateral center of mass of the spheroid body. 

 

The line plots in Figure 4 b-d depict the median radial displacement of collagen fibers 

as measured across a fixed set of positions, located 150 𝜇m from the surface of the initial 

spheroid body and lying within +/-15° of its ‘equator’. A precise description of this 

operation is as follows: Assume the initial spheroid body is approximately spherical 

with center r0 and radius R0 (computed as𝑅0 = √𝐴𝑠𝑝ℎ(𝑧0)/𝜋). The median radial 

displacement was then obtained via:  

�̂�𝑟,Ω = median [{𝑢𝑟(𝐫; 𝐫𝟎): 𝐫 ∈  Ω}],  

where 

Ω = {𝐫 ∈ ℝ3: |𝐫 − 𝐫𝟎| = 𝑅0 + 150μm} ∩ 

{𝐫 ∈ ℝ3:
|(𝐫 − 𝐫𝟎) ∙ 〈𝑥 − 𝑥0, 𝑦 − 𝑦0, 0〉|

|(𝐫 − 𝐫𝟎)| × |〈𝑥 − 𝑥0, 𝑦 − 𝑦0, 0〉|
≥ cos (15°)} 

 

Mechanical testing of collagen: TA Instruments DMA Q800 was used to measure the 

compressive moduli of collagen scaffolds via dynamic mechanical thermal analysis 

(DMTA). In brief, collagen scaffolds (1 mm thickness and 12 mm diameter) were placed 

in between two plates and compressed from 0.001 N until 0.1 N at a rate of 0.01 N/min 

for four tests. Force was calculated from the applied force and strain was calculated 

from the thickness change of the collagen scaffolds. Data from each DMTA test/sample 

(n = 4) was fit using local polynomial regression fitting in R. For the range of strain 

values that was measured for all tests/samples, the predicted stress values based on curve 
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fitting were used to calculate mean and standard deviation. The summarized data are 

plotted as mean +/- standard deviation as smooth fit and overlaid with individual test 

measurements from four tests. Elastic moduli were calculated from the slope of the 

stress-strain curves (between 0- 6% strain) and averaged over four samples.    

 

Collagen gel disk contraction assay: 6 mg mL-1 collagen gels were prepared as 

described above. Individual ASCs were mixed with collagen before crosslinking at 2 

million cells per mL. 100 μl of this solution was added to individual wells of 96-well 

plates and allowed to as described for the 3D spheroids invasion assays. Collagen gels 

were then gently removed from the wells and transferred to a new 24-well plates for 

four days of culture with or without treatment. Contraction was monitored with photos 

taken over the plates every day until fixation. Percent contraction was measured by 

normalizing day 4 surface area to day 0 surface areas across all conditions.  

 

Graphics: Schematic illustrations were created using BioRender.  

 

Statistical analysis: All experiments were performed with at least 2-3 independent 

biological replicates and each of these experiments was performed with at least 3 

technical replicates unless otherwise stated. Student t-tests, two-way ANOVAs, and 

multiple comparison tests with Tukey post-hoc analysis were used to compare 

differences between samples as indicated in the figure legends. P-values less than 0.05 

were considered significant. All data were plotted as mean +/- standard deviation (SD). 

Confocal microscopy and OCT images as well as the corresponding image analysis are 
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representative of one experiment. 

 

2.7 Supplemental figures 

 

Figure S1: a. Brightfield images showing MCF10AT1 mono-culture spheroids 

embedded in different concentrations of collagen. Scale bars represent 100 μm. b. H&E 

staining of histological cross-sections prepared from mono-culture and co-culture 

spheroids. Scale bars represent 100 μm.  
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Figure S2: a. Quantification of degradation pore sizes of WT- and ob/ob-ASC mono-

cultures in collagen at different migration distances. b. Time-lapse images showing WT-

ASC and ob/ob-ASC co-culture spheroid migration in collagen. Fluorescence images 

were overlaid with bright-field images to demonstrate invasion of non-labeled ASCs 

and GFP-labeled MCF10AT1. Scale bars represent 200 μm.  

 

 

Figure S3: a. Descriptions of different cell lines and PDX-derived cells used for 
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invasion assays. In the absence of ASCs, all cells from the MCF10A series formed 

spheroids, while MDA-MB231 and PDX cells remained only loosely associated. 

However, in the presence of ASCs also MDA-MB231 and PDX cells formed spheroids. 

b. Brightfield images visualizing the effect of WT-ASCs or ob/ob-ASCs on collagen (6 

mg mL-1) invasion of the different tumor cell co-culture spheroids. Scale bars represent 

100 μm. 

 

 

Figure S4: a. Schematic of co-incubation experiment to test the effect of tumor-secreted 

factors on invasion of ob/ob-ASC spheroids and vice versa. b. Bright-field images 

showing mono-culture spheroids of MCF10AT1 cells and ob/ob-ASCs cultured 

individually or in the presence of the respective other mono-culture spheroid. c. 

Quantification of changes in invasion area for mono-culture versus co-incubation 

conditions. Scale bars represent 100 μm.   
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Figure S5: a. Schematic showing ob/ob-ASC culture in collagen using a PDMS 

microwell platform (top). Maximum projection images and corresponding IF analysis 

of F-actin and α-SMA per cell. Representative binary masks for F-actin are included to 

show morphological changes with the different treatments. n=3 for each group. Scale 

bar represent 50 μm.  b. Panels of single channel IF images showing the spheroids in 

Figure 5c. Pixel distribution of F-actin and α-SMA as a function of distance away from 

core region of spheroids in control and treated groups. Scale bar represents 100 μm.  
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Figure S6: a. Ob/ob-ASC co-culture spheroid invasion in the presence and absence of 

Y27632, Batimastat or a combination of both as visualized by maximum projection 

confocal images. Scale bar represents 200 μm. b. Brightfield images and corresponding 

quantification of MCF10AT1 mono-culture invasion with different treatments over 4 

days. c. Brightfield images showing ob/ob-ASC co-culture spheroids with Y27632, 

Batimastat or co-inhibition after 10 days. Scale bars represent 100 μm.  
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CHAPTER 3 

 

Assessing the role of obesity-associated ECM remodeling on endothelial cell 

behavior 

 

3.1 Contributors  

I performed all cell culturing experiments, imaging acquisition and data analysis in this 

chapter. Dr. Bo Ri Seo and Dr. Nora L. Springer performed staining for histology 

samples. Dr. Peter DelNero assisted with the manufacture of masks for pillared caps. 

Matt Tan proofread this chapter. Dr. Claudia Fischbach provided guidance on the 

experimental design, analysis and interpretation of results, and writing of this chapter. 

 

3.2 Abstract  

Obesity is a major risk factor for many pathological processes such as breast cancer. 

During obesity, adipose tissue undergoes a multitude of microenvironmental changes 

including derangements of the vasculature, leading to abnormal nutrient transport and 

delivery and therefore can be critical to disease progression. We have previously shown 

that obesity promotes fibrotic extracellular matrix (ECM) remodeling of interstitial 

mammary adipose tissue by adipose stromal cells (ASCs). Furthermore, we have shown 

that the consequential changes in ECM biophysical properties including ECM 

composition, stiffness, and structure increase malignant tumor cell behavior. However, 

whether ASC-dependent fibrotic remodeling of ECM can modulate endothelial cell (EC) 

behavior in lean vs. obese breast adipose tissue is not clear. Here we propose that ECM 
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remodeling in mammary tissue by obese vs. lean ASCs is directly contributing to 

vascular dysfunction in obesity. Histological analysis of obese and lean, mouse-derived 

mammary adipose tissue shows that obesity correlates with increased blood vessel 

density. Furthermore, blood vessels were co-localized with collagen- and ASC-rich 

interstitial regions, suggesting a potential link to altered EC behavior. Indeed, when co-

cultured in 3D collagen gels human umbilical vein endothelial cells (HUVECs) invaded 

more in the presence of obese vs. lean ASCs. ASC-dependent ECM remodeling played 

a role in this process as decellularization of 3D collagen gels embedded with obese 

ASCs promoted HUVEC invasion from a micropatterned vessel structure relative to the 

decellularized counterparts prepared from lean ASCs. Inhibition of matrix 

metalloproteinases (MMPs) with batimastat revealed that increased proteolytic 

formation of guidance cues by obese vs. lean ASCs may contribute to increased 3D 

HUVEC sprouting. Nevertheless, differential ECM deposition between lean and obese 

ACSs may also be important as HUVECs seeded onto decellularized ECMs deposited 

by obese vs lean ASCs demonstrated significantly increased proliferation and secretion 

of different levels of proangiogenic morphogens including interleukin-8 (IL-8), changes 

that appeared to be related to altered mechanosignaling. Collectively these data suggest 

that obese ECMs promote the pro-angiogenic behavior of ECs by altering their 

proliferative, secretory, and invasive capacities as compared to lean ECMs. Future 

studies will need to evaluate the functional contribution of these changes to 

tumorigenesis and whether their targeting may be utilized in prevention settings. 

 

3.3 Introduction 
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Obesity has often been linked to increased risk and worse clinical prognosis for breast 

cancer, but the underlying mechanisms are poorly understood. 72,123 We have previously 

shown that obesity promotes fibrotic extracellular matrix (ECM) remodeling in 

mammary adipose tissue and that the consequential changes in ECM biophysical 

properties (i.e., stiffness, matrix proteins and structure) aggregate malignant tumor cell 

behavior. 12,159 However, it remains unknown if obesity-associated ECM changes also 

perturb the behavior of other cell types relevant to tumorigenesis.  

 

One hallmark of cancer is the formation of new blood vessels in a process known as 

angiogenesis. 160 Angiogenesis can be summarized into the following steps: activation, 

degradation of basement membrane, sprouting (proliferation, invasion adhesion, and 

migration), lumen formation and maturation. 47 ECM is directly involved in every step 

of the process, providing a supportive framework for EC adherence and migration. 47 

As cells grab and pull on the matrix during adhesion, mechanical stress can be 

transmitted to the integrins that connect the cell cytoskeleton to the matrix. 

Conformational changes of integrins can lead to the activation of downstream signaling 

cascades such as the Rho/Rho-associated coiled-coil containing protein kinase 

(Rho/ROCK) pathway to the nucleus and result in alteration of cellular behaviors in 

response to mechanical stimuli, a process termed as mechanosignaling. 87,161,162 

 

During obesity, adipose stromal cells (ASCs) exhibit myofibroblastic phenotypes that 

contribute to both physiologic and pathologic tissue remodeling and involves de novo 

deposition of the mechanosensitive ECM components such as like collagen and 
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fibronectin (Fn). 12,90,128 Additionally, ASCs also mediate the proteolytic degradation of 

ECM by matrix metalloproteinases (MMPs). 159 Another hallmark of myofibroblasts is 

their pronounced pro-angiogenic potential through secreted growth factors and 

cytokines such as vascular endothelial growth factor (VEGF), fibroblast growth factor 

(FGF), and interleukin 8 (IL-8). 20 ECM can modulate the bioavailability of those factors 

through their binding and release. 87 Whether the fibrotic remodeling during obesity can 

directly modulate endothelial behaviors is still unknown.  

 

In this study, we examined histological tissue samples from lean and obese mice to 

assess the blood vessels in relation to interstitial fibrosis in mammary adipose tissues. 

We leveraged both 2D and 3D in vitro model systems to recapitulate lean vs obese ASC 

mediated ECM remodeling in vivo and evaluated whether ECM changes mediated by 

obese ASCs influence the pro-angiogenic behaviors of EC. Furthermore, we aimed to 

understand the mechanistic contributions of ECM composition and architecture-

dependent changes on EC proliferation and invasion and whether they can mechanically 

stimulate pro-angiogenic behaviors of ECs. Results from this study provide better 

insights into how microenvironmental changes in obesity influence EC homeostasis, 

which may pertain to tumorigenesis.  

 

3.4 Results  

3.4.1 Obese adipose tissue is associated with vascular changes in vivo  

To compare the changes of blood vessels in obese breast tissues, mammary fat pads 

were harvested from wild-type (WT, lean) and age matched leptin-deficient B6.Cg-Lep 
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ob/J (ob /ob, obese) mice (Fig 3.1A). Ob/ob mice are a genetically obese mouse model, 

which has comparable fibrosis and ECM changes to diet-induced mouse models of 

obesity. 12 Histological cross-sections from lean and obese mammary adipose tissue 

were analyzed with picrosirius red staining for collagen and immunostaining for CD31, 

a cell-surface marker expressed by ECs that line the surface of blood vessels. 163 

Immunofluorescence (IF) staining and subsequent quantification of CD31 and 

suggested that blood vessel density is higher in ob/ob mice and the amount of blood 

vessels per adipocytes is increased as well (Fig 3.1B). Given that the main functions of 

blood vessels are nutrient transport and waste exchange, increased blood vessel density 

is expected with the expansion of adipose tissues associated with obesity. 84 As shown 

in Fig 3.1C, collagen (picrosirius red positive regions) deposition is associated with 

interstitial spaces between adipocytes where both ASCs as well as blood vessels are 

located. As reported previously, obesity is associated with increased interstitial collagen, 

which is remodeled primarily by ASCs. Whether fibrotic remodeling of ECM in obesity 

due to ASCs can directly modulate EC properties is still unknown.  

 

 

Figure 3.1. Mammary vasculature is altered in obesity in vivo. A. Schematic of tissue 

isolation process from WT and ob/ob mice. B. IF staining of CD31 showing increased 
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blood vessel density in obese vs. lean tissue. 300μm scale. C. Picrosirus red staining 

showing blood vessels (BV) are directly associated with collagen (Col)-rich ECM 

regions. 200μm scale. 
 

3.4.2 ASCs from ob/ob vs. WT promote vascular sprouting in 3D collagen scaffolds 

To examine the role of ASC-mediated ECM modeling in angiogenesis, we utilized a 3D 

microwell system as described previously (Fig 3.2A). 149 ASCs isolated from WT or 

ob/ob mice were embedded into a 3D collagen scaffold and allowed to remodel the 

collagen for 7 days. Human umbilical vein endothelial cells (HUVECs) were then 

seeded on top of the microwells as a monolayer to mimic an endothelial monolayer. 

Compared to blank gels, ASCs pre-culturing resulted in increased EC invasion sprouts 

compared to blank gels, suggesting an increase in angiogenic behavior. Although not 

statistically different in the number of invasion sprouts, ob/ob ASCs primed conditions 

resulted in a statistically significant increase in the percentage of interconnecting lumens 

in HUVECs, an important step towards a functional capillary.   
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Figure 3.2. Pre-conditioning collagen with ASCs from ob/ob vs. WT promotes vascular 

sprouting. A. Schematic representation of culture platforms. B. IF showing top layer 

and max projection of endothelial sprouts in collagen across blank, WT and ob/ob ASC 

primed microwells. Number of invasion sprouts and % connecting are quantified and 

shown on the right. 50μm scale. 

 

3.4.3 ASCs remodeled ECM from ob/ob vs. WT directly promote vascular 

sprouting in 3D collagen scaffolds 

Next, we investigated the direct role of remodeled ECM on angiogenesis by removing 

the ASCs in the microwells after 7 days of remodeling (Fig 3.3A). We developed a 

detergent-based protocol to decellularize the microwells and confirmed this protocol 

resulted in complete removal of cells as indicated by fluorimetric analysis of double-

stranded DNA residues. (Fig 3.3B) Interestingly, following decellularization, the 

invasion behavior of HUVECs was significantly increased in ob/ob ASCs compared to 

WT ASC conditions. (Fig 3.3C) In addition, the number of invasions were significantly 

increased in decellularized conditions compared to ASC containing microwells in both 

WT and ob/ob ASCs primed microwells. Although ASCs can secrete pro-angiogenic 

factors such as VEGF, enzyme-linked immunosorbent assay (ELISA) did not detect 

secreted VEGF in conditioned media. (Data not shown) In addition, the sprouts in 

decellularized ECM were connecting and formed much more complex structures 

compared to both WT and ob/ob ASCs containing microwells, suggesting a more 

advanced angiogenic behavior. (Fig 3.3C) Although ASCs have been shown to directly 

promote collective migration of cancer cells in vitro 159, no apparent physical 

connections between ASCs and HUVECs were observed in microwells. This indicated 

that HUVEC pro-angiogenic behaviors were not mainly driven by direct cell-cell 
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contact with ASCs or the secreted factors, but rather the cues from remodeled ECM in 

this system.  

 

Figure 3.3. ASCs remodeled ECM from ob/ob vs. WT directly promote vascular 

sprouting in 3D collagen scaffolds. A. Schematic representation of decellularization 

experiments. B. IF showing overview of endothelial sprouts in collagen between 

untreated and decellularized microwells with WT and ob/ob ASC pre-conditioning. 

DNA quantification is shown on the right. 500μm scale. C. Max projection of zoom in 

images showing endothelial sprouts with or without decellularization treatments. 

Number of invasion sprouts and % connecting are quantified and shown on the right. 

50μm scale. 

 

3.4.4 Changes in topography promote vascular sprouting in 3D collagen scaffolds 

Angiogenesis can occur on different sizes of existing blood vessels and capillaries, 

which have different topographical cues such as altered surface curvatures. 164,165 

Although microwell models provided a uniform flat surface to mimic endothelial lining, 

they do not recapitulate the curved surfaces of blood vessels in vivo. As curvature can 
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impact EC behaviors, we sought to examine whether the observation in previous 

sections are also applicable to conditions in which EC sprout from a micropatterned 

surface that represent this curvature. 158 We maintained the collagen scaffold sizes using 

the same PDMS wells as above. We designed a pillared cap which consisted of 6 

symmetrical and protruding cylinders (250μm diameter, 100μm height). (Fig 3.4A,B) 

By inserting the pillar caps on microwells during collagen crosslinking, we can create 

micropatterned 3D cultures that contain 6 luminal areas. (Fig 3.4C) The sizes of 

micropatterns allow for IF and 3D confocal imaging of the whole vessel volumes.  
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Figure 3.4. Fabrication of molds and assembly of micropatterned collagen scaffold. A. 

Schematic representation of the fabrication process of pillared microwells. B. Schematic 

representation of pillar microwell geometry. C. Reflectance imaging showing collagen 

fibers surrounding pillar regions and across different depths. 50μm scale. 

 

HUVECs were seeded on the surfaces of the luminal regions and IF staining of CD31 

demonstrated that the coating of endothelial layers was uniform across pillar regions. 

(Fig 3.5A,B) Additionally, there were more EC sprouts and those sprouts invaded much 

further in pillar region compared to non-pillar regions. (Fig 3.5C, D) After showing that 

topography alone has an effect on angiogenic behavior, we wanted to interrogate 

whether this is mediated by cell signaling. VEGF is a master regulator for angiogenesis 

and was added to the microwells to examine whether this differential invasion pattern 

was dependent on VEGF. (Fig 3.5A,C) Interestingly, the addition of VEGF only 

promoted the invasion depth and number of sprouts in the non-pillar regions whereas 

the invasions in pillar regions (side and bottom) did not change significantly. (Fig 3.5D) 

This suggested that the effects of VEGF signaling on angiogenesis is topography 

dependent in our models. We then examined how ASC primed and decellularized ECM 

may influence topography-mediated EC invasion. When pillared microwells were 

primed by ob/ob ASCs for 7 days, there were no significant changes in the pillar sizes, 

suggesting the ECM remodeling by ob/ob ASCs does not affect the curvature of the 

pillared structures. Compared to HUVECs seeded on ob/ob ASCs containing 

microwells, HUVECs on decellularized microwells exhibited significantly more 

invasion sprouts in the pillared regions. (Fig 3.5E) This indicated ob/ob ASC 

remodeling increased angiogenic sprouting through ECM cues rather than changes in 
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curvature. And the mechanism inducing sprouting vary for ob/ob ASC mediated effects 

vs. effects by VEGF in our models.  

 

Figure 3.5 Effects of curvature-induced changes of HUVEC sprouting. A. Schematic 

representation of HUVECs seeded on pillared microwells with or without VEGF 

treatment. B. IF and schematic representation of HUVECs in a pillar. C. IF images of 

HUVECs in a pillar region vs non-pillar region and with or without VEGF stimulation. 

50μm scale. D. (i) Quantifications of invasion depth of images in C. (ii) Orthogonal 

presentation of a pillar side vs bottom regions. Quantifications of invasion sprouts 

density are shown on the right. E. Overview IF images showing HUVECs in a pillared 

microwells with ob/ob ASC pre-conditioning. (i) Quantification of pillar size changes 

during ASC pre-conditioning. 500μm scale. (ii) Quantification of invasion sprouts 

between ob/ob ASCs and decellularized microwells and between pillar vs non-pillar 

regions.  

 

3.4.5 Degradation pores left by ASCs may promote sprouting behaviors of EC 

Both WT and ob/ob ASCs can degrade ECM via matrix metalloproteinase (MMP) to 

provide physical space for migration. 125,159 To investigate whether the presence of 

degradation pores left by WT vs ob/ob ASCs may provide different guidance cues for 
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HUVECs, we inhibited the proteolytic activities of ASCs during the 7 day pre-culture 

with a broad-spectrum MMP inhibitor batimastat. 150 (Fig 3.6A). Confocal reflectance 

imaging of collagen fibers showed that ob/ob ASCs induced larger pore sizes in collagen 

microwells compared to WT ASCs and the pore sizes were reduced after batimastat 

treatment in both WT and ob/ob ASC microwells. This finding is consistent with 

literature that obesity is associated with elevated MMP activities. (Fig 3.6B,C) 82 

HUVECs seeded on decellularized microwells with batimastat treatments showed 

significantly fewer invasion sprouts compared to untreated groups. (Fig 3.6C) This 

suggest that the HUVECs could utilize the physical space left by ASCs during MMP-

mediated migration to form invasions. Due to the lack of temporal studies, it is uncertain 

whether HUVECs migrate through degradation pores left by ASCs or created new 

degradation pores during sprouting.  
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Figure 3.6. HUVEC sprouting correlate with MMPs dependent degradation pores by 

ASCs. A. Schematics showing experimental set ups. B. IF images showing HUVECs in 

collagen primed with ASCs with or without batimastat treatments. 50μm scale. C. 

Quantification of pore sizes with batimastat treatments. Quantification of HUVEC 

invasion sprouts is shown below.  

 

3.4.6 ASCs derived ECM from ob/ob vs. WT promote proliferation of EC and is 

linked to altered cell contractility  

We previously showed that the architectural changes by ob/ob ASCs mediated ECM 

remodeling in collagen can influence angiogenic behaviors in 3D in vitro systems. 86 

ob/ob ASCs have also been shown to deposit more ECM proteins such as collagen and 

Fn compared to WT ASCs. 126,166 Interestingly, Fn staining was found near degradation 

pores, suggesting that ASCs deposit Fn as they remodel 3D collagen matrices via MMPs. 
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(Fig 6B) We utilized a cell-derived ECM platform to isolate the direct effects of ASC-

derived ECM on HUVEC behaviors. WT and ob/ob ASCs were seeded on a coverslip 

to deposit ECM over a period of 7 days before decellularization to remove cells and 

isolate ECM. (Fig 3.7A) Both WT and ob/ob ASCs maintained ECM integrity after 

decellularization and ob/ob ASCs deposited a higher amount of Fn compared to WT 

ASC ECM. (Fig 3.7B) BrdU staining of HUVECs suggested that HUVECs seeded on 

ob/ob ECM proliferated more than on WT ECM. (Fig 3.7C)  

 

Figure 3.7. ob/ob ASC derived ECM promote HUVEC proliferation. A. Schematic 

showing experimental set up. B. ECM from control vs decellularized ECMs derived 

from WT or ob/ob ASCs. Quantification of amount of fibronectin via image analysis. 

C. Brightfield and BrdU IF images showing HUVECs seeded on decellularized ECM 

from WT vs ob/ob ASCs. Quantification total BrdU positive cells. 50μm scale for IF 

images and 100μm scale for brightfield images.  

 

In comparison to lean ECM, local alterations in obese ECM such as increased collagen 

and Fn remodeling could influence cell shape and mechanics which in turn activate 
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mechanosensitive signaling pathways to regulate cell behaviors. Because of this, we 

evaluated whether pharmacological inhibition of contractility based mechanosignaling 

could influence HUVECs behavior induced by ob/ob derived ECM. Contractility is in 

part mediated by actin filament recruitment and activation of myosin light chain (MLC). 

167,168 Blebbistatin directly targets myosin II and Y27632 acts on the Rho-ROCK 

signaling axis which is an upstream regulator for myosin. 169,170 Indeed, both blebbistatin 

and Y27632 resulted in altered cell shape for HUVECs on both WT and ob/ob ECM. 

Phosphorylated myosin light (p-MLC) and F-actin staining showed alignment of 

peripheral actin filaments that was disrupted with the presence of either inhibitor. (Fig 

3.8B, i-ii) While both untreated and blebbistatin treated HUVECs showed significantly 

higher cell number on ob/ob ECM compared to WT ECM, Y27632 treatments reduced 

these differences. (Fig 3.8B, iii) Interestingly, the levels of secreted interleukin 8 (IL-8) 

were slightly higher in ob/ob ECM group but inhibition with Y27632 or blebbistatin 

significantly reduced the levels in ob/ob groups but not in WT groups. In WT ECM 

groups, IL-8 levels were reduced, but not significantly, compared to the untreated 

samples. (Fig 3.8B, iv) Taken together, this indicated that ob/ob derived ECM can 

promote HUVECs proliferation and that the secretion of pro-angiogenic factors such as 

IL-8 are mediated in part due to contractility. (Fig 3.8C) 
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Figure 3.8. ob/ob ASC derived ECM promote contractility dependent pro-angiogenic 

changes in HUVECs. A. Schematic representations of contractility inhibition studies. B. 

Changes of HUVECs on WT or ob/ob ASC derived ECMs with different inhibitors. (i) 

IF staining images showing morphological changes of HUVECs. (ii) Quantification of 

cell shape changes. (iii) Quantification of cell number changes. (iv) Quantification of 

changes in IL-8 secretion using ELISA. 20μm scale. 

 

3.5 Discussion and conclusions  

Obesity is a major health care challenge and has many morbidities that burden 

individuals and society. In this study, we combined in vivo tissue sample analysis and 

utilized both 2D and 3D in vitro modeling systems to investigate how obesity associated 

ECM remolding can impact angiogenesis. Our results suggest that ob/ob ASCs can 

remodel 3D collagen ECM and promote increased HUVEC sprouting relative to WT 

ASCs. Following decellularization, HUVEC invasion was increased in both WT and 

ob/ob conditions and HUVEC sprouting in ob/ob decellularized gels was significantly 

increased compared to WT decellularized gels. Furthermore, surface curvature increases 
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HUVECs sprouting and VEGF stimulated EC invasions exhibited differential responses 

dependent on surface curvature. However, ob/ob decellularized hydrogels promote 

HUVEC invasions regardless of curvatures. Proteolytic degradation by ASCs resulted 

in empty migration tracks that could provide guidance cues for HUVECs sprouting. In 

cell derived ECM platforms, HUVECs are more proliferative and secreted increased 

levels of IL-8 when seeded onto decellularized ECMs deposited by ob/ob vs. WT ASCs, 

mediated in part due to contractility based mechanosignaling.  

 

Obesity associated vascular properties are often characterized with formation of 

immature blood vessels, changed capillary densities and impaired vessel dilation as 

reported at different fat depots in body. 171,172 Those systematic dysfunctions are often 

due to imbalance of hypoxia, inflammation and insulin resistance. 85 However, during 

adipose expansion in obesity, angiogenesis and increased vessel density are 

physiological responses to maintain tissue homeostasis by providing nutrients and 

oxygen. Therefore, the impact of obesity on angiogenesis in various adipose depots are 

often context dependent. 84 Our study provided a functional link between obesity 

associated ECM remodeling and altered angiogenesis in vitro. Exactly what factors in 

ASC remodeled and cell-free 3D ECM promote angiogenic sprouting remains to be 

elucidated. MMP family may be important as inhibition of MMP leads to decreased 

HUVEC sprouting. It is worth dissecting out the different expression profiles of MMPs 

from ASCs. In addition, ob/ob ASCs deposited more Fn in cell derived ECM compared 

to WT ASCs, and evidence of Fn is observed across degradation pores. Fn has been 

shown to provide adhesion for HUVECs via integrin binding and can stimulate stromal 
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cells to secrete more pro-angiogenic factors such as VEGF. 90,173 Follow up studies can 

further investigate the spatiotemporal correlation between Fn deposited by ASCs and 

HUVEC sprouting in 3D ECM and evaluate whether Fn null stromal cells may resulted 

in differential responses from HUVECs compared to control stromal cells.  

 

Although we investigated the migration and proliferation of HUVECs in 2D and 3D 

platforms, those sprouts were premature and early in formation. Whether or not they 

will develop into functional capillaries is still unknown. Future studies can follow up 

with long term cultures and functional evaluation including permeability testing. 

Another limitation is the cell types used in this study. HUVECs were the only source of 

ECs and ASCs were harvested from mouse adipose tissues. Future studies can utilize 

human derived adipose stromal cells with matching ECs isolated from the same tissues 

to evaluate their functional consequences with more physiological relevance. Although 

we did not observe direct cell-cell contacts in our systems, further staining on cell-cell 

junctions should be performed to rule out their connections. It is possible that the 

presence of ASCs in the collagen near HUVEC sprouts (Fig 3.3C, non-CD31 nuclei 

near CD31 positive cells) can stabilize the endothelial layers similar to pericytes and 

therefore inhibited sprouting when present together with HUVECs. 149 It remains to be 

elucidated how and why sprouts in decellularized conditions resulted in more complex 

and interconnecting structures. We tested the effects of myosin inhibitors in cell derived 

ECM, but not in 3D microwells. Disruptions of myosin in 3D has been reported with 

varying results. On the one hand, cells can adapt to amoeboid movements and migrate 

faster as single cells and on the other hand, myosin inhibition can lead to fragmentation 
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of multicellular sprouts in HUVECs. 174,175 Follow up studies will be needed to further 

elucidate the role of mechanosignaling in regulating a functional sprouting and how that 

ties into cancer progression in 3D in vitro systems or animal models.  

 

In conclusion, our study provides more insight into the dynamic relationship between 

obesity-associated ECM remodeling and angiogenesis.  

 

3.6 Materials and methods  

Animal use: All experiments using cells isolated from animals were approved by the 

Cornell University Institutional Animal Care and Use Committee (IACUC) under 

protocol number 2009-0117. 

 

Cell culture: Murine adipose stromal cells (ASCs) were isolated from mammary fat 

pads of 10 week-old B6.Cg-Lepob/J (ob/ob) mice and their age-matched C57BL/6J 

wild-type (WT) controls (Jackson Laboratories) according to previously published 

protocols. 12 HUVECs were cultured in M199 media (Sigma) supplemented with 10% 

fetal bovine serum (FBS, Atlanta Biologicals), 1% penicillin/streptomycin (P/S, Gibco), 

30 μg mL−1 endothelial cell growth supplement (Millipore), 2 mM Glutamax (Gibco), 

and 2500 U heparin sulfate sodium salt (Sigma).  

ASCs were cultured in DMEM/F12 media supplemented with 100 U mL-1 P/S and 10% 

FBS. All cell lines were maintained at 37°C and 5% CO2, with media changes every 

two days. 10μM Batimastat (Tocris), 10μM Blebbistatin (Sigma) and 30μM Y27632 

(R&D Systems), used for inhibition studies, was supplemented to fresh media every two 
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days.  

 

Histology: WT and ob/ob mice mammary tissues were harvested and tissues samples 

were sent to the Cornell College of Veterinary Medicine Animal Health Diagnostic 

Center for paraffin embedding, and sectioning. Slides were stained with picrosirius red 

stain or IF for CD31 (Abcam). Slides were imaged through Aperio scanscope. Blood 

vessel quantification were done manually per image and analyzed in Excel.  

 

ASC decellularization on 2D ECM: WT and ob/ob ASCs ECM were prepared as 

described previously. 12 ASCs were seeded on a fibronectin coated coverslip and 

cultured for 10days. ASCs were treated with extraction buffer (20mM NH4OH and 0.5% 

Triton-X in PBS) for 2-3 minutes followed by a thorough rinse of PBS and H2O to 

remove excess buffer and nuclei. HUVECs were seeded on top of the 2D ECM on the 

same day and culture for 5 days before fixation or collected for secreted factors. 

 

ASC microwell with HUVECs co-culture experiments: Collagen microwells were 

prepared as previously described.149 In brief, PDMS was cast into silicon wafer molds 

with SU-8 micro-patterning and then demolded. Individual molds were plasma treated 

and bonded to 24-well plates. ASCs isolated from WT and ob/ob mice were embedded 

into the collagen at a density of 2 million cells per mL and culture for 7 days. On day 7, 

50μL HUVECs were added to the surface at a density of 471k cells per mL and co-

cultured for 3 days. HUVEC morphology, sprouting, and invasion into the bulk of the 

collagen scaffold were quantified with immunofluorescence (IF) for CD31 and F-actin. 
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Conditioned media was collected on last day of experiment. Inhibitors were added as 

described in the main text and media was changed every two days until samples were 

fixed for imaging. For co-culture experiments, a 1:1 ratio of the respective media for 

each cell type was used unless otherwise noted.  

 

For decellularization, microwells containing ASCs were treated with extraction buffer 

for 15 minutes in 37°C incubator followed by a thorough rinse of PBS and H2O to 

remove excess buffer and nuclei. HUVECs were seeded on top of the microwells on the 

same day and culture for 3 days before fixation or collected for secreted factors. 

 

Pillar cap fabrication: The pillar cap was designed with AutoCAD and the dimensions 

were illustrated in the Fig 5A. A silicon wafer with pillar patterning was coated with a 

negative photoresist SU-8 using soft lithography technique. PDMS was casted on the 

wafer and individual caps were cut out, plasma cleaned prior to experiments.  

  

Immunofluorescence staining of samples: Samples were fixed with 4% PFA for 20 

minutes and washed in 1X PBS three times. Samples were then permeabilized with 0.05% 

Triton X-100 (Alfa Aesar) in 1X PBS and blocked with 1% BSA (Thermos Fisher 

Scientific) in 1X PBS before incubation with a primary antibody against primary 

antibodies against α-SMA, fibronectin, p-MLC (Abcam), and CD31(Sigma) overnight 

at 4°C. The following day, samples were incubated with AlexaFluor 488 or 568 

secondary antibodies, Alexa Fluor 647 Phalloidin, and 4',6-diamidino-2-phenylindole 

(DAPI) for one hour at room temperature. After staining, samples were washed three 
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times with 1X PBS. Samples were stored at 4°C in the dark prior to imaging.  

 

BrdU staining for cell proliferation: HUVECs were incubated with 10 µM 

bromodeoxyuridine (BrdU) (Sigma-Aldrich) for 20 hours and fixed with 4% PFA for 

20 minutes. Cells were subsequently treated with 1N HCl on ice, 2N HCl in 37°C 

incubator, 0.1M borate buffer at room temperature, and incubated with biotinylated 

mouse anti-BrdU (Invitrogen) for overnight. Samples were fluorescently labeled with 

streptavidin-conjugated AlexaFluor 555 and DAPI and imaged on confocal. 

Proliferation were calculated as number of BrdU positive cells per area and also as 

number of BrdU positive cells/total number of DAPI positive cells.   

 

Confocal microscopy and image analysis: Whole field of view stacks of samples with 

representative zoomed-in images (n=3 or 4 per sample) were acquired on Zeiss LSM 

710. C-Apochromat 10x/0.45 W, LD LCI Plan-Apochromat 25x/0.8 Imm Korr DIC 

M27, and C-Apochromat 40x/1.20 W Korr M27 objectives were used for imaging 

various experimental set ups. Collagen fibers were visualized with reflectance imaging. 

Overview with 10x lens and 3 2x2 tile images with 40x lens were taken for each sample. 

All images were processed in ImageJ. Microsoft Excel and GraphPad Prism were used 

for subsequent data analysis and plotting purposes.   

 

Measurement of collagen pore size: 3D z-stack images of nuclei, F-actin, and collagen 

were acquired for pore size analyses. Degradation pores were defined as empty collagen 

regions that is more than the size of average cell bodies. Each experimental group 
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contained at least three samples with representative 3D z-stack images for quantification.  

 

IL-8 quantifications: Conditioned media was collected on the last day of experiment. 

Cell lysates were collected and DNA were quantified using QuantiFluor® dsDNA 

System following manufacturer’s instructions (Promega). IL-8 was quantified using  

Human IL-8/CXCL8 DuoSet ELISA (R&D) following manufacturer’s instructions. IL-

8 were normalized to DNA contents of the same sample (N=3 per group). 

 

Statistical analysis: All experiments were performed with at least 2-3 independent 

biological replicates and each of these experiments was performed with at least 3 

technical replicates unless otherwise stated. Student t-tests, two-way ANOVAs, and 

multiple comparison tests with Tukey post-hoc analysis were used to compare 

differences between samples as indicated in the figure legends. P-values less than 0.05 

were considered significant. All data were plotted as mean +/- standard deviation (SD).  
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CHAPTER 4 

Assessing cellular metabolic state by NAD(P)H fluorescence anisotropy imaging  

 

4.1 Contributors  

I performed or was involved with all cellular experiments, imaging acquisition and data 

analysis. Dr. Warren Zipfel developed and set up the imaging systems. Dr. Rebecca 

Williams assisted in the set up in imaging core facility. Matthew Tan assisted me with 

data generated from Seahorse XF Analyzers. Jennie Kunitake assisted and mentored me 

on the Raman imaging. Garrett Beeghly proofread this chapter. Dr. Warren Zipfel and 

Dr. Claudia Fischbach provided guidance for designs of experiments, analysis of results 

and writing of this chapter.  

 

4.2 Abstract  

Cancer invasion is associated with altered metabolism to satisfy the necessary energetic 

and biosynthetic needs. To monitor live cell and tissue metabolic status with imaging, 

many novel techniques have been developed; however, these are either invasive or 

induce metabolic stress during long-term monitoring. Here, we report the use of two-

photon steady-state anisotropy microscopy analysis as a useful alternative to 

fluorescence lifetime imaging microscopy (FLIM), the most common imaging modality 

used to detect changes in nicotinamide adenine dinucleotide (phosphate) (NAD(P)H) 

pools as a function of metabolic alterations. We evaluated intensity signals and 

anisotropy values obtained from anisotropy microscopy and demonstrated within 

intracellular compartments across different cell lines and under different metabolic 
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stress tests. We also validated this approach by correlating the anisotropy imaging data 

with conventional Seahorse metabolic flux measurements. Tools developed in this study 

enable live monitoring of cell metabolism via NAD(P)H dynamics with subcellular 

resolution and are adaptive to various culture platforms for different applications. 

 

4.3 Introduction 

Our current understanding of how intrinsic changes of tumor cell metabolism affect 

cancer cell migratory and invasive capabilities remains limited due in part to a lack of 

experimental approaches that allow monitoring tumor cell metabolic dynamics under 

complex microenvironmental conditions in real time. Most in situ analysis of cellular 

metabolism including metabolomic and fluorescence activated cell sorting (FACS) 

measurements are end time point measurements, which do not capture the 

spatiotemporal variations of metabolic alterations during live cell migration. Seahorse 

analysis measures the extracellular flux and is widely used to inform metabolic key 

parameter including oxygen consumption and lactate production of cells. But those 

measurements are typically performed with monocultures and determine population 

averages, which cannot capture the complexity and heterogeneity within tumor and 

stromal populations. Fluorescent biosensors measuring ATP/ADP ratios are also widely 

used but such sensors are sensitive to environmental factors such as pH and difficult to 

compare across platforms. 176,177 Finally, it is now widely appreciated that cells cultured 

under physiologically more relevant 3D culturing conditions are phenotypically 

different relative to culture in 2D monolayer cultures. However, standard metabolic 

testing and live cell monitoring is more challenging in 3D vs. 2D tissue culture platforms. 
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Consequently, current approaches to monitor cellular metabolism in real time are 

limited in their ability to generate a comprehensive understanding of the metabolic 

heterogeneity that may play a role in tumor invasion.  

 

Nicotinamide adenine dinucleotide (NADH) and NAD phosphate (NADPH) are 

substrates and cofactors for the large family of enzymes known as NAD(P)H-dependent 

oxidoreductases, which catalyze the oxidation of one chemical species with the 

simultaneous reduction of another. NAD(P)H-dependent enzymes make up more than 

50% of the oxidoreductase activities listed in the BRaunschweig ENzyme DAtabase 

(BRENDA), with over 150,000 proteins predicted to have NAD(P)H-binding 

sequences.178 NAD(P)H is required for oxidation/reduction reactions involving 

substrates such as alcohols, amines, and ketones, as well as nearly all reactions where 

chemical groups are added to or removed from proteins during posttranslational 

modifications.102 Glycolysis and oxidative phosphorylation (OXPHOS) are two main 

metabolic pathways that cells use to synthesize new metabolites and harvest energy. 

NADH serves as the primary electron donor in glycolysis and OXPHOS, whereas 

NADPH is involved with fatty acid biosynthesis, oxidative stress, and calcium 

homeostasis.179 Therefore, monitoring cellular redox state by changes in NAD(P)H has 

long been used as an indicator of a cell’s metabolic state.180  

 

NAD(P)H emits blue fluorescence (460nm peak) when excited by ultraviolet (UV) light 

excitation in the 360nm range. The fluorescence of NADH and NADPH is difficult to 

differentiate and usually referred together as NAD(P)H. Although UV excitation has 
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been used to excite NAD(P)H fluorescence in earlier work180, with the development of 

two-photon excitation microscopy and lasers that provide femtosecond pulsed 

irradiation in the 700nm range in the 1990s, two-photon excitation quickly became the 

most common mode of excitation. 181 Femtosecond excitation in the 700 to 780nm range 

is now typically used 182, which corresponds to 350 – 390nm single photon UV 

excitation within the nonlinear interaction region at the focus of the objective lens. The 

advantage of using two-photon excitation is that it is overall less toxic due to the 

restricted volume within the cell that is experiencing “UV” excitation. It also provides 

intrinsic optical sectioning without the use of a confocal pinhole due to the intensity-

squared dependence of the excitation. 103 

 

Earlier measurements of NAD(P)H autofluorescence were intensity based only, which 

can lead to ambiguous results since it is non-ratiometric and is sensitive to the excitation 

intensity at the focus, photo-bleaching, and the concentration of fluorophore.108 

Therefore, imaging modes that are independent of the laser intensity, such as 

fluorescence lifetime imaging, are a better choice. 108 The fluorescence lifetime of 

NAD(P)H in solution is on the order of 0.5ns, but when NAD(P)H binds to proteins 

during metabolic events for example, the lifetime shifts to the 2-4ns range, so imaging 

based on lifetime returns more information than single intensity based microscopy. 108 

For this reason, fluorescence lifetime imaging microscopy (FLIM) has recently become 

the most common microscopy modality for NAD(P)H-based metabolic imaging. 

109,111,183–186 FLIM is most often carried out using time-correlated single photon counting 

(TCSPC), which has a functional statistical constraint operating at photon counting rates 
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of less than one photon collected per laser pulse. For this reason, it typically requires 

0.5 to 3 minutes or more of acquisition time per field of view. Although the laser powers 

by two-photon imaging standards are usually low (1-10 mW), the long frame times can 

cause metabolic stress and may perturb the experimental results.  

 

Steady state fluorescence anisotropy imaging is also independent of excitation intensity 

since it is the ratio of two emission polarizations generated simultaneously by the same 

excitation intensity and polarization direction. 187 Using anisotropy, one can effectively 

discriminate free vs. bound NAD(P)H yielding the same information as FLIM. 

Anisotropy measurements are also relatively fast compared to FLIM and therefore may 

further reduce phototoxicity relative to FLIM, but this has not been tested yet. 

 

Here, we report on an evaluation of anisotropy imaging to determine live cell metabolic 

activities through changes of NAD(P)H autofluorescence. Furthermore, we compared 

the mitochondrial and cytoplasmic NAD(P)H activities determined by anisotropy 

imaging with metabolic flux measurements using the Seahorse XFe96 metabolic 

analyzer. The techniques demonstrated here allow for monitoring of cellular metabolic 

activities within specific organelle compartments of single cells. This technique 

represents a promising approach to capture the metabolic heterogeneity of collections 

of cells under different culture conditions for sustained periods of time ultimately 

enabling correlations of cell metabolism with specific functions such as cell migration. 

 

4.4 Results 
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4.4.1 Microscope modification for steady state fluorescence anisotropy imaging of 

NAD(P)H.   

Fluorescence anisotropy (r) is calculated as: 

                         r =  
𝐹∥−𝐺𝐹⊥

𝐹∥+2𝐺𝐹⊥
   Equation (1.1)                            

where F║ and F┴ are the fluorescence emission intensities collected in the parallel and 

perpendicular orientations, respectively, relative to the excitation polarization. G is the 

“grating factor” – a system dependent correction factor that compensates for any 

differences in the sensitivities between the two detection channels. How this factor is 

determined is covered in the methods section.   

 

The basic idea is that the slower a fluorophore rotates (which changes the polarization 

of the emitted light), the larger the value of r. For molecules in which the rotational 

times are on the order of, or less than, the fluorescence lifetime (also known as the 

radiative lifetime), such as unbound NAD(P)H (τrot = 0.130 ns 188) the emission 

depolarizes and has a low anisotropy value. When NAD(P)H binds to proteins, the 

rotational lifetime becomes longer than the radiative lifetime and the emission is in the 

direction of the excitation polarization, resulting in a larger anisotropy value. The 

relationship between the radiative lifetime and the rotational lifetime is given Perrin 

equation: 

                              0

1
rot

r
r 









                         

Equation (1.2)  
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where r0 is the anisotropy value of a “frozen” or vitrified fluorophore (e.g. a fluorophore 

immobilized in a polymer).  

 

Modification of a multiphoton laser scanning microscope for anisotropy imaging 

requires two additions. The first is placement of a berek compensator in the excitation 

beam path, so that the laser polarization can be precisely controlled to ensure two 

orthogonal linear polarization states. Optics in the beam steering path as well as the odd 

angles of the scanning mirrors make the use of a polarization compensator important 

compared to a simple polarizer in order to achieve the highest possible anisotropy 

contrast. The second is a polarizing beam splitter (Fig 4.1a) in the emission path oriented 

relative the excitation polarization in the sample plane. Identical emission filters (640 

nm band pass) for each polarization path were used to collect the NAD(P)H signals.   

 

4.4.2 Steady State Fluorescence Anisotropy of NADH fluorescence provides a 

ratiometric measure of the fraction of the NADH bound to cellular enzymes 

Both FLIM and anisotropy measure the ratio of bound NAD(P)H to unbound NAD(P)H, 

and both eliminate errors common with a non-ratiometric intensity measurement (e.g. 

NAD(P)H brightness). To demonstrate the changes due to NADH binding, in vitro 

measurements of NADH anisotropy and fluorescence lifetime were made by titrating a 

50-μM solution of NADH with the NADH-binding protein glutamate dehydrogenase 

(GDH). GDH has two NADH binding sites and is heavily allosterically regulated by a 

wide array of metabolites. The figure below shows the changes in anisotropy (4.1b,i – 

data from two independent experiments), fluorescence intensity (4.1b, ii) and average 
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(weighted) fluorescence lifetime from a 2-component fit (4.1b, iii) for 50 μM NADH 

with increasing concentrations of GDH. There are two effects of binding that change 

the anisotropy – the parallel detection channel gets brighter relative to the perpendicular 

channel, due to emission polarization changes occurring as NADH binds to GDH, and 

the NADH total fluorescence increases since bound NADH has a longer lifetime. The 

increase in brightness upon binding depends on the particular enzyme to which it binds. 

For GDH, binding results in a brightness increase of ~2.5 (Fig 4.1b, ii).  

 

 

Figure 4.1. Anisotropy microscopy set up and validation in vitro. a. Schematic of 

anisotropy set ups. b. in vitro validation of anisotropy (i), intensity (ii) and lifetime (iii) 

as a function of NADH binding to GDH.. c. BioGEE staining of cells under different 

duration of excitations. 

 

4.4.3 Anisotropy allows for continuous imaging of live cell without inducing stress 
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Laser scanning two-photon microscopy requires at least 10-fold higher peak irradiances 

at the focus than used in single-photon confocal microscopy in order to achieve efficient 

nonlinear excitation. Furthermore, the wavelengths used for NAD(P)H imaging (< 800 

nm) are especially toxic to cells since it is equivalent to UV light in the focal plane (but 

still better than UV excitation which excites molecules throughout the entire cell).   

Peak photon irradiances through the focus, total photon dose and relative estimate of 

the number of NAD(P)H two-photon excitations per frame based on typical imaging 

parameters used in NADH-FLIM imaging obtained from several published references 

are compared to steady state anisotropy imaging in Table 1.   

Reference λexc Obj. 

NA 

Fram

e time 

(sec) 

Power 

(mW) 

Photons/cm

2 per sec 

Total dose: 

Photons/cm2 

Relative 

#NADH 2P 

excitations per 

frame* 

Current 

Set up 

730 1.4 4  10 3.8 x 1028 1.5x1029 1 

Ref 1 185 740 1.4 60 4 2.0 x 1028 1.2x1030 2.5 

Ref 2 189 700 1.0 240 10 2.2 x 1028 5.3 x 1030 82 

Ref 3 183 755 1.2 90 15 4.3 x 1028 3.9 x 1030 65 

Ref 4 107 780 1.3 60 15 4.7 x 1028  2.8 x 1030 42 

Ref 5 190 740 1.3 60 - 

180  

8 2.6 x 1028 1.5 – 4.7 x 

1030 

11-33 

Ref 6 109 740 1.2 90 12 3.4 x 1028 3.1 x 1030 18 

Table 4.1. List of imaging parameters and comparison for anisotropy imaging and 

FLIM. *assumes two-photon absorption cross-section of 5 GM (0.1GM action cross-

section / 0.02 quantum yield) and a mitochondrial NADH concentration of 2mM 191,192 

 

The last column in Table 4.1 is an estimate of the relative number of two-photon 

absorption events the mitochondrial NADH would undergo under the various excitation 

parameters commonly in use. Because the fluorescence quantum yield of NADH is low 
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(0.02%), the majority of the two photon absorptions by NADH return to the ground state 

through non-radiative pathways which can result in photo damage and creation of 

radical species.    

 

To validate that anisotropy imaging is not as detrimental to intrinsic cellular metabolism 

as NADH-FLIM, we performed irradiations at 730 nm (~120fs pulse width) of an ~500 

x 500 micron field of view of MDA cells for 4s (anisotropy), 60s, or 240s (conditions 

to mimic FLIM set ups). The cells were first incubated in a buffer containing 

biotinylated glutathione ethyl ester (BioGEE). BioGEE is a cell-permeant, biotinylated 

glutathione analog for the detection of glutathionylation. 193 Stressed cells incubated in 

BioGEE incorporate the derivative into SH-containing proteins in the mitochondria via 

endogenous glutathione reductase. Cells were plated on gridded dishes to distinguish 

irradiated and non-irradiated regions. The irradiance was delivered through a 0.75 NA 

objective and the laser power was set to provide 2.5 x 1028 photons cm-2 s-1 through 

the focus (~20 mW). After laser scanning the cells were fixed and permeabilized, and 

glutathionylation levels detected using an Alexa-647 streptavidin conjugate. Fig 4.2a  

shows the pixel histograms over the fields of view scanned. 60s-240s of excitation 

results in increased glutathionylation compared to non-irradiated cells due to the 

increased generation of reactive oxygen species (ROS) superoxide from excitation 

stress. The shorter 4s irradiation used for anisotropy measurements did not result in 

significant changes of glutathionylation suggesting that anisotropy is less perturbative 

on the metabolic state of the cells. (Fig 4.2a)  
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Figure 4.2 Cellular stress from different image acquisition time. a. BioGEE staining 

showing cellular stress under different acquisition time. 4s for anisotropy, 60s and 240s 

for FLIM set ups.  

 

4.4.4 Anisotropy allows for spatial segmentation of cellular NAD(P)H signals to 

organelles 

During each anisotropy image acquisition, two quantitative values are obtained: 

fluorescence intensity and anisotropy. Anisotropy values report the fraction of protein-

bound to free NAD(P)H while intensity values indicate changes in the total pool of 

NAD(P)H as reflected by changes in image brightness. Typical FLIM measurements 

involve data analysis over a whole cell level which may overlook specific changes that 

occur in mitochondria (dominantly OXPHOS) or cytoplasm (dominantly glycolysis).108 

It is estimated that protein bound fraction NADH stays saturated and contributes to 80% 

total intensity. 194 Therefore anisotropy values and intensity values in mitochondria 

regions are estimated to be much higher than cytosol regions and can be potentially 

segmented for analysis to better understand how dynamics of NAD(P)H in those two 

regions correlate to different metabolic processes. To separate signals that occur within 

the mitochondria or cytoplasm, we used MitoTracker to live-stain mitochondria to 

validate the locations of signals. We screened MDA-MB-231 (metastatic epithelial 
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breast cancer cells) and verified that the higher fluorescence intensity regions within the 

cells co-localized with mitochondria (Fig 4.3a, i). To validate these results with 

additional cells and as a function of tumor cell malignant potential, we repeated these 

experiments with isogenic cell lines from the MCF10A series including MCF10A 

(normal epithelial cells) and MCF10CA1A (metastatic in vivo). 195 While the higher 

fluorescence intensity regions in MCF10A cells also co-localized with mitochondria, 

anisotropy imaging additionally yielded “granule” like, and auto-fluorescent signals that 

did not co-localize with different intracellular compartments (mitochondria, 

endoplasmic reticulum ER and lysosome). (Fig 4.3a, i- ii) Furthermore, these “granules” 

bleached within 60s of continuous fluorescence excitation. (Fig S7a) Upon fixation, the 

granule signals still existed, indicating that they were not related to NAD(P)H signals 

associated with live cell metabolism. (Fig S7b) In addition, the spectra of granules 

differed from in vitro NAD(P)H in solution and the fluorescence lifetime was much 

higher (7ns) than typical NAD(P)H lifetime (~1-4 ns). (Fig S7c) To determine which 

molecular composition the granules have, we used Raman microscopy to probe their 

chemical compositions. Raman mapping suggested a lipid rich profile, suggesting that 

those granules may be lipid droplets. (Fig 4.3b, i) Using Nile red staining for neutral 

lipids, we confirmed that the bright granules detected by anisotropy imaging in 

MCF10CA1A co-localize with neutral lipid droplets. (Fig 4.3b, iii) MDA-MB-231 cells 

also have lipid droplets as identified by Nile red staining, but there were no co-localized 

bright granule signals during anisotropy imaging. (Fig 4.3b, iii) Notably, Raman 

spectrum of granules in MCF10CA1A cells has a distinct peak at 1595nm which was 

not observed in lipids in MDA-MB-231 or MCF10A. (Fig 4.3b, ii) This is linked to 
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retinyl ester signature that does have some overlapping with NAD(P)H fluorescence 

spectrum, which could explain the autofluorescence observed in the MCF10CA1A cells 

during anisotropy imaging.196,197 To further determine the relationship between lipid 

droplets and anisotropy-based detection of autofluorescence, adipose stem cells (ADSC) 

induced to undergo lipid biogenesis were imaged. Interestingly, lipid droplets within 

differentiating ASCs also exhibited increased autofluorescence, and this signal varied 

over time. (Fig S8) While the generation of lipid droplets may be associated with altered 

metabolism in cells, it is important to understand the origin of their autofluorescence 

during anisotropy imaging and only correlate signals that are truly associated with 

NAD(P)H rather than other sources. Because of the detected discrepancy between (non) 

NAD(P)H-based autofluorescence, signals overlapping with lipids were omitted for 

NAD(P)H analysis in MCF10A and MCF10CA1A using automatic thresholding, and 

only mitochondria and cytosol regions were included for analysis. 
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Figure 4.3. Autofluorescence signals from anisotropy imaging in different 

organelles. a. (i) MitoTracker staining with anisotropy imaging to co-localize 

mitochondria with anisotropy intensity images (channel ∥) in MDA-MB-231, MCF10A 

and MCF10CA1A. (ii) LysoTracker and ER-Tracker staining to co-localize lysosomes 

and ER with anisotropy intensity images in MCF10CA1A. (channel ∥) b. (i) Raman 

microscopy of a MCF10CA1A cell showing regions of lipid and DNA/cytoplasm 

signature. (ii) Corresponding Raman spectra of MCF10CA1A, MDA-MB-231 and 

MCF10A are shown below. Red arrow indicates unique peak of lipid signature in 

MCF10CA1A but not the other two cell lines. (iii) Nile Red staining of MCF10CA1A, 

MDA-MB-231 and MCF10A to show lipid droplets and corresponding anisotropy 

intensity images (channel ∥). 10 μm scale for all images. 

 

After validation of anisotropy signals in cells, we examined how cells tolerate repeated 

measurements over extended period of time. By applying threshold based segmentation 
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to separate the signals from mitochondria and cytoplasm, we were able to obtain 

fluorescence intensity and anisotropy dynamics at 5 min interval and 95 min total 

duration. (Fig 4.4a) MDA-MB-231, MCF10A and MCF10CA1A demonstrated no 

significant changes in either intensity or anisotropy values. Therefore, anisotropy 

imaging is a fast and label free method to capture NAD(P)H dynamics in both 

mitochondria and cytoplasm at high resolution while not interfering with normal cell 

metabolism during the imaging time course.  
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Figure 4.4. Anisotropy imaging allows continuous monitoring of cell behaviors 

under normal conditions. a. Fluorescence intensity and anisotropy values for MDA-

MB-231, MCF10A and MCF10CA1A in mitochondria and cytosol regions of the cells 

over time and under regular culture conditions. 

 

4.4.5 Anisotropy imaging allows quantifying dynamic changes of the NAD(P)H 

pool and binding status during metabolic perturbations 



 

- 106 - 

To validate the ability of anisotropy imaging to detect dynamic changes of the 

NAD(P)H, we subjected MDA-MB-231 to a variety of metabolic perturbations that 

interfered with glycolytic metabolism or the electron transport chain in the TCA cycle. 

(Fig 4.5a, S9) First we added 2-deoxy-D-glucose (2-DG), which competitively inhibits 

the production of glucose-6-phosphate from glucose at the phosphoglucoisomerase 

level. 198 (Fig 4.5b, i) In comparison to controls, a decrease in fluorescence intensity 

was observed in both mitochondria and cytoplasm regions. The detected anisotropy 

values in the cytosol remain similar but varied widely, and anisotropy values in 

mitochondrial regions increased compared to controls. Consistent with 2-DG-mediated 

inhibition of glucose metabolism, the lack of substrates feeding both glycolysis and 

TCA cycle resulted in a reduction of the total pool of NAD(P)H, and could explain the 

reflected decrease in intensity in both cytoplasm and mitochondria. (Fig 4.5b, i) Due to 

the lack of oxidation in OXPHOS, the fraction of bound NAD(P)H may increase in 

mitochondria accounting for the observed increase in anisotropy values. The overall 

whole cell intensity decreases with 2-DG treatment while anisotropy increases, although 

the variations were large. This could be due to a combination of dynamic changes of 

NAD(P)H due to shutdown of glycolysis in the cytosol but also heterogeneity within 

the cell population.  

 

Next, we tested the effect of sodium cyanide (NaCN) in MDA-MB-231, which inhibits 

electron transport in the cytochrome c in complex IV of mitochondria. 199 (Fig 4.5b, ii) 

While the trends of intensity and anisotropy in cytoplasm were unaffected by NaCN 

treatments, there was an increase in intensity and decrease in anisotropy values in the 
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mitochondria. In the presence of NaCN inhibition, no adenosine triphosphate (ATP) 

was generated because inhibition of cytochrome c blocks the potential for electrons to 

move across complexes in the electron transport chain. This leads to an accumulation 

of free NADH, which would explain the detected increase in overall intensity and the 

concomitant decrease in anisotropy reflecting the ratio of protein-bound NADH.  

Whole cell measurements match the signature of mitochondrial anisotropy data, but not 

the cytoplasm anisotropy trends. Published FLIM measurements of cells treated with 

potassium cyanide (KCN) also show an increase in intensity but no changes in average 

lifetime of NAD(P)H. 185 It should be noted that those FLIM measurements were 

performed on whole cells, which may overlook specific changes in cytosolic vs. 

mitochondrial levels of NAD(P)H. Using anisotropy imaging coupled with spatial 

segmentation of cellular NAD(P)H signals, we can expand our understanding of how 

metabolism is regulated in different subcellular compartments during specific cell states 

including cancer cell migration.  
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Figure 4.5. Effects of different metabolic inhibitors on NAD(P)H dynamics as 

measured from anisotropy imaging. a. Schematic of metabolic pathways and the 

corresponding pharmacological inhibitors that were tested in our experiments. b. 

Changes in NAD(P)H levels in MDA-MB-231 cells undergoing inhibition studies: 2-

DG (i) and NaCN (ii). Plots showing fluorescence intensity and anisotropy 

measurements in cytoplasm, mitochondria and whole cell respectively over time at 5 

min intervals.  
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4.4.6 Correlation of anisotropy analysis of NAD(P)H dynamics with Seahorse-

based measurement of glycolysis and oxygen consumption  

To broaden the interpretation of anisotropy analysis with conventional biochemical 

measurements of metabolism, we compared dynamic changes of NAD(P)H intensity 

and anisotropy values of MDA-MB-231 and MCF10A with Seahorse-based analysis. 

Seahorse analysis is commonly used to determine the oxygen consumption rate (OCR) 

and extracellular acidification rate (ECAR) of collections of cells in a 96 well plate 

format. 200 In particular, Seahorse glycolysis stress tests are applied to determine the 

glycolysis capacity of cells by blocking mitochondrial ATP production to drive cells 

towards maximum glycolysis. Here, we have used this approach for both MDA-MB-

231 and MCF10A cells and correlated these results with anisotropy imaging to gain 

further insight into how changes in NAD(P)H correspond with more traditional 

measures of cell metabolism.  

 

The Seahorse-based glycolysis stress measures lactate production - indicated as 

extracellular acidification rate (ECAR) - under 4 media conditions: no glucose, addition 

of glucose, addition of oligomycin and addition of 2-DG. (Fig 4.6a) In comparison to 

media with no glucose, MDA-MB-231 had increased ECAR after glucose addition, 

possibly due to increased glycolysis and production of lactate while the levels in 

MCF10A were much less. (Fig 4.6b) With anisotropy analysis, the mitochondrial 

NAD(P)H intensity increased in both cell lines and the mitochondrial anisotropy 

decreased slightly in MDA-MB-231s, but increased slightly in MCF10A. This could be 
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due to an increase in free NADH as cells activate OXPHOS in mitochondria. 

Interestingly, the cytosolic intensity and anisotropy did not increase much in MDA-MB-

231 even though they are more glycolytic.  

 

Following glucose treatment is the addition of Oligomycin, which binds to a 23kD 

subunit of F0 of the mitochondrial ATPase and prevents protons from passing back into 

the mitochondria. This blockage of oxidative phosphorylation can stimulate cells to use 

glycolysis and allows measurements of glycolysis capacity.201 MDA-MB-231s had a 

larger increase in ECAR in the presence of Oligomycin, which indicates that the 

glycolytic capacity of MDA-MB-231s is greater than that of MCF10As and therefore 

MDA-MB-231s are more glycolytic than MCF10A. (Fig 4.6a) The intensity levels of 

NAD(P)H in mitochondria from anisotropy imaging increased in both MCF10As and 

MDA-MB-231s. As cells were unable to generate ATP from mitochondria, the free 

NADH accumulate in electron transport chain and could contribute to this overall 

increase in intensity. The anisotropy values in mitochondria increased in MCF10As but 

dropped in MDA-MB-231s, which could stem from the different levels of reduction in 

TCA cycle and glycolysis. The cytosolic anisotropy remained similar while intensities 

increased in both cell lines. This is not surprising as cells transition to more glycolysis, 

the total free NADH could accumulate to cytosol regions and resulted in increased 

brightness. (Fig 4.6b) Whole cell intensity levels remained similar between the two cell 

lines. The levels of whole cell anisotropy are different but the trends of change within 

each cell line were not significantly different, suggesting that analysis over a whole cell 
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is not enough to distinguish the dynamics of NAD(P)H in cells with different metabolic 

phenotypes.  

 

The last step of the stress test involves addition of 2-DG. This corresponded to large 

decreases in ECAR from Seahorse measurements. (Fig 4.6b) Cytosolic NAD(P)H 

fluorescence anisotropy, which reports the fraction of protein bound to free NAD(P)H, 

decreased with 2-DG treatment, indicating an increase in free NAD(P)H as substrates 

for NADH-requiring glycolysis enzymes decreased and NAD(P)H oxidation slowed 

down. (Fig 4.6c) 2-DG led to decrease in both the mitochondrial and cytosolic 

anisotropy in the MCF10A cells. This indicated a shift in the free NAD(P)H when 

glycolysis was inhibited. There was little change in the cytoplasm and mitochondria 

ratio and individual intensities. One possible explanation is that free NAD(P)H is 2-3 

times less bright than bound so the change may be seen in anisotropy but is not as 

evident in NAD(P)H fluorescence intensity. 2-DG also lowered the cytosolic (i.e., non-

mitochondrial) NAD(P)H levels by decreasing glucose flux through glycolysis, which 

we observed in the MDA-MB-231, but not in the MCF10A cells, possibly due to the 

differences in glycolysis levels. Interestingly, this treatment also resulted in the biggest 

differences between MCF10A and MDA-MB-231 at whole cell levels. The total 

intensity dropped more significantly in MDA-MB-231. While whole cell anisotropy 

also dropped in MCF10A, whole cell anisotropy values increased in MDA-MB-231 

following 2-DG treatment. This could be due to the different levels of reliance of 

glycolysis. As MDA-MB-231 is more dominate with glycolysis, the anisotropy of a 

whole cell is mostly influenced by cytosolic changes. Therefore, similar to Seahorse 
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analysis using OCR and ECAR, anisotropy imaging provides dynamics readouts of 

NAD(P)H changes in cells that also differentiate between more glycolytic cancer cells 

and normal cells. But the corresponding NAD(P) changes to glycolysis switches are 

more complicated than just decreased NAD(P)H binding and need more investigation.  

 

 

Figure 4.6. Comparison of results from anisotropy imaging data and seahorse 

glycolysis stress test. a. Schematics showing glycolysis stress test regime. b. ECAR and 

OCR from seahorse glycolysis stress test. c Imaging panels showing anisotropy readouts 

of MCF10A and MDA-MB-231 cells undergoing glycolysis stress tests. Plots showing 

comparison of normalized fluorescence intensity and anisotropy measurements in whole 

cell, cytoplasm and mitochondria respectively over time at 5 min intervals. MCF10A 

(blue) and MDA-MB-231 (red) in all images. Color blocks show different duration 

treatments: beige (no glucose), pink (add glucose), lime (oligomycin) and grey (2-DG).   

 

4.5 Discussions and conclusions 

Under different disease conditions such as cancer, cells adopt altered metabolic 

pathways to satisfy the necessary energetic and biosynthetic needs. 202 Cancer cells 

undergo a special type of metabolism termed as the “Warburg effect” where they use 



 

- 113 - 

glycolytic pathways even with abundant oxygen present (aerobic glycolysis). 59 In 

addition, more recent studies underscore significant heterogeneity in tumor metabolism. 

Some tumor types can induce surrounding stromal cells to undergo aerobic glycolysis, 

which, in turn, provides energy and metabolites that further fuel tumor growth. 62 Such 

heterogeneity poses new challenges for drug treatments as cancer cells may alter their 

metabolic status as a survival strategy to counter cancer therapy. A better understanding 

of cell metabolism and its association with metastasis will provide essential insights that 

may be explored for clinical interventions.  

 

In this chapter, we described an experimental pipeline to measure the metabolic status 

of individual cells using anisotropy imaging, a label-free and autofluorescence-based 

measurement of NAD(P)H. We compared anisotropy to the field standard technique 

FLIM, evaluating their phototoxicities and tendencies to induce cellular stress. We 

showed that experimental parameters similar to FLIM may be contraindicated for long-

term imaging studies due to potential cell stress induced by its long acquisition time. On 

the other hand, anisotropy requires a much shorter acquisition time and does not induce 

the same levels of cell stress. Anisotropy imaging allows continuous monitoring of 

cellular NADH dynamics over extended periods of time and gives readouts of steady 

state intensities (which correlate to changes in the free NADH pool) and anisotropy 

values (which correlate to changes in the protein-bound fraction of NADH). We used 

anisotropy to screen isogenic MCF10A (normal epithelial cells) and MCF10CA1A 

(invasive cancer cells) together with MDA-MB-231 (triple-negative and metastatic 

cancer cells). By performing anisotropy analysis in combination with co-labeling of 



 

- 114 - 

different intracellular compartments (mitochondria, endoplasmic reticulum, neutral 

lipid droplets), we were able to differentiate between signals derived from NAD(P)H-

based anisotropy vs. other signals. Interestingly, there are significant anisotropy signals 

coming from neutral lipids that are associated with more aggressive cancer cell lines. 

Furthermore, we have validated this approach by correlating live imaging data with 

Seahorse metabolic flux measurements using the same glycolysis stress test regime.  

 

It is difficult to biophysically separate signals from NADH and NADPH, which 

complicates data interpretation due to their different roles in cellular metabolism. 

NADH is more involved with energy metabolism whereas NADPH is more related to 

biosynthesis. Historically, measurements of NAD(P)H dynamics taken to predict 

cellular metabolism were based on the assumption that the fraction of bound NADH is 

mainly found in mitochondria and is relatively stable. Therefore, changes in the fraction 

of bound NAD(P)H could be attributed to free NADH and its lower average lifetime 

(lower NADH fraction bound to proteins) over whole cell levels, corresponding with 

increased glycolysis. 106 However, as reflected by our anisotropy measurements and 

subsequent analysis separated based on signal location, whole cell NAD(P)H levels 

fluctuate differentially from both mitochondria and cytosol levels. By averaging data 

across these distinct compartments, trends that are spatially unique are lost. One 

potential solution is to build a computational metabolic flux analysis model that captures 

different aspects of metabolism, involving metabolite changes, oxygen consumption, as 

well as the total pool of NAD(P)H. With a better and more comprehensive 

understanding of how NAD(P)H ties into cellular metabolism, one can make more 
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informed analyses of data from NAD(P) autofluorescence-based imaging and better 

predictions of cellular behaviors due to metabolic alterations.  

 

One unexpected finding from anisotropy imaging is the autofluorescence signals from 

lipid droplets in certain cell lines. These signals complicate image analysis as the bright 

granules oversaturate during imaging and overshadow signals from the mitochondria as 

well as cytosol. As shown in Fig S12, MCF10CA1A cells, excluding lipid droplet 

signals, demonstrated increased intensity and anisotropy in both the mitochondria and 

cytosol throughout glycolysis stress test. At the whole cell level, the intensity dropped 

with 2-DG treatment while anisotropy still increased. These are interesting trends but 

need to be confirmed with other biochemical measurements to validate changes in 

mitochondria and glycolysis. Studies using NAD(P)H autofluorescence need to 

establish a baseline for the biological samples in question to understand where the 

signals come from spatially and to avoid oversimplification of analysis that could lead 

to misinterpretation of results.  

 

Anisotropy imaging, although sensitive to rotational changes of fluorophore, can be 

influenced by scattering and absorption effects from the environment. This may be a 

challenge as we transition from 2D cell culture to 3D cell culture and migration through 

3D ECM. In addition, cells may exhibit different morphology as they grab and pull on 

collagen fibers in 3D, making it more challenging to distinguish signals from different 

cellular compartments. Therefore, moving anisotropy imaging to more complex culture 

models requires improvements of imaging setups such as the use of lenses with higher 
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NA and long working distance. A sum calculation of fluorescence intensity corrected 

over z direction can be used to measure total pools of NAD(P)H in a whole cell in 3D.  

 

In summary, we developed an imaging platform using anisotropy to detect NAD(P)H 

as a functional readout of cell metabolism. It is label free and allows live monitoring of 

cell metabolism with minimum interference. Consequently, anisotropy approaches can 

be applied to advanced 3D culture systems to generate a comprehensive understanding 

of the metabolic heterogeneity that may play a role in tumor invasion via live cell 

monitoring. 

 

4.6 Materials and methods 

Cell culture 

MDA-MB231 and MCF10A cells were obtained from ATCC. MCF10CA1A were 

obtained from Barbara Ann Karmanos Cancer Institute. Human adipose stem cells 

(ADSC) were purchased from Lonza, Basel, Switzerland. MDA-MB231 cells were 

cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 100 U/mL 

Penicillin-Streptomycin (P/S) and 10% fetal bovine serum (FBS). ADSCs were cultured 

in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12) 

supplemented with 100 U/mL P/S and 10% FBS. For adipogenic differentiation, ADSCs 

were induced with additional 1μM dexamethasone, 100μM indomethacin, 1μM insulin 

and 500μM isobutylmethylxanthine (IMBX) for 10days. MCF10A and MCF10CA1A 

cells were cultured in DMEM/F12 media supplemented with 5% horse serum (HS), 10 

μg/mL insulin, 0.5 μg/mL hydrocortisone, 100 ng/mL cholera toxin (Krackeler 
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Scientific, NY, USA), 20 ng/mL epidermal growth factor (EGF), and 100 U/mL P/S. 

All cell lines were maintained in incubators at 37°C with 5% CO2. Media was changed 

every 2 days until experiments. DMEM, DMEM/F12, P/S, FBS, HS, and EGF were 

purchased from Thermo Fisher Scientific, MA, USA. All other media supplements were 

purchased from Sigma-Aldrich, MO, USA, unless noted differently.  

 

Anisotropy imaging system: Zeiss 880 upright microscope   

Zeiss 880 confocal/multiphoton microscopes modified and used for anisotropy imaging.  

A Berek compensator variable waveplate (model 5540, Newport Inc CA) was placed in 

the laser path and adjusted to maximum the degree of orthogonal linear polarization 

after the objective lens.  Berek settings are given below in the section of calculating G.  

A 670nm long pass dichroic (ZT670RDC, Chroma Technology Corp, VT) in the two-

photon slider of the Zeiss 880 system splits off the fluorescence, which is sent to a 410 

nm short pass dichroic rotated 90° to the primary dichroic. The emission was collected 

using two gallium arsenide phosphide (GaAsP) photomultiplier tubes in the non-

descanned detectors of the Zeiss 880 microscope. Channels “R3” and “R4” (Zeiss 

software nomenclature) of non-descanned detectors collect the NADH emission that has 

been separated into two orthogonal polarizations by a polarizing beam splitter cube 

(PBS251 1" Polarizing Beamsplitter Cube, 420 - 680 nm, Thorlabs, NJ) placed into a 

custom designed filter block. Two identical emission filters (ET440/80m-2P, Chroma 

Technology Corp, VT) are used. With the Berek compensator set for X polarized 

excitation out of the objective lens, R3 sees parallel emission and R4 sees the 

perpendicular light.  P and S refer to the plane of incidence of relative to the polarizing 
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beam splitter (P = parallel, S = senkrecht = perpendicular).   

 

Anisotropy imaging system: Zeiss 880 inverted microscope 

A Berek variable waveplate was incorporate into the system and aligned as discussed 

above. The same polarizing beam splitter and filters are used, but inverted microscope 

detector layout does not use a turning mirror so the channels are switched – R3 collects 

the perpendicular emission and R4 the parallel.  

 

Anisotropy imaging set up: determining G  

The PMT signals which are ( ) sS s g F   and ( ) PS p g F P  where gs and gp are the 

optical path and PMT efficiencies for the   and P light coming from the sample 

relative to the beam splitter.  On the upright and inverted 880 systems the excitation 

polarization can be set to two orthogonal directions relative two the detection pathways: 

Front dial 

setting 

Retardation dial  Excitation light polarization 

direction 

R3 R4 

Upright microscope    

58° 9.7 Y direction relative to the XY 

stage 

,YF
  

,XFP  

0° 9.7 X direction relative to the XY 

stage 

,YFP  ,XF
 

Inverted microscope    

68° 10.5 Y direction relative to the XY ,YF
  

,XFP  
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stage 

0° 10.5 X direction relative to the XY 

stage 

,YFP  ,XF
 

 

There are four measurable values from the two Berek settings:  

, , , ,

, , , ,

Y s Y Y p Y

X s X X p X

S g F S g F

S g F S g F

 

 

 

 

P P

P P

 

 

Where F is fluorescence and S the digitized signal collected by the microscope, which 

can differ from the actual fluorescence signal due to differences between the 

polarization detection pathways.  The G-factor corrects for any differences and is 

microscope and PMT HV (PMT gain) dependent.  To calculate the anisotropy we need 

the corrected fluorescence (F) values. 

Solving for 
,

,

Y

Y

F

F

P
and 

,

,

X

X

F

F

P
yields:    

, ,

, ,

1Y Y X X

Y Y X X

F S F S
G

F S F G S   

 
P P P P

where 
s

p

g
G

g
   

 

There are differences in the laser intensities at the sample between the two laser 

excitation polarizations due to a differential reflection of the polarized light by the 670-

splitting dichroic, so 
, ,Y XF F  and , ,Y XF FP P  . However, the ratio of the two channels 

will be equal for both excitation polarization settings (unless the sample exhibits a large 

amount of linear dichroism), therefore:  

, ,

, ,

1Y X Y X Y X

Y X Y X X X

F F S S S S
G G

F F S G S S S



    

    
P P P P P

P
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G is can be measured by using a dye with a long lifetime so its dipole has the maximum 

chance to rotate before emission (to measure a ~fully depolarized emission), and/or by 

simply using a plastic slide which has fully vitrified chromophores.  9-

Anthracenecarbonitrile (9-CA) is a blue emitting dye that has a lifetime of around 10 ns 

and useful to estimate G.  Once G is determined, the anisotropy (r) for X polarization 

excitation can be calculated as: 

,

,

,,

1
1

12
2

X

X X X
x

XX X

X

S

S G S G S
r

SS GS

G S

 








 




P

P

PP
 

 

FLIM imaging 

Fluorescence lifetime imaging microscopy was carried out using time-correlated single 

photon counting (TCSPC). Images were acquired using 730 nm femtosecond excitation 

(~120 fs width at the sample) delivered at an 80 MHz repetition rate from a Spectra-

Physics Mai-Tai Ti:S laser equipped with DeepSee dispersion compensation. The Ti:S 

laser was coupled to a Zeiss 880 laser scanning microscope which was used to locate 

and focus on the cells. Two-photon generated fluorescence was separated from the 

excitation using a 670 nm long pass dichroic filter (ZT670RDC, Chroma Technology 

Corp, VT), which directed the emission to a GaAsP photomultiplier tube after passing 

through a broad blue band-pass filter (ET440/80m-2P, Chroma Technology Corp, VT). 

The laser power was attenuated using a near infrared (NIR) Acousto Optic Modulator 

(AOM) to keep the photon detection rate to less than 0.2% of the repetition rate to avoid 

photon pile-up.  An instrument response function (IRF) was acquired using a Z-cut 
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quart crystal and used for fitting the TCSPC data. Time-correlated photon counts were 

acquired using a high-resolution TCSPC module (SPC-830, Becker & Hickl GmbH) 

and fit to a bi-exponential decay curve, convolved with the IRF, using the SPCImage 

software package (Becker & Hickl GmbH).  The weighed mean lifetime was 

calculated as:  

(𝑎1 × 𝜏1) + (𝑎2 × 𝜏2)

(𝑎1 + 𝑎2)
 

 

NADH titration in solution 

in vitro measurements of NADH anisotropy and fluorescence lifetime were made by 

titrating a 50-μM solution of NADH with the NADH-binding protein Glutamate 

Dehydrogenase (GDH). GDH has two NADH binding sites and is heavily allosterically 

regulated by a wide array of metabolites.  GDH has reported NADH binding Kd’s 

ranging from ~5 to > 100 μM depending on the conditions. 

 

The anisotropy change due to binding can be understood by adding a substrate-binding 

model to the anisotropy equation.  The best fit the data was found using a cooperate 

binding (Hill equation) which given of the complexity of GDH is no surprise (two 

NADH binding sites, one of which is thought to be regulatory). 
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Where the constants α, β, and ε are obtained experimentally: 

min
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r vitrified b

r vitrified

F F
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P P

 

minrFP  and minrF  are the fluorescence values for the lowest anisotropy state (free 

NADH) and  vitrifiedFP  and vitrifiedF  are the fluorescence values for immobilized 

fluorophore (r max).  σ and σb are the two-photon action cross-sections for free and 

bound NADH.  An action cross-section is the product of the two-photon absorption 

cross-section and the quantum yield for fluorescence. The difference between σ and σb 

lies in the change (increase) in the quantum yield of the bound form.  ε is the brightness 

enhancement due to binding.  Using values 0f 1.01, 1.76 and 2.5, for α, β, and ε 

respectively, the anisotropy data in figure A above was fit this model and returned a Kd 

value of ~150 µM.  Note that one advantage of using anisotropy to probe the bound vs 

free state of NADH is that the ratio R is independent of both laser intensity (I) and 

NADH concentration.     

 

Oxidative damage test and glutathione staining 

MDA-MB-231cells were plated the day before the experiment on gridded coverslip 
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bottom dishes (µ-Dish-35 mm, high Grid-500, ibidi USA, Inc. Fitchburg, Wisconsin) 

and incubated for 1 hour in 1 mM BioGEE (Glutathione Ethyl Ester, Biotin Amide 

G36000, ThermoFisher, Inc). Grid squares were irradiated using a 20/0.75 air 

immersion objective lens (Zeiss Fluar) with 20 mW of 730 nm 120 fs pulsed light in the 

sample plane, corresponding to ~2.5 x 1028 photons cm-2 s-1 at the focus.  Irradiation 

times were varied between 4s, 60s, 90s, or 240s. After illumination, the cells were 

permeabilized in “Buffer-S + Triton” (4% PEG 8000, 1mM EGTA, 10 mM PIPES pH 

7.2, 0.2% Triton) for 30s followed by 2x washes in Buffer-S without Triton, 20-minute 

staining with Alexa-647 Streptavidin, and then a Buffer-S wash (without Triton) and 

fixed in 4% pH adjusted PFA. Grid regions from the irradiation experiments were 

located and then imaged on a Zeiss LSM880 inverted confocal microscope. Images of 

the grid regions were analyzed using the Zeiss Zen software and the pixel histograms 

plotted. 

 

Sample preparation for 2D imaging 

On the day before imaging, cells were rinsed with Phosphate-buffered saline (PBS) and 

trypsinized for cell counts. 35 mm Glass bottom dishes (Matsunami, Osaka, Japan) were 

pre-coated with 30 μg/mL fibronectin and denatured in 140 °C for 1 minute and washed 

with deionized water for 3 times. Cell suspensions were reseeded on glass bottom dishes 

at 10,000 cells per dish. After 24 hours in incubation, cells were stained with organelle 

dye of interest or treated with inhibitors of metabolic activities. After staining, cells 

were taken out and rinsed with DMEM/F12 phenol red free, and HEPES media 3 times 

to remove excess dye before imaging. Media compositions and concentrations of 



 

- 124 - 

different inhibitors were specified in later sections. Reagents were purchased from 

Thermo Fisher Scientific. 

 

Live cell organelle co-staining 

Cells prepared on 2D glass bottom dishes were stained with respective organelle dye 

before imaging. MitoTracker-Red, ERTracker-Red and nile red (Sigma-Aldrich) were 

added at 1uM per sample for 10 min respectively. LysoTracker-Red was added at 

100nM for 2 hours. All stained cells were rinsed with fresh DMEM/F12 phenol red free 

media 3 times to remove excess dye before imaging. Reagents were purchased from 

Thermo Fisher Scientific unless noted differently. 

 

Metabolic perturbation studies 

Cells were seeded on glass bottom dishes as described previously. Imaging media was 

made from Seahorse XF base medium, which is phenol red free, HEPES containing 

DMEM media (Agilent, CA, USA) and supplemented with 10mM glucose and 1mM 

glutamine. After overnight incubation, culture media was replaced with 1ml imaging 

media. Three images were taken at control conditions at 5 min interval and inhibitors 

were added right after the third image acquisition. 2-DG (50mM), NaCN (5mM) and 

BAM15 (10μM) were added at 2x concentration in 1ml to the control dishes respectively. 

Media was mixed gently to make sure of full mixing and images were taken at 5 min 

intervals for 25 min to 80 min as specified in Fig 2. Images were acquired every 5 

minutes for 5 positions per sample. 3 samples were tested per cell line. Reagents were 

purchased from Thermo Fisher Scientific unless noted differently. 



 

- 125 - 

 

Seahorse assay glycolysis stress test and matching comparison for live cell imaging 

MDA-MB231, MCF10A and MCF10CA1A were seeded in 96 well plates provided 

with Seahorse XFe96 bioenergetic analyzer (Agilent) at 30,000 per well. After 24 ours 

incubation, cells were rinsed with pre-warmed and glucose free XF assay media for an 

hour. Cells were subjected to Seahorse XF Glycolysis Stress Test Kit where they were 

treated with glucose (10mM) after 20 min for 25min, oligomycin (1μM) 25 min and 

then followed by 2-DG (50mM) for 25 min respectively. Live output of Extracellular 

acidification rates (ECAR) and oxygen consumption rates (OCR) were analyzed via 

machine and normalized to the amount of DNA per well.  

Cells subjected to glycolysis test for anisotropy comparison were seeded in glass bottom 

dish at 10,000 per dish concentration. After 24 hours of incubation in regular media, 

cells were rinsed and washed with seahorse base media (glucose free) for an hour. Cells 

were imaged at 5 minutes intervals for 20 minutes to obtain anisotropy images. Glucose 

(10mM), oligomycin (1μM) and 2-DG (50mM) were added subsequently. Each 

treatment takes 20 minutes and images were acquired every 5 minutes for 5 positions 

per sample. 3 samples were tested per cell line.  

 

Seahorse assay ATP Rate test 

MDA-MB231, MCF10A and MCF10CA1A were subjected to Seahorse XF ATP Rate 

Assay Kit where they were seeded with glucose (10mM) containing media. Cells were 

treated with oligomycin (1.5μM) 15 min and then followed by Rotenone + Antimycin 

A (Rot/AA)(0.5μM) for 15 min respectively. ECAR, OCR, proton efflux rate (PER) and 
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XF ATP index (mito/cyto) were calculated accordingly to manufacturer’s instructions.  

 

Raman mapping of cells 

Mapping was done using a confocal Raman microscope (alpha300R, WITec, Ulm, 

Germany) with a Diode-Pumped Solid-State laser (532nm) excitation source. The 

Raman scattering cross section was analyzed with a UHTS 600 spectrometer (WITec, 

Ulm Germany) equipped with 300 l/mm grating and high efficiency (QE>90%), back 

illuminated,  CCD camera (look up model number, Andor, UK). Laser power was 

measured with a power meter (S130C, Thor Labs) and set to 63 mW. For each cell type, 

a glass bottom dish containing fixed cells submerged in phosphate buffer was placed on 

a motorized stage for sample positioning and imaged using a 63X water immersion 

objective (Leica, NA = 0.9). The theoretical lateral resolution was ~0.61 λ/NA = 361 

nm. The step size was 1 μm with an integration time of 0.3s per step. 

 

Raman data analysis  

Hyperspectral data (image-graph objects) were analyzed using WITec Project 5.1. Data 

were first spectrally cropped from 328-3770 cm-1. They were then background 

subtracted using the ‘Graph Background Subtraction’ dialog (Tab: Shape, Shape Size: 

500, Keep Border Peaks: unchecked). Peak area images were generated using sum filters 

in the ‘Filter Viewer’. Lipids were captured using the characteristic peak at 2850 cm-1. 

The range was 2825-2855 cm-1 and the background was a constant, anchored to the left 

bound (set to the average intensity of four points surrounding 2825 cm-1 and zero at the 

2855 cm-1). The nuclear/cytoplasm signature (DNA and proteins) was integrated from 
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2928-2988 cm-1, where the background was linear and anchored at both bounds as the 

average of intensity of four points surrounding each range limit. The combination image 

shown in Fig 2c (i) was generated using the Image Combination Dialog. Auto 

thresholding was used for the upper value of the images. The bottom value was set to 

zero (Color Mixing: checked). To generate the spectra shown in Supplementary Fig.2c 

(i), the top 5% of positive valued pixels from the peak area images were extracted and 

averaged. First, peak area images were examined in the ‘Image Histogram and Statistics’ 

dialog. In the Histogram tab, the lower value (Range Start) was set to zero and these 

(negative) pixels were excluded in the Draw Field Mask tab (Clear Out of Range Pixels). 

Next, in the Statistics tab the 95% Level value was identified and used as the new lower 

limit and all pixels below this were similarly excluded. The remaining pixels were 

extracted as a mask. The mask was further multiplied by a manually made cosmic ray 

mask to remove cosmic rays. These remaining pixels were averaged to generate the 

spectra. 

 

Analysis pipeline for anisotropy images 

All image analysis was carried out using a series of four ImageJ macros:  

(1) The first macro creates a series of time-series TIF stacks from multi field-of-view 

XYT Zeiss CZI file data sets. We typically took a five-position tile scan over time (time 

intervals indicated in Fig X).  The channels (S and P polarizations) are separated and 

saved as TIFs, and the sum of the two channel is saved as an intensity image.  

(2) The next macro uses the intensity image to create a set of binary image masks for 

the whole cell outline, the cytosol and the mitochondria. These are saved as 8-bit TIFs.  
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(3) A third macro opens the binary mask files, multiplies them times the S, P and 

intensity images and then calculates the anisotropy using equation 1.1. Results are sent 

to a set of text files (one for each time point) and data from each position is stored. 

(4) The final macro opens the text files from macro 3 and complies the average and 

standard deviation from the 5 fields of view.  

 

Image analysis regime for FLIM 

FLIM imaging of the amino acid crystals was investigated through time-correlated 

single photon counting fluorescence measurements (TCSPC), which were carried out 

using ~120 fs pulses at 800 nm delivered at an 80 MHz repetition rate from a Spectra-

Physics Mai-Tai Ti:S laser equipped with DeepSee dispersion compensation. The Ti:S 

laser was coupled to a Zeiss 880 laser scanning microscope which was used to locate 

and focus on the crystals. Two-photon generated epi-fluorescence was separated from 

the excitation using a 670 nm long pass dichroic filter, which directed the emission to a 

GaAsP photomultiplier tube after passing through a broad blue band-pass filter (BGG22, 

Chroma Technology Corp, VT). The laser power was attenuated using a near infrared 

(NIR) Acousto Optic Modulator (AOM) to keep the photon detection rate to less than 

0.2% of the repetition rate to avoid photon pile-up.  An instrument response function 

(IRF) was acquired using a Z-cut quart crystal and used for fitting the TCSPC data. 

Time-correlated photon counts were acquired using a high-resolution TCSPC module 

(SPC-830, Becker & Hickl GmbH) and fit to a bi-exponential decay curve, convolved 

with the IRF, using the SPCImage software package (Becker & Hickl GmbH). The NaCl 

salt crystals were used as a negative control for the lifetime measurements. The weighed 
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mean lifetime was calculated using the following formula:  

(𝑎1 × 𝜏1) + (𝑎2 × 𝜏2)

(𝑎1 + 𝑎2)
 

 

Illustrations 

Illustrations or schematics were created with Biorender.  

 

Statistical analysis 

Five fields of view (FOV) containing an average of ~10 cells per FOV were imaged at 

5 minute intervals over the course of the assay described above. For each individual 

experiment means ± standard derivation were calculated based on the 5 FOVs. Data was 

presented as an average means over n = 3 experiments per condition, with standard error. 

Intensity values were normalized to the averages of control groups in each experiments 

to minimize artifacts of brightness between different set ups. Microsoft Excel, GraphPad 

Prism, and JMP were used for statistical analysis. Statistical analysis was performed 

using linear mixed model. The model was followed post hoc multiple comparisons to 

look at the differences within cell types and differences of cell type within each 

treatment. Bonferroni correction for multiple comparisons was used. Analysis was in 

according to Cornell Consulting Unit. P < 0.05 was considered statistically significant.  

 

4.7 Supplemental figures 
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Figure S7. Properties of bright granules in MCF10CA1A. a. Effects of 60s excitation 

results in signal bleaching. b. Anisotropy fluoresce signals of both channels after cells 

were fixed with 4% PFA. c. FLIM and anisotropy intensity graph of a MCF10CA1A 

cell. Example of high intensity granules were highlighted with red boxes and the spectra 

against NADH in vitro.10 μm scale for images.  
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Figure S8. Co-staining of lipids with anisotropy intensity images for ADSC undergoing 

adipogenic differentiation. 10 μm scale for images. 

 

 

Figure S9. Anisotropy intensity images of MDA-MB-231 undergoing 2-DG (a) and 

NaCN (b) treatment. 50 μm scale for images. 
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Figure S10. a. Schematics of parallel seahorse and anisotropy measurements. b. 

Fluoresce total intensity images and anisotropy pseudo-color images during testing. 50 

μm scale for images. 
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Figure S11. Plots showing MCF10CA1A fluorescence intensity and anisotropy 

measurements in mitochondria and cytoplasm (a) and whole cell (b) respectively over 

time at 5 min intervals. Color blocks show different duration treatments: beige (no 

glucose), pink (add glucose), lime (oligomycin) and grey (2-DG). 
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Figure S12. Comparisons of parallel seahorse and anisotropy measurements for 

MCF10CA1A. a. Plots showing OCR and ECAR from seahorse glycolysis stress test 

for MCF10A (blue), MDA-MB-231(red) and MCF10CA1A (yellow). Color blocks 

show different duration treatments: beige (no glucose), pink (add glucose), lime 

(oligomycin) and grey (2-DG). 
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CHAPTER 5 

Conclusions 

 

5.1 Summary  

Obesity is a major risk factor for many pathological processes such as breast cancer. 

During obesity, adipose tissue undergoes a multitude of structural changes including 

ECM remodeling and stiffening, derangements of the vasculature which affect nutrient 

transport and eventually metabolic dysfunctions. Those changes are also hallmarks of 

cancer and may prime the tissue to be permissive for cancer progression. My research 

interest has been focused on exploring how obesity-associated ASCs may influence 

breast cancer migration using 3D in vitro systems and advanced imaging tools. I have 

been working on projects with different aims to unveil the underlying mechanisms with 

the hope to identify potential pathways to more effectively target early stage metastasis. 

Three specific questions were proposed and studied in previous chapters: 1) Can 

obesity-associated ASCs directly promote breast cancer cell migration? 2) Can obesity-

associated ECM promote angiogenesis? 3) Can we develop an imaging based method 

to capture metabolic changes during live cell migration? A summary of corresponding 

chapters for those questions are listed below.  

 

Obesity-associated adipose stromal cells promote breast cancer cell invasion 

through direct cell contact and ECM remodeling 

Obesity is associated with increased interstitial fibrosis mediated by myofibroblast-like 

ASCs. However, their role in mediating breast cancer cell progression remains unclear. 



 

- 136 - 

We isolated ASCs from wild type (lean) and ob/ob (genetic obese) mice as well as 

human adipose tissue. We generated multicellular spheroids composed of MCF10A-

derived tumor cell lines of varying malignant potential and lean or obese ASCs; those 

spheroids were then embedded into collagen scaffolds, mimicking the elastic moduli of 

interstitial breast adipose tissue. Coupled with high-resolution confocal microscopy, our 

results suggest tumor cells alone migrate insignificantly under these conditions. Direct 

cell-cell contact with either lean or obese ASCs enables them to migrate collectively, 

whereby obese ASCs activate tumor cell migration more effectively than their lean 

counterparts. MMP-dependent proteolytic activity significantly contributed to ASC-

mediated tumor cell invasion and collagen deformation. In collaboration with Dr. 

Steven Adie’s group at Cornell University, we developed a novel TF-OCM technique 

to track the local matrix deformation dynamics during cell invasion, which is related to 

cellular contractility. We discovered that obesity ASCs demonstrated greater levels of 

local fiber deformation than lean ASCs, and we showed ASC contractility was also 

important, as co-inhibition of both MMPs and contractility was necessary to completely 

abrogate ASC-mediated tumor cell migration. Results from these studies provide 

insights into the role of ASCs in promoting tumor cell invasion into adipose tissue and 

contribute to a better understanding of the obesity-breast cancer connection.  

 

Assessing the role of obesity-associated ECM remodeling on endothelial cell 

behavior 

We analyzed histological samples of murine mammary adipose tissues and showed that 

obesity correlates with increased blood vessel density. Furthermore, blood vessels were 
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co-located with collagen- and ASC-rich interstitial areas, suggesting a potential link to 

ECM and altered EC behaviors. We utilized a 3D collagen gel where HUVECs were 

co-cultured with lean vs ob ASCs isolated from mice. HUVECs invaded more in the 

presence of obese vs. lean ASCs and significantly more after ASC decellularization, 

suggesting an ASC-dependent ECM remodeling role in this process. Micropatterned 

pillar microwells were designed to study how curvature may impact angiogenesis. Data 

indicated that ob/ob ASC remodeling increased angiogenic sprouting through ECM 

cues rather than changes in curvature. Inhibition of MMPs with batimastat also revealed 

that increased proteolytic formation of guidance cues by obese vs. lean ASCs may 

contribute to increased 3D HUVEC sprouting. Fn deposition was observed along 

degradation pores. When we isolated ASCs-derived ECM between lean and obese ACSs, 

HUVECs proliferated significantly more and secreted different levels of proangiogenic 

factor IL-8, and is linked to altered mechanosignaling. In summary, our data suggested 

that obese ECMs promote the pro-angiogenic behavior of ECs by altering their 

proliferative, secretory, and invasive capacities as compared to lean ECMs.  

 

Assessing cellular metabolic state by NADH fluorescence anisotropy imaging 

Metastasis involves tumor cell invasion into the surrounding host tissue and is 

accompanied by altered metabolism to satisfy the necessary energetic and biosynthetic 

needs of tumor cells. However, our current understanding of how intrinsic changes of 

tumor cell metabolism affect cancer cell migratory and invasive capabilities remains 

limited. Current methods have limited experimental approaches that allow monitoring 

of tumor cell metabolic dynamics under complex microenvironmental conditions. Most 
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current techniques are performed on cell monolayers and require invasive methods or 

reagents that interfere with basic cell functions. Furthermore, these approaches map 

population averages, which disregard the metabolic heterogeneity of individual cells 

that may play a role in tumor invasion. To address these shortcomings, we collaborated 

with Dr. Warren Zipfel and developed an experimental pipeline to measure the 

metabolic status of individual cells using fluorescence anisotropy of NADH in various 

cell culture formats. We evaluated phototoxicity and cellular stress using anisotropy and 

showed that anisotropy does not interfere with normal cell behaviors and allow 

continuous monitoring of the NADH state of cells over extended time course 

experiments. We screened MCF10 series with known progression: MCF10A (normal 

epithelial cells) and MCF10CA1A (invasive) together with MDA-MB-231 (triple 

negative and metastatic). By performing anisotropy analysis in combination with co-

labeling of different intracellular compartments (mitochondria, endoplasmic reticulum, 

neutral lipid droplets), we were able to differentiate between signals derived from 

NADH-based anisotropy vs. other signals. Interestingly, there are significant anisotropy 

signals coming from neutral lipids that are associated with more aggressive cancer cell 

lines. Furthermore, we have validated this approach by correlating live imaging data 

and Seahorse metabolic flux measurements using the same glycolysis stress test regime. 

Tools developed in this study enable non-invasive and live monitoring of tumor cell 

metabolism with subcellular resolution and will provide novel insights into how 

metabolism is linked to tumor cell invasion.  
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Collectively, these three subchapters provide a better insight into how obesity-

associated changes contribute to early stage tumor cell migration. (Fig 5.1) Obese 

ASCs physically exert traction forces to “pull” cancer strands into the surrounding 

tissues, which is important for the initial phases of metastasis. Obese ASCs can also 

secrete MMPs to remodel the ECM and provide open tracks for cancer cells to migrate 

along or for endothelial cells sprout into. It will be interesting to investigate further 

how the specific biophysical and biochemical interactions between ASCs and other 

local cell populations may influence tumor progression. For examples, immune cells 

such as macrophages play an important role in regulating immune and inflammatory 

responses. Whether or not obese ASCs can differentially influence their behaviors 

compared to their lean counterparts is relatively unknown. Finally, the development of 

anisotropy imaging provides a novel platform that researchers can use to explore the 

dynamic metabolic changes that occur under various physiologically relevant 

conditions and to ultimately probe how metabolism plays a role in cell migration.  
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Figure 5.1. Schematics showing results from thesis and how obesity-associated ASCs 

can modulate cancer cell migration.  
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Measures 

NADH 

dynamics in 
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for traction 

force 

measuremen

ts 
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similar to 

MPM 

- Only used 

for 2D cell 

culture in 
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<1 μm <1 μm <1 μm <1 μm Less than 
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10 μm 
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marker 
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Yes  Yes No (potentially 
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post-

processing) 

Yes  No (can 

differentiate 

cell vs 

collagen 

fiber without 
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Phototo

xicity 
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be careful for 

long term 

imaging  

Less 

compared to 

confocal 

Some Less 
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FLIM) 

Low 

Visualiz

ation of 

data 

during 
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on 

Yes Yes No 

Intensity 

images and 

lifetime values 

needs to be 

analyzed 

afterwards 

Yes for 

intensity 

images.  

Anisotropy 

values needs 

to be analyzed 

afterwards 

Requires 

computation

al 

processing 

Acquisit

ion 

speed 

Milliseconds 

to seconds 

Milliseconds 

to seconds 

1-4 minutes Seconds Seconds to 

minutes 

Table 5.1. Comparison of imaging techniques used in this thesis. MPM multiphoton 

microscopy. FLIM Fluorescence lifetime imaging microscopy. TF-OCM traction force 

optical coherence microscopy. 

 

5.2 Future directions 
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The development of 3D in vitro platforms coupled with advanced imaging tools in my 

PhD work enabled us to delineate specific cell-cell and cell-ECM interactions that may 

contribute to tumor progression in the context of obesity. Obesity-associated 

microenvironmental changes in ECM remodeling can facilitate cancer cell migration 

and pro-angiogenic behaviors of ECs. In addition, ASCs can also exert forces onto 

cancer cells to promote their collective cell migration. The tool development and 

observations also open up revenues that future researchers can explore. I listed some 

suggestions in the following sections.  

 

Mechanisms underlying collective cell migration  

In chapter 2, collective ASC-cancer invasion was observed. It should be noted that the 

F-actin staining showed coherent connections between ASCs and cancer cells at the 

leading front. As ASCs adhere to and pull on the ECM during cell migration, the traction 

force field was observed with TF-OCM but the exact cell-ECM link is unknown. Study 

from 35 demonstrated a heterogeneous E/N cadherin membrane anchorage that allow 

CAFs to migrate together with cancer cells. In their study, CAFs were transfected to 

express N cadherin while cancer cells express E cadherin. Due to the fact that ASCs 

undergo senescence within 5 passages, it is not ideal to transfect those primary cells. I 

have attempted to IF stain samples after fixations, either in form of embedded histology 

sections or a whole collagen scaffold with tissue clearing. Evidence for such junctions 

could not be substantiated in our settings. While this could due to antibody or staining 

artifacts other groups similarly reported challenges with validating this link. It is worth 

exploring further what junctions or connections may be responsible for the collective 
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cell migration in our studies, at the front end of ASC-ECM or ASC-cancer. One possible 

approach is to perform laser micro-dissection to isolate the regions of interest and 

perform sequencing analysis to define potential molecular targets.  

 

Another angle that is worth exploring is the reciprocal soluble factors that are exchanged 

between ASCs and cancer cells during invasion. CM from ASCs didn’t promote cancer 

invasion while CM from cancer cells promoted obese ASC migration compared to 

control. It is worth analyzing the detailed soluble contents to assess what secretome 

drives these reciprocal responses. Cancer migration is an ecological challenge that is 

often associated with dynamic changes. It is important to understand the different 

switches that modulate cancer as well as tissue resident cells in this process. In 

comparison to cancer cells that are characterized by unstable genomic profiles, genetic 

changes of resident cells in the tumor microenvironment are rare and may be a useful 

target for therapeutic treatments to slow down or stop cancer migration during 

metastasis.  

 

Functional blood vessels 

The studies in chapter 3 showed an interesting phenomenon that in 3D decellularized 

ECM ASCs promote angiogenic behaviors of EC. However, the observations are related 

to short term morphological changes, which do not fully represent the characteristics of 

functional vessels such as transport characteristics and/or association with vessel-

stabilizing cells such as pericytes. Microfluidic devices can be developed to mimic 

blood vessel network formation by integration of secondary cell types and fluid flow. 
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To test a potential obesity-mediated change in vessel functionality fluorescence beads 

or dextran can be used to probe leakage through the endothelial barrier. It is worth 

testing the ASC-endothelial co-cultures in those more complex platforms and evaluate 

the roles of ASC-mediated ECM remodeling on different stages of angiogenesis. 

Spheroids models and potentially microfluidic platforms could be combined in future 

studies to monitor the behaviors of ASCs in mediating tumor migration and whether or 

not this may lead to intravasation into blood vessels, which is an ultimate step necessary 

for cancer metastasis.  

 

Another consideration is that in human tissues, ECM is a rich reservoir for different 

molecules. It is worth dissecting out the biochemical and mechanical cues from tissue 

architecture as well as ECM sequestered biochemical factors. How do those open tracks 

left behind by ASCs mediate long term guidance or promote effects on EC behaviors? 

Proteomics analysis of ECM components may provide insights into this question.  

 

Live metabolite alterations during dynamic cell invasion 

In chapter 4, the anisotropy methods have been applied to look at the NADH changes 

with different metabolic inhibitors. When multiple inhibitors were used (such as the 

glycolysis stress test), the trends of NADH dynamics are becoming more and more 

complex. One potential approach is to combine experimental data from different 

metabolic measurements with computational modeling of metabolite flux balance. This 

will help provide a more comprehensive picture to better understand exactly how 

NADH can be correlated with changes in metabolism.  
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We only focused on mitochondrial and cytosolic NADH fluctuations in our studies. One 

interesting observation is a transient “lighting up” of the nuclear regions when cells 

receive glucose after starvation. There were also activities of NADH in nuclei that may 

be linked to different signaling pathways and perhaps worth analyzing the signals 

separately as well.  

 

One challenge, but also a future opportunity are the observed lipid signatures in cancer 

cells with more malignant potential. Those more malignant cells are also more 

glycolytic. In collagen, lipid droplets were also observed to be concentrated at the 

leading front of the MCF10CA1A spheroid invasion. Could this redistribution 

contribute to cell invasion by providing metabolic fuel to the tumor cells? Is enrichment 

of the lipid droplets in more malignant cancer cells linked to glycolysis? What are the 

different lipid profiles in those malignant cells? Those are all interesting questions that 

can be pursued further.  
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APPENDIX A 

Assessing ECM stiffness using atomic force microscopy 

 

4.1 Contributors  

Dr. Siyoung Choi and I set up and performed experimental measurements together. I 

prepared the ECM from WT and ob/ob ASCs. Dr. Claudia Fischbach provided guidance 

for the design of experiments and writing of this chapter.  

 

4.2 Methods and results 

To compare the mechanical properties of adipose tissue ECM in vitro, we used ECM 

deposited by ASCs from wild type (WT) and genetically obese (ob/ob, leptin deficient) 

mice to recapitulate lean and obese ECM conditions. To assess the physical properties 

of these matrices, atomic force microscopy (AFM) was used to quantify matrix stiffness. 

Using an AFM setup coupled with a fluorescence microscope (Asylum-MFP3D-Bio-

AFM-SPM), ECM can be stained and visualized to correlate with the stiffness values 

measured at each point (near the tips of the probe). 

 

The complete protocols for ECM deposition and decellularization was described in 

chapter 3. In brief, ASCs were seeded on tissue culture treated plastic coverslips at an 

initial concentration of 10k per coverslip for 10 days. Following a decellularization 

protocol, ECM from lean and obese ASCs were reserved on coverslips for further 

analysis. ECM was immunostained for fibronectin (Fn) prior to AFM measurements. 

(Fig A.1a) Note that the ECM was not fixed before analysis as crosslinking could 
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change the matrix stiffness. The coverslips coated with ECM were immersed in PBS 

while measurements were taken.  

 

The AFM protocol was developed based on a publication from Boris Hinz’s lab 203 

and adapted for decellularized ECM measurements. The AFM instrument was coupled 

with a scanning probe microscope on an Olympus IX-71 inverted optical microscope 

platform (Asylum MFP-3D-BIO, Oxford Instruments, Abingdon, UK). A spherical 

cantilever made of a borosilicate glass particle (5μm) on silicon nitride (SiN) and with 

a spring constant of 0.06 N/m was used. (Novascan, Ames, IA) The tip of cantilever 

was moved across regions of interest on the ECM. Once a target region was selected, 

the tip was lowered to the surface of the ECM and the cantilever deflection was 

measured after applying a known deformation in contact mode. Using the spring 

constant of cantilever, forces applied can be calculated from deflection curves. ECM 

stiffness was then measured based on a standard Hertz model. 204 In addition to force 

measurements, the location of the tip was captured by the microscope and ECM (Fn) 

staining intensity was measured for correlative analysis. (Fig A.1b-c) Two samples 

from WT and ob/ob ASC-derived ECM were measured and at least four regions were 

selected per sample.  

 

There was a large degree of heterogeneity with stiffness measurements of the ECM, 

especially for the ob/ob samples (sample 1 and 2 were plotted separately). (Fig A.1b). 

Interestingly, the intensity profile of Fn did not have a positive correlation with 

stiffness (Fig A.1c). One possible explanation for this variability is the native 
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heterogeneity of ECM stiffness properties, which is well established in the literature. 

205 Another limitation is the use of the Hertz model for force conversion. It should be 

noted that the Hertz model, although widely used for AFM measurements, assumes a 

material with infinite thickness and homogeneous, linearly elastic surfaces. 204 This is 

not true for ASC-derived ECM, which consists of collagen and is viscoelastic. The 

thickness is not indefinite and is usually on the order of 10μm. Moving forward, a 

better model for force conversion should be used to more accurately reflect the 

mechanical properties of ECM for comparison. Future studies can also screen larger 

field of views across the ECM using the system to better understand the full landscape 

of biophysical properties of lean and obese ECM.  
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Figure A1. a. Schematics showing the AFM setup for imaging and measuring ECM 

deposited by WT and ob/ob ASCs. b. AFM measurements of ECM stiffness. Selected 

data points were linked with corresponding images of Fn on the stiffness graph. c. 

Correlation between stiffness from AFM measurements and ECM Fn intensity. 

Representative Fn image showing the regions analyzed for intensity measurements 

near cantilever tip (yellow circle).  
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