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The Impact of Stromal Cells on the Metabolism of Ovarian Cancer Cells in 3D 
Culture 

Emily Seton Pyne 
 

 ACADEMIC ABSTRACT 
 

Ovarian cancer is the leading cause of death among female gynecologic cancers.  Current 

treatments include surgical debulking, and chemotherapy. However, better interventions 

are needed to reduce the mortality rate of metastatic disease. Ovarian cancer cells have 

displayed the ability to aggregate and form 3D homogeneous and heterogeneous 

spheroids, which can function as micrometastases. Ovarian cancer spheroids survive 

independently prior to adhering to an endothelial tissue. Since aggregation has been 

shown to provide a survival advantage to the spheroids and increased their aggressive 

phenotype, this study aimed to investigate how the metabolism of ovarian cancer cells 

change in 3-dimensional (3D) culture.  Examining metabolic pathways and identifying 

markers of metabolic change could provide the scientific base for new, targeted 

interventions for this disease. Spheroids of both homogeneous and heterogeneous 

composition demonstrated overall lower metabolic capacity than their adherent 

counterparts. Spheroids had a lower basal energetic demand than adherent cells, 

paralleled by lower maximal respiration capacity, glycolytic capacity, and spare 

respiratory capacity. We conclude that the lower energetic demand of spheroids may be a 

mechanism to prolong death by reserving energy and metabolic cellular processes; this 

may render anti-metabolic drug treatment with AICAR or metformin ineffective against 

disseminating ovarian cancer aggregates.  

 
 



	 	

	

The Impact of Stromal Cells on the Metabolism of Ovarian Cancer Cells in 3D 
Culture 

Emily Seton Pyne 
 

 GENERAL ABSTRACT 
 

Ovarian cancer is currently the leading cause of death among female gynecologic cancers. While 

treatments exist, better interventions are needed to reduce the mortality rate in this form of 

cancer. Ovarian cancer cells have displayed the ability to aggregate and form 3D homogeneous 

and heterogeneous spheroids, which can function as micrometastases. Ovarian cancer spheroids 

survive independently prior to adhering to an endothelial tissue. Since aggregation has been 

shown to provide a survival advantage to the spheroids and increased their aggressive phenotype, 

this study aims to investigate how the metabolism of ovarian cancer cells change in 3-

dimensional (3D) culture.  Examining metabolic pathways and identifying markers of metabolic 

change could provide the scientific base for new, targeted interventions for this disease. 
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I.  INTRODUCTION 
	
 Cancer is a family of diseases affecting metazoans that results from an accumulation of 

genomic alterations. Cells of this disease are all marked by characteristics such as sustained, self-

sufficient growth and evasion of apoptosis. In order to support this high rate of reproduction, 

cancer cells exhibit the ability to deregulate normal energetic processes. This also allows them to 

survive in environments where non-transformed cells could not. Otto Warburg first identified 

this phenomenon and located its origin: a glycolytic shift, dubbed “the Warburg Effect” for its 

discoverer. Warburg observed that cancer cells increase glycolysis and eliminate the excess 

carbons in the form of lactate.  

 In the case of ovarian cancer, studies have begun to identify the time at which metabolic 

shifts occur in the progression of the disease. However, most of the metabolic changes identified 

occurred in late stage cells meaning that they would not serve as a marker of early stage cancer, 

and thus are not a good method of early detection. In addition, ovarian cancer is usually 

diagnosed in later stages, which significantly affects prognosis. Therefore it would be 

advantageous to identify novel metabolic targets during the progression of the disease for better 

treatments.  

 Previous studies on the metabolism of ovarian cancer were also largely conducted in 

adherent monolayer environments which fail to address one of the unique aspects of ovarian 

cancer: its method of dissemination throughout the peritoneal cavity. Initially, cells are exfoliated 

from the ovaries and spread into the peritoneal cavity, facilitating their spread to other areas of 

the body. These cancer cells can aggregate and form homogeneous or heterogeneous 

multicellular spheroids. Spheroids can further spread throughout the abdomen via peritoneal 

serous fluid flow and eventually attach to tissues to initiate metastatic outgrowths.  
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 The goal of this project is to investigate the metabolism of ovarian cancer cells, 

specifically during the aggregation into both homogeneous and heterogeneous spheroids. We 

hypothesize that an altered metabolism may contribute to the increased metastatic potential, 

survival, and aggressive outgrowth observed in spheroids. A better understanding of the 

bioenergetics of ovarian cancer spheroids could identify novel targets for treatment for metastatic 

ovarian cancer. 
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II:  REVIEW OF LITERATURE 

Background 

Ovarian cancer is diagnosed in about 20,000 women in the United States each year and 

causes more deaths than any other cancer of the female reproductive system.  Treatments can be 

effective when the disease is detected in early stages. However, there currently is a lack of 

effective early detection methods. Thus, this cancer is generally found at later stages. As 

expected, later detection contributes to a low survival rate past 5 years in remission, at less than 

50 percent.1,2 Furthermore, the current standard of treatment is largely restricted to surgery and 

chemotherapy, both of which are either invasive or toxic with the potential for further harm and 

complications.3 Ovarian cancer is very heterogeneous in genetics, histology, and origin. The 

most common form, serous ovarian cancer, originates in the surface epithelium of the ovaries or 

fallopian tubes. It is also the most deadly form of the disease.4,5  

One possible barrier to both early detection and more effective treatments for this disease is 

the altered metabolic phenotype seen in cancer cells, which makes them adaptive in a dynamic 

microenvironment and, thus, better able to survive changing conditions. This phenomenon is 

now included in the hallmarks of cancer, generally referred to as “deregulation of cellular 

energetics”.  One form of energetic deregulation in cancer cells is known as the “Warburg 

effect”, labeled as such for its discovery by Otto Warburg, who observed a glycolytic shift in 

cancer cells.  He found an increase in glucose uptake as well as lactate secretion and production 

in the cancer cells. He concluded that cancer cells must have impaired mitochondria and use 

aerobic glycolysis as the primary source of ATP synthesis, rather than oxidative 

phosphorylation.6,7 However, later research found that most tumor cells with fully functional 

mitochondria can still exhibit the Warburg effect, indicating that the impaired mitochondria 
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hypothesis may not hold true in all cancers.8 Sidney Weinhouse proposed that the increase in 

lactate excretion occurred simply because the glycolytic flux is too high to sustain oxidative 

phosphorylation.9 Since Weinhouse first postulated that mitochondria are not impaired in cancer 

cells, subsequent research has confirmed his theory.10,11 

 In order to study metabolic changes that occur during the progression of ovarian cancer, 

this project uses cell lines that model the stages of the disease. By using serial passaging of 

primary murine ovarian surface epithelial cells to induce spontaneous immortalization and 

transformation, a line of genetically and phenotypically distinct ovarian cancer cells were 

captured. This model, known as the mouse ovarian surface epithelial (MOSE) cell model, has 

been thoroughly characterized at early, intermediate, and late stages, representing a spectrum of 

the disease from benign to highly aggressive. A model such as this does not exist for the human 

disease and is valuable for comparing stages of the disease to understand how it progresses. 

These cells exhibit increased growth rate and the ability to form spheroids as they progress. Such 

changes in the cells are accompanied by changes in gene expression and dysregulation of cellular 

architecture.12,13 The tumorigenic late stage cells (MOSE-L) have changes in substrate utilization 

and mitochondrial function as compared to the early and intermediate stages (Figure 1).14  
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Figure 1. Oxidative Capacity Rate is 
reduced in a step-wise manner during 
MOSE cell progression. (A) Image of 
representative experiment where A is 
oligomycin treatment, B is FCCP 
treatment and C is rotenone treatment, 
measured over approx. 2 h; (B) 
Change over base-line in oxygen 
consumption rate (OCR) after FCCP 
treatment, which causes uncoupling of 
mitochondria; (C) ATP synthesis rate 
as calculated by the difference 
between basal OCR and oligomycin-
blocked OCR. The MOSE model 
progression is accompanied by 
changes in mitochondrial function as 
seen by changes in oxygen 
consumption rate. Image from 
Anderson et al.14 

 

To further investigate the high rate of relapse that occurs in ovarian cancer after initial 

debulking surgery and chemotherapy, this study uses a variant cell population derived from the 

MOSE-L cells by in vivo passaging with tumor-initiating properties (TICs).15 In cancer, TICs 

within a tissue are distinctly different from the benign and malignant cell population in a tissue 

and exhibit a unique phenotype.16,17 Importantly, it has been found that platinum-resistant 

ovarian tumors often harbor populations of these TICs or other stem cells. This suggests that 

TICs may be responsible, at least in part, for recurrent forms of the disease. 18 By using in vivo 

passaging of MOSE-L cells they were enriched for tumor-initiating cells and harvested from 

ascites to produce a cell culture line of highly aggressive TIC variants with increased 

tumorigenicity, referred to hereafter as MOSE-LTICv (murine ovarian surface epithelial-late 

tumor-initiating cell variant). These variants require only 104 cells to induce lethal disease in 23 

days, where as their parent population of MOSE-L cells need 1-5 x 106 cells implanted in a 
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mouse to induce death, taking 8-10 weeks. The MOSE-LTICvs therefore model fast-developing 

disease.  

A previous study characterized the metabolic phenotype of the MOSE-LTICvs and found 

that indeed in parallel with the increased growth rate and invasive nature of these cells, they also 

exhibited a phenotypically distinct metabolic profile compared to the MOSE-L cells they were 

derived from (Figure 2). The MOSE-LTICvs were more glycolytic than both MOSE-E and 

MOSE-L cells and also demonstrated a higher maximal respiration when uncoupled, indicating 

an overall more flexible metabolism compared to the MOSE-L cells which strictly exhibit the 

classic Warburg effect.19  

Figure 2. FCCP-stimulated oxygen consumption rate, which represents maximal respiration of 
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the uncoupled mitochondria, is increased in the TICs. Maximal respiration was measured following 
administration of carbonylcyanide-p-trifluoromethoxyphenyl hydrazone (FCCP). (A) Image of a 
representative experiment measured over 2 h with normalization to baseline; and (B) change over baseline 
in OCR after FCCP treatment. The TICs have a maximal respiration comparable to the early cells and 
significantly higher than the lates. Image from Anderson et al.19 

The MOSE-LTICv cells also exhibit the ability to form spheroids in non-adherent culture 

conditions. In ovarian cancer, spheroids are the result of cellular exfoliation into the peritoneal 

cavity where cells aggregate and eventually attach to tissues, initiating metastasis. In other 

cancers, dissemination is often hematogeneous or lymphogeneous. In ovarian cancer, however, 

cells can spread via the bulk flow of peritoneal serous fluid, which, importantly, can also serve as 

a reservoir for cells and molecules that promote growth, angiogenesis, adhesion, and invasion.4,20 

The stromal cells in the ascites are often components of the stromal vascular fraction of white 

adipose tissue, recruited into the peritoneal cavity by tumor or other cells using 

chemoattractants.21,22 Thus, these homogeneous or heterogeneous spheroids essentially function 

as micrometastases and they have also demonstrated increased rates of survival.23  

The MOSE model also expresses many fallopian markers commonly found on the 

epithelium such as N-cadherin and the Mullerian inhibitory substance receptor II (MISRII). This 

indicates that it can serve as a model for the most deadly form of the disease, serous ovarian 

cancer, which is thought to originate on the epithelium of the fallopian tubes in many cases.4,5 

Given that spheroids play a crucial role in the progression of ovarian cancer, understanding more 

about serous ovarian carcinoma spheroids and how they survive is critical for developing 

improved treatments. This project aims to examine the metabolic nature of homogeneous and 

heterogeneous ovarian cancer spheroids comprised of MOSE-LTICvs and stromal cells to identify 

potential targets for treatment.  
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Ovarian cancer spheroids  

 One of the main challenges that exists in treating ovarian cancer is that the current 

chemotherapeutic regimens often produce positive initial results but are unable to achieve 

sustained remission. This is largely attributed to the unique dissemination of cells where they 

locally invade pelvic and abdominal organs, rather than traveling through vasculature or the 

lymph.25 The malignant cells that are shed from the ovaries often aggregate and form spheroid-

like structures which are proving to be better able to survive independent of a tissue, to initiate 

metastasis, and to resist chemotherapeutic treatments.26-28 This process is outlined in figure 3, 

where primary cells can be seen exfoliating from the ovary and aggregating, and eventually 

attaching to secondary sites.  

 

Figure 3. Progression of epithelial ovarian cancer.  Ovarian epithelial cells become malignant, form 
primary tumors on the ovaries, and undergo the epithelial-mesenchymal transition.  Through exfoliation 
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processes, cells are sloughed off into the ascites fluid where they can aggregate and eventually engraft 
onto the surface of local organs in the pelvic area and abdomen.  This process is impacted by numerous 
microenvironmental regulators.  Image from Ahmed et al.29 
 
 The current standard of treatment for ovarian cancer is cytoreductive surgery followed by 

chemotherapy, most often a combination of a platinum-based chemotherapy, such as cisplatin or 

carboplatin, with a taxane, such as paclitaxel or docetaxel.30,31 This regimen involves systemic 

administration to the patient. Given that these compounds target key steps in cell division, other 

proliferating cell populations in the body are affected as well. This treatment can elicit a 

significant response rate in most patients but recurrence of the disease is very common. It is 

thought that small pockets of malignant cells, or perhaps spheroids, may be the cause of 

recurrent disease. If spheroids are capable of protecting cells from chemotherapeutic compounds 

or other causes of cell death, it is of paramount importance to understand how they achieve this. 

It is expected that an altered regulation of energetics would contribute to the spheroids ability to 

evade death and could provide insight into ways to target spheroids, with the hope of reducing 

rates of recurrent disease.  

Ovarian cancer mitochondria 

Contrary to the original conclusions of Warburg, ovarian cancer mitochondria work 

properly. The Krebs cycle and the electron transport chain are both fully functional, which is 

important to consider given the observation that a glycolytic shift still occurs. In fact, in studies 

where ovarian cancer tissue was perfused and levels of oxygen consumption and lactate were 

measured, as much as 90 percent of ATP needs were generated by oxidative phosphorylation.32,33 

Furthermore, in mitochondria isolated from human ovarian cancer tissues the specific activities 

of key mitochondrial enzymes, mitochondrial membrane potential, ATP biosynthesis, and 

oxygen consumption rate were all found to be comparable to isolated mitochondria from mouse 

livers.34  
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However, there are differences in mitochondria of ovarian cancer cells versus normal 

cells and these differences may lead to important knowledge about the metabolism of ovarian 

cancer cells. For example, some studies suggest that there is an increased accumulation of ROS 

(reactive oxygen species) due to a higher membrane potential observed in mitochondria of 

ovarian cancer cells.35 This accumulation can enhance the progression of ovarian cancer.36 ROS 

has been shown to degrade MAP kinase phosphatase 3 which in turn leads to a constitutively 

active ERK 1/2 signaling. This is alarming because the ERK signaling pathway has been shown 

to support tumor progression.36 Additionally, a study on cisplatin-resistant ovarian cancer cells 

(cisplatin being a commonly used chemotherapeutic agent) found altered morphology in the 

mitochondrial cristae, and in some mitochondria no cristae were present at all.37 The absence of 

proper cristae formation can actually cause an increase in ROS, membrane potential, and 

metabolic flux.38 This observation may prove to be a further reason explaining ROS 

accumulation and potentiation of the disease.   

Specifically in the MOSE model, our lab has demonstrated that there are changes in 

organization of the mitochondria and in membrane potential.19 In Figure 3, MOSE-E, MOSE-L, 

and TIC cells (MOSE-LTICv) were stained with JC-1 to visualize mitochondria membrane 

potential. The early cells exhibit a more organized network of mitochondria throughout the cell 

whereas in the MOSE-L and MOSE-LTICv the mitochondria appear rounder and less organized. 

Furthermore, the mitochondrial membrane potential, which is associated with the capacity of 

cells to generate ATP, appeared different in the early, late, and TIC cell populations. 

Hyperpolarized mitochondria were visible in MOSE-E, but only at about 10% in MOSE-L and 

none in the MOSE-LTICv. However, given that hydrogen peroxide can quench JC-1 emission, 

mitosox staining was used to visualize superoxides living in each population and indeed there 
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was a high intensity (the highest of the 3) found in the MOSE-LTICv.39 This indicates that the lack 

of JC-1 emission in the TICs may be due to quenching of the dye by reactive oxygen species 

rather than a depolarized mitochondrial membrane. This was confirmed by staining with 

mitotracker Green and TMRE, both of which label active mitochondria regardless of membrane 

potential and are not sensitive to hydrogen peroxide quenching. Flow cytometric analyses indeed 

revealed that the MOSE-L and TICs have active, highly polarized mitochondria (Figure 4B).19 
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Figure 4. Changes in mitochondria organization and membrane potential among MOSE-E, MOSE-L, and 
TICs. (A) Live-cell staining of cells with fluorescent mitochondria-specific dyes showing mitochondria 
organization and membrane hyperpolarization. (B) Changes in geometric mean fluorescence after 
mitotracker green and TMRE staining. MOSE-L and MOSE-LTICv have viable, polarized mitochondria. 
Image from Anderson et al.19 
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Another notable observation regarding the MOSE-LTICv mitochondria is their apparent 

ability to transfer these organelles from cell to cell. In figure 5 mitotracker red staining reveals 

mitochondria that are in between cells rather than in the cytoplasmic networks surrounding the 

nuclei. It is unclear which direction the mitochondria are traveling. However, in a study 

conducted in pheochromocytoma cells, researchers found that mitochondria could be passed 

from healthy cells to damaged cells via tunneling nanotubes (TNTs). Cells were damaged with 

UV light and then co-cultured with untreated cells. The untreated cells rescued the UV-treated 

cells, and a unique type of TNT formed between the damaaged and untreated cells. This type of 

TNT was characterized by continuous microtubules localized within and, interestingly, 

mitochondria colocalized with the microbtubules inside the TNTs and moved along them from 

healthy to damaged cells.40 The concept of nanotubular highways used for organelle transport 

among cells has been established, but this insight into a rescue mechanism, using mitochondria, 

for apoptotic cells may be a key factor in understanding how certain cancer cells evade death. 

Indeed it appears that it may be occurring in the MOSE-LTICvs, and they at least have the 

capacity for intracellular mitochondrial transport.41 
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Figure 5. Adherent MOSE-LTICvs stained with Mitrotracker Red CMXROS and DAPI, a nuclear stain. 
Between two cells there are mitochondria being transferred along what is thought to be a nanotube.  

There is limited understanding of the role that mitochondria play in the survival of 

ovarian cancer spheroids. While some research has investigated parameters such as oxygen 

consumption rate and extracellular acidification rate in ovarian cancer cell lines, few studies to 

date have done these measurements in intact spheroids. 25,42 It is important to consider the 

dynamic interactions that may occur among the mitochondrial network in a 3D environment 

versus an adherent one, especially given the unique understanding of mitochondria in cancer 

cells.  

Ovarian cancer cells and interactions with other cell types 

 The conventional understanding of the Warburg effect, that cancer cells exhibit a 

glycolytic shift, fails to acknowledge the cross-talk that occurs between cancer cells and the 

other cell populations in their surrounding environment. Recent evidence has highlighted the 

importance of the cellular heterogeneity of tumor microenvironments specifically in regards to 

the ways that the microenvironment can supply energy metabolites and chemical building blocks 
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needed for sustained growth and proliferation. “Tumor microenvironment” refers to all of the 

non-transformed components of a tumor including blood vessels, adipocytes, fibroblasts, 

immune cells, and the extracellular matrix.43 The evolution of the understanding of the tumor 

microenvironment is depicted in figure 6 where ultimately the theory is that cancer is a complex 

array of interactions among many cell types; targeting those rather than focus on just cancer cells 

may be a superior strategy to suppress cancer-related deaths. We see that a tumor is not 

comprised of only cancer cells, but of a diverse population of other cell types. Thus, 

understanding only the ways that cancer cells behave is null because their behavior is likely 

affected by interactions with all the other surrounding cells. 

 
 
 
A 
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B 

  
Figure 6. (A) Representation of the shift in hypotheses surrounding the Warburg effect and cancer cell 
metabolism. Starting with the traditional view of cancer cell-only, it evolved to include dynamic interplay 
between a variety of components in the tumor microenvironment..44 (B) A depiction of the tumor 
microenvironment, demonstrating the potential for a diverse cell population to constitute one tumor. 
Adapted from Joyce and Pollard, 2009; Koontongkaew, 2013. 45,46 

Endothelial Cells 
 A critical source of survival for tumors is their blood supply, generated by 

angiogenesis.47 Endothelial cells and their progenitor cells are thought to play a role in initiating 

this process. One of the main tumor-promoting mechanisms of endothelial cells is their ability to 

provide nutrients and oxygen for tumor growth through neo-angiogenesis.48 Given that spheroids 

serve as precursors to tumors in many cases, colonizing the sites where metastasis occurs, it 

would be helpful to understand if they too benefit from interactions with endothelial cells found 

in the peritoneal cavity prior to tissue attachment. It is expected that with neo-angiogenic 

signaling already occurring, the rate of successful invasion would be increased.  
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Fibroblasts 
 Fibroblasts in the context of a tumor are known as “cancer-associated fibroblasts”, or 

CAFs. Generally, they are the most abundant subpopulation of cells residing within a tumor 

microenvironment in most forms of cancer. They have the ability to promote numerous, critical 

tumorigenic processes such as cell proliferation, angiogenesis, inflammation, and metastasis.43 In 

ovarian cancer, the majority of CAFs are likely derived from resident fibroblasts rather than from 

differentiation and transition of endothelial and epithelial cells.49 Ovarian cancer cells secrete 

signaling compounds that activate a phenotypic switch in the fibroblasts from quiescent to 

activated, or to “CAF”.50 Secretory factors from activated CAFs, including extracellular matrix 

(ECM) molecules and ECM-modifying enzymes, alter the ECM and likely contribute to changes 

in rigidness; this is important for the ability to form spheroids.51 Less is known about the 

metabolic phenotype of fibroblasts and CAFs, especially in the context of spheroids.  

Stromal vascular fraction  
 With a growing interest in the relationship between obesity and cancer, researchers have 

started to examine the relationship on a molecular level. Aside from the role that adipocytes play 

in providing fuel to cancer cells, the stromal vascular fraction (SVF) is emerging as an important 

factor as well. The SVF is the “junk” of adipose tissue, comprised of various cells in the adipose 

tissue that are not adipocytes, including endothelial cells, adipocyte progenitors (APCs), immune 

cells, fibroblasts, pericytes, hematopoietic progenitor/stem cells (HSCs) and mesenchymal stem 

cells (MSCs).52,53 Recent studies demonstrated that SVF are able to provide a growth advantage 

to tumors.22 This leads to the question of whether they also provide an advantage to spheroids. In 

Figure 7 it is evident that indeed SVF increases the aggressiveness of MOSE-LTICv cells (shown 

as MOSE-L FFL in image) when invading collagen. As expected, this also leads to increased 

proliferation and metastatic potential when the cells are combined.15,54  In figure 7, cancer cells 
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(in green) are combined with SVF cells and the resulting spheroid exhibits significant 

protrusions on the edges. In the overlay image (4th panel on top), the SVF are shown being 

carried into the protrusions with the cancer cells, suggesting that perhaps the spheroid uses 

endothelial cells, stem cells, or other precursors to metastasize.55 These protrusions also appear 

with the addition of MS1 (endothelial) cells (bottom panel C).  

 

 

 

Figure 7. Top: images of outgrowths from MOSE-L FFL and SVF co-cultured spheroids. Bottom: 
Fluorescent images of MOSE-L FFL outgrowth when cultured A) alone, B) with SVF cells, or C) with 
MS1 cells.55 Metastatic outgrowths are visible with the addition of SVF or MS1 cells. Images from Shea 
dissertation.  

Conclusion and Aims  

Ovarian cancer continues to be a deadly threat for the thousands of women diagnosed with 

the disease each year. There is hope for increasing survival rates and reducing rates of recurrent 

disease by gaining a better understanding of the role homogeneous and heterogeneous spheroids 

play in the progression of the disease. A glycolytic shift is indeed a hallmark change seen in 

cancer cells, including ovarian cancer. However, it is not due to dysfunctional mitochondria as 
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was once thought. While the mitochondria may be different, they are highly functional and may 

still be an important contributor to the survival of malignant cells and/or to tumor-initiating cells. 

With preliminary studies providing an understanding of the metabolic changes that accompany 

the progression of ovarian cancer in adherent cultures, more work is needed to understand the 

changes following cancer cell dissemination and formation of spheroids, and to understand the 

role of mitochondrial bioenergetics in metastasis. Further, cancer cells recruit the help of other 

cell types, and this is a crucial aspect of their ability to survive. Through a better understanding 

of those interactions, especially in the context of spheroids, novel targets for treatment may be 

identified that decrease spheroids’ ability to survive and cause recurrent disease.  

Specific Aims 
This study aims to determine how the metabolism of ovarian cancer spheroids differs 

from that of adherent ovarian cancer cells, and whether the addition of stromal cells such as 

endothelial cells, stromal vascular fraction of adipose tissue, and fibroblasts to spheroids causes 

any further metabolic shift or advantage. Further, the goal is to determine if changes in protein 

expression of metabolic markers or mitochondrial organization contribute to any metabolic 

changes observed in spheroids. By characterizing the metabolism of ovarian cancer spheroids 

and their metabolic interactions with other cell types, this project will identify novel targets for 

preventing metastasis and producing targeted treatments of this disease.  

Aim 1 – Develop protocols for ovarian cancer spheroids to assess mitochondrial 

bioenergetics and to image mitochondrial network. 

1A: Develop a protocol for measuring mitochondrial respiration in spheroids using 

a Seahorse XF24 Analyzer.  
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1B: Develop a method to stain spheroids with MitoTracker Red CMXROS dye and 

use confocal imaging to examine the mitochondrial network in homogeneous and 

heterogeneous spheroids. 

Rationale: Spheroid formation has been shown to alter the properties of several cancer cell types. 

This allows the cancer cells, in spheroid form, to survive and metastasize better. An altered 

metabolism may be one of the contributing factors and understanding those changes would be 

advantageous for clinical purposes. The Seahorse Analyzer produces real-time, functional 

measurements that are valuable for examining metabolism. Furthermore, changes in metabolism 

seen in spheroids may be due to alterations in the mitochondrial network. Thus, imaging the 

mitochondria in homogeneous and heterogeneous spheroids may provide insight into differences 

seen in metabolism.  

Aim 2 - Determine changes in metabolism of ovarian cancer cells. 

2A: Determine changes in metabolism of ovarian cancer cells from adherent to 3D 

culture.  

2B: Determine differences in metabolism of homogenous and heterogeneous ovarian 

cancer spheroids 

Rationale: The aggressiveness and metastatic potential of MOSE ovarian cancer cells and TICs 

change both with progression of the disease and in 3D culture. This evidence necessitates an 

understanding of how metabolic changes may contribute to these observations. 

Hypothesis: Spheroids will rely largely on glycolysis for fuel but will demonstrate functional 

mitochondria through oxygen consumption rate in bioenergetics analysis. Additionally, the 

spheroids with stromal cells will exhibit differing levels of oxygen consumption and glycolysis, 

likely relying less on glycolysis and more on utilizing substrates that the stromal cells prefer. 
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Aim 3 - Characterize protein expression profiles of metabolic biomarkers in ovarian cancer 

spheroids.  

Rationale: In characterizing differences between the metabolism of adherent cancer cells, cancer 

cell-only spheroids, and cancer cell plus cargo cell combination spheroids, there is a need for 

elucidating potential underlying mechanisms for the observed differences. The underlying 

mechanisms, such as a change in protein expression, could ultimately serve as a clinical target. 

Targeting the underlying mechanisms of an observed change, rather than the change itself, could 

provide better clinical outcomes.  

Hypothesis: Spheroids will exhibit protein expression profiles unique to each composition. 

Additionally, differences in metabolism between spheroid types will be [partially] explained by 

increased or decreased expression of certain key metabolic proteins.  

 

III.  MATERIALS AND METHODS 

Cell Culture 

MOSE cells were cultured in DMEM (Sigma) supplemented with 5% FBS (Atlanta 

Biologicals). In a previously described method, the cells were classified into the following 

phenotypes: early-benign (MOSE-E), intermediate (MOSE-I), and late-tumorigenic (MOSE-L).12 

For the experiments in this study, MOSE-LTICv cells were used. To obtain MOSE-LTICvs, MOSE-

L cells (1x106 cells) were injected intraperitoneally (IP) into syngeneic C57BL/6 female mice. 

After 8 weeks, tumor cells were harvested from ascites and propagated in cell culture for 4 

passages to eliminate all other cell types. These cells were subsequently transduced with firefly 

luciferase lentiviral particles (GeneCopeia) and transfected with pIRES-EGFP (ClonTech) to 

express the enhanced green fluorescent protein (EGFP).54 Cells were cultured at 37°C in a 
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humidified incubator with 5% CO2.   

 Three classes of other cells were used for the mitochondrial respiration assays, both in 

adherent and combination spheroid forms. These cells represent potential recruits from the 

peritoneal cavity or the SVF from adipose tissue with cancer-mediated differentiation of 

stem/progenitor cells into endothelial or fibroblasts. MILE SVEN 1 (MS1) murine endothelial 

cells obtained from ATCC and murine OP9 fibroblasts (ATCC® CRL-2749™) were cultured in 

DMEM supplemented with 5% FBS and 20% FBS, respectively, in a humidified incubator at a 

temperature of 37°C with 5% CO2. The cells comprising the stromal vascular fraction of white 

adipose tissue (SVF) cells were harvested from female C57BL/6N mice (see below) and frozen 

for storage in liquid nitrogen until time of use. At the time of use, SVF cells were thawed and 

cultured in DMEM supplemented with 5% FBS and allowed to grow to 80% confluence (without 

passaging).  

Animals   

Female C57BL/6N mice (Harlan Laboratories) were housed five per cage in a controlled 

environment for 6.5 months. The environment consisted of a 12 hour light/dark cycle at 21°C 

with unrestricted access to water and food. The diet was a high fat containing 60% kcal from fat 

(lard). At approximately 7 months of age when the average body weight of the mice reached 40g, 

mice were sacrificed by CO2 asphyxiation. All animal procedures were conducted in accordance 

with the guidelines of the Virginia Tech Institutional Animal Care and Usage Committee 

(IACUC). 

Tissue Digestion and Isolation of SVF  

 SVF cells were isolated from the visceral fat pads of white adipose tissue (WAT) of 

female C57BL/6N mice on a high fat (60% of kcal from fat) diet, according to standard 
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protocol.56 In brief, WAT (mostly parametrial) was removed from the mice immediately after 

sacrifice and rinsed in Krebs-Ringer buffer (KRB), minced, and digested in collagenase solution 

(1 mg type IV collagenase, 10 mg BSA, and 2 mM CaCl2 in 1 ml PBS).  The tissue was digested 

for 1 hour in a 37°C water bath and shaken every 5-10 minutes, then centrifuged at 300xg to 

separate the SVF from adipocytes. Oil and primary adipocytes were aspirated and the SVF pellet 

was resuspended in PBS with 1%BSA, then centrifuged again to ensure complete separation 

from adipocytes. The remaining cells were then plated in tissue-culture treated flasks in high 

glucose DMEM supplemented with 5% FBS and ciprofloxacin.  After 24 hours, the medium was 

removed to eliminate dead cells.  Attached cells were washed with PBS and plated in fresh 

medium (DMEM high glucose 5% FBS). Cells were used either directly or in the first passage 

after thawing.   

Spheroid Growth 

 MOSE-LTICv cells were seeded at 100,000 cells per well in 24-well ultralow adherence 

plates, spun for 3 min at 900rpm, and allowed to grow for 24 h at 37°C in a humidified incubator 

with 5% CO2.  At this time, all cells were incorporated in small spheroids.  Spheroids were 

grown in DMEM supplemented with 5% FBS. For heterogeneous spheroids, cells were seeded 

2:1 for MOSE-LTICv:MS1 and MOSE-LTICv:SVF. In MOSE-LTICv:OP9 spheroids cells were 

seeded 4:1. These ratios were chosen to optimize growth of spheroids.   

Mitochondrial Respiration  

Mitochondrial respiration was determined using an XF24 extracellular flux analyzer 

(Seahorse Bioscience) essentially as described by Gerencser et al. for adherent cells with 

modifications for spheroids.57 
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Adherent 
Cells were seeded into XF24 V7 cell culture microplates at a density of 35,000 cells per well for 

MOSE-LTICv controls and 50,000 cells per well for MS1, SVF, and OP9 cells and incubated for 

24 h in replicates of five. Then the medium was changed and the experiments were conducted in 

serum-free, bicarbonate-free medium after 1 h incubation. Cells were loaded into the XF24 and 

experiments consisted of 3-minute mixing, 2-minute wait, and 3-minute measurement cycles. 

Oxygen consumption rate (OCR) was measured under basal conditions in the presence of the 

mitochondrial inhibitors 0.5µmol/L oligomycin (Calbiochem) or 0.25µmol/L rotenone (Sigma), 

or in the presence of the mitochondrial uncoupler, 0.3µmol/L carbonylcyanide-p- 

trifluoromethoxyphenylhydrazone FCCP (Sigma) to assess maximal oxidative capacity. All 

experiments were performed at 37°C.  

Western Blotting 

Homogeneous and heterogeneous spheroids were grown as described above but in 6-well 

ultralow adherence plates at 3 million cells per well.  Protein was extracted after transferring 

spheroids to 15 mL conicals for spins and washing with PBS to ensure removal of all media. 

Approximately 300 microliters of RIPA lysis buffer supplemented with Complete Mini Protease 

Inhibitor Cocktail (Roche) was added for cell lysis. Protein extraction beads (Diagenode’s 

Bioruptor) were used for homogenization. Cells were also grown in adherent conditions in 

homogeneous and heterogeneous conditions and protein was extracted following the same 

method. Equal amounts of proteins were separated using 10% gels, transferred to PVDF 

membrane (Bio-Rad), and blocked with blocking buffer (Rockland). Blots were probed with 

primary antibodies against fatty acid binding protein 4 (FABP4), glutamine:fructose-6-phosphate 

amidotransferase (GFAT1), and pyruvate kinase (PKM2) followed by incubation with the 
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appropriate secondary antibodies. Gamma tubulin was loaded as a housekeeping protein. 

Proteins were visualized and quantitated using the Odyssey Infrared Imaging System (Licor).  

Mitochondrial Staining 

 Spheroids were grown in 6-well ultralow adherent plates at 100,000 cells per well. 

Spheroids were then transferred to a 12-well plate and grown for 6 hours on cover slips. Next 

they were washed 2X with PBS before being incubated for 30 min in 50nM of MitoTracker Red 

CMXRos (Invitrogen) at 37°C in a humidified incubator with 5% CO2. Next the spheroids were 

washed again and fixed with 3% paraformaldehyde for 30 min at room temperature. The 

paraformaldehyde was quenched by incubating the spheroids in 1.5 mg glycine/mL PBS for 10 

min at room temperature. After a final wash with PBS, cover slips were transferred to glass 

slides and placed on a drop of antifade without DAPI (Thermo Fisher Scientific). Confocal 

microscopy was used to image the stained spheroids.  

Statistics 

All data are presented as mean ± SEM. When comparing multiple forms results were 

analyzed with a one-way ANOVA followed by Tukey’s post ad hoc test. For two component 

comparisons data were analyzed using a student’s two-tailed t-test. All results were analyzed by 

Prism (GraphPad). Results were considered significant at p<0.05  

 
	
IV.  RESULTS 
 Previous studies have demonstrated that in line with the Warburg effect, MOSE cells 

increase glycolysis as they progress and exhibit increased proliferation and tumorigenicity.14 

However, it was also shown that MOSE-LTICv cells, which represent a variant population of cells 

that can cause recurrent disease after chemotherapy, exhibit a distinctly different metabolic 
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phenotype from their precursor population of MOSE-L cells. The MOSE-LTICvs had a higher 

glycolytic reserve and ability to increase flux through the glycolytic pathway when oxidative 

phosphorylation was slowed or inhibited. They were also metabolically more flexible than their 

counterparts and were able to significantly increase oxygen consumption rate when their 

mitochondria were uncoupled, and overcome ATP synthase inhibition via oligomycin by 

increasing glycolysis.19 However, it is unknown whether this metabolic phenotype remains when 

MOSE-LTICvs aggregate into homogeneous or heterogeneous spheroids, with stromal cells 

incorporated into the latter. Since the tumor-initiating cell populations contribute to 

recapitulation of fatal disease in women, and spheroids have been shown to increase the survival 

and rate of metastatic success, this study assessed changes in the metabolism of MOSE-LTICv 

cells from adherent to 3D culture and in homogeneous and heterogeneous spheroids with the 

goal of better understanding spheroid survival and identifying novel targets for ovarian cancer.  

Development of mitochondrial bioenergetics analysis protocol for spheroids 

 To investigate the metabolism of ovarian cancer spheroids using real-time, functional 

measurements in a Seahorse XF24 extracellular flux analyzer a method had to be developed to 

effectively and accurately conduct analyses. Neither a protocol nor the specifically manufactured 

plates previously existed for conducting measurements on spheroids in an XF24 analyzer. The 

first trial method aimed to simply transfer spheroids to a standard, Seahorse-manufactured cell 

culture plate and allow them to adhere slightly. Slight adherence would mitigate movement 

during the experiment but would maintain the 3-dimensional structure. In Figure 8A a spheroid 

that has attached to a tissue-cultured plate for 12 hours is shown with an extracellular matrix 

outgrowth surrounding all edges. Initially, spheroids were grown in ultralow adherent 96-well 
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dishes to form uniform, multicellular spheroids. These spheroids were then transferred to a 

tissue-cultured plate using a pipette.  

A      B 

	  

Figure 8. (A) A semi-attached spheroid in a tissue cultured plate. The spheroid was transferred from an 
ultralow adherence plate for growth to the standard Seahorse cell culture plate. Outgrowths onto the plate 
surround the spheroid on all edges. (B) A spheroid that has been damaged by the probe during a run. The 
spheroid is still attached to the plate as evidenced by the outgrowths.  
 
 The main issue that developed with using the standard Seahorse XF24 V7 cell culture 

microplate was that the dimensions of the well did not comfortably accommodate the size of a 

spheroid. During a run, probes are lowered into the well to deliver the inhibitors and take 

measurements of the extracellular flux. An adherent monolayer of cells remains in contact with 

the plastic bottom and does not interfere with this process, but a spheroid, even of small size 

(10,000 cells), could potentially be damaged by the probe (Figure 8B).  

 The next method of approach was to use an alternative plate that was already 

manufactured for an XF24 machine but would potentially better accommodate the spheroids; an 

XF24 islet capture microplate. This plate was originally developed to hold intact pancreatic islets 

and thus had slightly larger dimensions. As pictured in Figure 9, a dip in the bottom of each well 

produces a 3-dimensional space where the probe does not reach.  
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Figure 9. Visualization of islet capture microplate well and interaction with probe during a run. The 
sensor does not reach as close to the bottom of the well as it would in a cell culture plate with an adherent 
monolayer of cells, since pancreatic islets are a tissue, not a monolayer. Image from Seahorse Bioscience. 
 

The islet plate did indeed prove to be a better 3-dimensional environment for the spheroids, 

but the next necessary step was to optimize the injections to elicit accurate measurements of 

uncoupled respiration and mitochondrial inhibition. Firstly, Seahorse Bioscience recommended 

increasing the number of loops for each measurement type in the protocol during a run. A 

standard format is shown in Figure 10, where 3 replicates are taken for each type of 

measurement (basal, inhibition with oligomycin, uncoupling with FCCP, and inhibition with 

rotenone and/or antimycin A). However, a total of 31 measurements was recommended for 

spheroids with 5 at basal, 12 after oligomycin, and 7 after FCCP and rotenone + antimycin A. 

This was to ensure that injection compounds had sufficient time to enter the spheroids and 
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interact. In a monolayer environment the cells immediately come in contact with the inhibitors 

but for spheroids diffusion through a larger, 3-dimensional structure has to occur.  

 
Figure 10. Depiction of a standard Seahorse protocol and the representative measurements taken over 

2 h. Three measurements are taken during each condition. Image from Seahorse Bioscience.  
 
In addition to an increased number of measurements, the optimal injection concentrations 

had to be identified for each injection type as well as optimal spheroid size/cell number. An 

initial run with varying spheroid sizes and number of spheroids per well immediately 

demonstrated that injection concentrations would have to be significantly altered as compared to 

the adherent culture concentrations, since none of the wells exhibited a significant response to 

the compounds (Figure 11). Wells were loaded with either 3 spheroids of 5,000 cells, 1 spheroid 

of 10,000 cells, 3 spheroids of 10,000 cells, 1 spheroid of 20,000 cells, or 1 spheroid of 50,000 

cells, all in replicates of 4. This trial run aimed to investigate whether larger spheroids would 

create sufficient signal and whether clusters of smaller spheroids could respond equally well.  
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Figure 11. Trial experiment with spheroids of varying sizes and varying numbers of spheroids per well. 
In this tracing there is a large amount of standard error for each measurement, and the injections do not 
elicit the intended response from the cells.  
 
 To investigate optimal injection concentrations, spheroids of uniform size/cell number 

were loaded into a plate and varying injection concentrations for one injection type were loaded 

across the injection cartridge. That is, wells in replicates of at least 3 were loaded with constant 

concentrations of 2 injections and varying concentrations of 1 injection, so that the effect of 

concentration of one inhibitor could be isolated. In Figure 12 an example of a run conducted to 

optimize the concentration of oligomycin, the ATP synthase inhibitor, is shown. Concentrations 

of 1 µM and 2.5 µM were used in this case. Little difference was initially observed between the 

two concentrations, but in both cases very few wells on the plate responded and there was a high 

level of variability across the plate (Figure 12B).  
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B 
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Figure 12. Tracings and their corresponding plate views from an experiment to optimize the 
concentration of oligomycin. (A) Response of wells that worked best with all 3 injections and the 
corresponding plate view showing how many wells selected are shown on the graph. (B) The same 
experiment but including all wells on the plate. With all wells included in the tracing, there is a high level 
of variability and poor response to injections.  
 
 Subsequent experiments such as those shown in Figure 12 produced more optimal 

concentrations for each injection type. However, a high level of variability across the plate still 

remained for each run and the signal response, even at basal levels, was poor. This indicated the 

need for larger spheroids (higher cell number) and perhaps a less stress-inducing form of transfer 

from the growth plate to the Seahorse plate.  

 At the start of optimization spheroids were being grown in a 96-well ultralow adherence 

plates that would produce one uniform spheroid in each well. However, these spheroids were 

limited in cell number as the viability of a large spheroid could not be sustained, and, thus, the 

spheroids would die quickly. More so, in order to transfer these spheroids, a 20 µL pipette tip 

was cut and used to draw the spheroid out of the well and be placed into the Seahorse plate; it 

was random where the spheroid would subsequently adhere to the Seahorse plate. This likely 
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contributed to the poor signal seen in many wells as the probe must be directly above the sample 

to get the best measurement.  

 To overcome these obstacles, we used a 24-well ultralow adherence plate to grow the 

spheroids and seeded them at 100,000 cells per well as opposed to the lower seeding number in 

96-well dishes at 50,000 or below. The size of these spheroids are not uniform but instead are a 

cluster of many smaller, viable spheroids of varying, albeit comparable size. These are easier to 

transfer and easier to manipulate once placed in the Seahorse plate, allowing for better placement 

in the well. Indeed, this method elicited a more consistent response across the plate, and the 

injections had their intended effect (Figure 13). This suggested that a cell number of >50,000 

cells is necessary to generate a consistent, reproducibly measurable response, and that large, 

uniform spheroids do not respond because the cells were not viable. Thus, moving forward this 

was the chosen approach. For the final protocol after all the spheroid size, injection 

concentration, and other optimizations were complete, the method, in brief, is as follows:  

Spheroids are grown for 24 hours in a 24-well ultralow adherence dish and transferred to an islet 

capture plate using a transfer pipet. They are incubated in the islet plate overnight (12 h) to allow 

for a slight adherence to the plate. Then the medium is changed to standard Seahorse cell culture 

medium (DMEM, serum-free, bicarbonate-free) and the plate is incubated for 1 h in the Seahorse 

incubator. The plate is loaded into the XF analyzer and experiments consisted of 3-minute 

mixing, 1-minute wait, and 3-minute measurement cycles for the first injection (oligomycin), and 

3-minute mixing, 0-minute wait, and 3-minute measurement cycles for the two subsequent 

inhibitors (FCCP and rotenone + antimycin A). OCR I s measured in the presence of the 

mitochondrial inhibitors 1.0 µmol/L oligomycin (Calbiochem) or 1.0 µmol/L rotenone + 

antimycin A (Sigma), or in the presence of the mitochondrial uncoupler, 3.0 µmol/L 
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carbonylcyanide-p- trifluoromethoxyphenylhydrazone FCCP (Sigma) to assess maximal 

oxidative capacity. This methodology provides a reliable and reproducible technique to 

investigate the mitochondrial bioenergetics of homogeneous and heterogeneous spheroids.  

 

 

 
 
Figure 13. Tracing and corresponding plate view of optimized experiment. Very small standard error is 
seen for each measurement and the expected response to each injection is exhibited. On the plate, there is 
less variation among wells and higher consistency across the plate.  
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Development of mitochondrial staining method in spheroids 

 In order to visualize the mitochondria residing in ovarian cancer spheroids, we developed 

a staining method using MitoTracker Red CMXRos. This dye is red-fluorescent, accumulating in 

active mitochondria. Firstly, we established an optimized concentration and incubation time of 

the dye for staining in adherent MOSE-LTICs. Next, we optimized the method for fixing 

spheroids on a glass cover slip such that they could be imaged using confocal microscopy. 

Spheroids needed to retain 3-dimensional structure and therefore could not be placed between a 

slide and cover slip in mounting medium. This would have resulted in air bubble formation and 

damaged spheroids. Spheroids could not be imaged directly in their growth plate either, as plastic 

obstructs the light path and working distance of the microscope. Given these challenges, we 

attempted to grow spheroids and transfer them to a 25mm circular cover slip, placed in a 12-well 

cell culture dish. In this way, spheroids could adhere slightly allowing for washes, aspiration, etc. 

to be conducted without losing spheroids. More so, spheroids could then sit atop the slip and be 

stained, washed, fixed, and prepared for imaging without further transfers. A Zeiss LSM 880 

confocal laser scanning microscope was used for imaging. This microscope can use inversion to 

image a 3-dimensional sample, therefore the cover slip was placed onto the microscope platform, 

directly above the objective lens.  

 These combined optimizations resulted in a successful method of imaging the 

mitochondria in ovarian cancer spheroids. The resulting method is as follows: 

Spheroids are grown for 24 hours in an ultralow adherence plate. After growth, they are 

transferred to a 25mm circular cover slip in a 12-well cell culture dish. Spheroids are allowed to 

attach for 6 hours and then stained with 150 nM MitoTracker Red CMXRos for 15 min. Then 

they are washed, fixed with paraformaldehyde, and mounting medium containing antifade with 
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DAPI is added to each slip. The plate is covered and cover slips are removed using tweezers 

when ready for imaging.  

 

Cellular metabolism in adherent cells  

 To assess the ability of adherent cells (representing cancer cells in their original location) 

and spheroids (representing exfoliated metastatic cell clusters) to adapt their metabolism to 

varying microenvironmental conditions, we used the Seahorse extracellular flux analyzer to 

measure OCR and glycolysis rate indirectly via extracellular acidification rate (ECAR). First, we 

examined all the cell types individually in their adherent form (Figure 14A). FCCP functions as a 

mitochondrial uncoupler by inducing proton leak through the inner mitochondrial membrane, 

which decreases proton motive force. To compensate, cells increase OCR, providing a measure 

of a cell’s maximal respiration capacity. In Figure 14B, the FCCP-stimulated OCR for the 

MOSE-LTICvs is shown compared to that of the stromal cells to be used in the heterogeneous 

spheroids. MS1 and SVF cells appear to have a slightly higher capacity than MOSE-LTICv; 

however,  this was not statistically significant. In Figure 14C the glycolytic capacity of each cell 

type is pictured, the result of the maximum ECAR reached after the injection of oligomycin. 

Oligomycin effectively shuts down oxidative phosphorylation by inhibiting ATP synthase, 

driving cells to use glycolysis to maximum capacity. OP9s are the only cells with a statistically 

significant different capacity from MOSE-LTICv, and have the lowest capacity of all four. 
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B       C 

 

Figure 14. Assessment of extracellular flux in adherent cultures of MOSE-LTICv, MS1, SVF, and OP9 
cells. (A) Image of representative experiment measured over 2h. (B) maximal respiration levels in 
response to the mitochondrial uncoupler, FCCP. No significant differences present among the means. (C) 
Glycolytic capacity of  adherent cells, represented by the maximum ECAR measure after the injection of 
oligomycin. Data are presented as mean +/- SEM. 
 

Changes in cellular metabolism in response to 3D culture conditions 

In contrast, there is a significant difference between the maximal respirations of MOSE-

LTICv in adherent form versus in spheroid form. Spare respiratory capacity is calculated using the 
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maximal respiration rate minus the basal respiration rate, indicating the capability of cells to 

respond to energetic demands and providing a measure of how closely cells are respiring to their 

theoretical maximum. As shown in Figure 15, the spare respiratory capacity of MOSE-LTICv 

adherent cells is significantly larger than in spheroid form.  A cell’s ability to respond to varying 

demands can be an indicator of metabolic flexibility. The spheroids may either be functioning 

consistently at their maximum capacity or alternatively lose the ability of higher maximal 

capability due to their spheroid morphology.  

 

Figure 15. The spare respiratory capacity in adherent and spheroid forms of MOSE-LTICv. Spare 
respiratory capacity is calculated by subtracting the basal respiration demand from the maximal 
respiration rate provided by mitochondrial uncoupling via FCCP. Data presented as mean +/- SEM, 
****p<0.0001.  

 
 In fact, spheroids have a decreased metabolic capability across all metabolic 

measurements conducted in the extracellular flux assay compared to their adherent counterparts. 

They have a significantly lower basal respiration indicating a lower overall energetic demand 

under baseline conditions. (Figure 16A). The rate of ATP synthesis by the mitochondria is 

significantly lower in spheroids, perhaps in parallel to their overall lower energetic demand 

(Figure 16B). ECAR, a measurement of the rate of glycolysis, is also significantly lower 

compared to the adherent form (Figure 16C).  Overall, these measurements indicate that MOSE-
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LTICv spheroids exhibit less metabolic flexibility and overall lower levels of energetic activity 

than their adherent counterparts. 

A      B 

 

C 

 

Figure 16. Measurements of basal respiration, ATP synthesis rate, and ECAR for MOSE-LTICv in 
adherent and spheroid forms. (A) Basal respiration, representation of the basic energy demand. (B) ATP 
synthesis rate; the decrease in OCR upon injection of the ATP synthase inhibitor oligomycin represents 
the portion of basal respiration that is used to drive ATP production. (C) Oligomycin-stimulated ECAR; 
when ATP synthase is inhibited by oligomycin ATP production in the electron transport chain is blocked 
and cells must switch to glycolysis to produce energy. Data are presented as mean +/- SEM, 
****p<0.0001, ***p<0.001, and **p<0.01.  
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Metabolic differences between heterogeneous and homogeneous spheroids 

 Next, the mitochondrial bioenergetics of homogeneous and heterogeneous spheroids were 

assessed to investigate whether the addition of stromal cells to a spheroid conferred any 

metabolic advantage. Previously it has been shown that the addition of stromal cells to ovarian 

cancer spheroids increases metastatic outgrowths, but little is known about the metabolic 

adaptations that occur.55 Our results indicate that the addition of various stromal cell types does 

not provide any metabolic advantage or increased metabolic flexibility to spheroids.  There were 

no significant differences among the means of the spare respiratory capacities of each spheroid 

type, an indicator of metabolic flexibility (Figure 17B). This is also evident in Figure 17A where 

the tracing of measurement points is shown, visualizing the representative experiment. Here, the 

maximum points for each group are clustered tightly, indicating that no cell type has a 

significantly larger capacity than any other. More so, ATP synthesis rate was significantly 

decreased in heterogeneous spheroids containing SVF and OP9 cells, and was almost equal to 

the rate in homogeneous spheroids when MS1 cells were included (Figure 17B, 17C).    

 In fact, glycolytic capacity was not increased in the heterogeneous spheroids, further 

characterizing them as metabolically inflexible (Figure 17D). Glycolysis in MOSE-LTICv/SVF 

and MOSE-LTICv/OP9 spheroids was significantly lower than in a homogenous spheroid. 

Interestingly, all heterogeneous spheroids exhibited a high level of non-mitochondrial 

respiration, which reached statistical significance in the MOSE-LTICv/OP9 spheroids. This 

measure indicates the levels of oxygen consumption that persist due to a subset of cellular 

enzymes. Therefore, while these spheroids do not exhibit increased mitochondrial flexibility, it 

may be that other factors are contributing to oxygen consumption and/or energy production, and 

this could serve as a direction for future research. 
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D      E 

 

Figure 17. Assessment of metabolic parameters in homogeneous and heterogeneous ovarian cancer 
spheroids. (A) Image of representative experiment conducted over 4 h. (B) The spare respiratory capacity 
among each spheroid type. No significant difference was detected among any groups. (C) The ATP 
synthesis rate is decreased in heterogeneous spheroids with SVF and OP9 cells integrated. (D) ECAR, a 
measure of glycolysis, is decreased in spheroids with the addition of SVF and OP9 cells. (E) Non-
mitochondrial respiration OCR in each spheroid type, with MOSE-LTICv/OP9 spheroids exhibiting the 
highest rate. Data are presented as mean +/- SEM, ***p<0.001, and **p<0.01. 
 
Mitochondrial organization in spheroids 

 As discussed previously, there is evidence indicating that the mitochondria found in 

cancer cells are functional despite their altered morphology; this was also observed in MOSE 

cells. In MOSE-E, the mitochondria are similar to those of regular epithelial cells, and as the 

disease progresses, the mitochondria are rounder and less organized. Even so, additional staining 

and flow cytometric analyses indicate that these mitochondria are functional. Additionally, we 

have observed that MOSE-LTICvs are capable of intracellular transfer of mitochondria, a behavior 

that could be used to distribute healthy mitochondria throughout the cellular network. However, 

little is known about mitochondria structure or organization in spheroids and whether they are 

capable of intracellular transmission.  
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 To gain a preliminary understanding of mitochondria in ovarian cancer spheroids, we 

stained homogeneous MOSE-LTICv spheroids with mitotracker red and imaged them using 

confocal microscopy. Interestingly, the stain differs noticeably in the cells contained in the core 

versus those towards the adherent outgrowth edges. In the middle of the spheroid, the stain 

appears grainy, dispersed, and almost non-specific. However, we verified that it was unlikely 

that this was due to leakage because the cells at the outer edge were able to regain mitochondria 

and develop a clearer network (Figure 18).  

 

 

Figure 18. MOSE-LTICv cells at the outer edge of a spheroid where they are attaching to the 
glass. DAPI (nuclear stain) is shown in blue and mitochondria in red (with mitotracker). A clear 
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network is not visible towards the center of the spheroid (bottom right of picture) where the 
mitochondria appear disintegrated. At the outer edge (towards top left) the mitochondria become 
clearer. 
 
 The spheroids also appeared to be capable of intracellular transfer of mitochondria as 

well. While evidence of intracellular nanotubular structures could be seen throughout the 

spheroid, it was more apparent towards the edges. It was also towards the edges where 

mitochondria could clearly be seen in these structures, likely being transferred from one cell to 

another (Figure 19). It is unclear which direction the mitochondria are moving; further 

experiments using time-lapse technology are needed to track their movement, and the impact of 

the transferred mitochondria for the cells’ bioenergetics state.  

 

Figure 19. MOSE-LTICv cells in spheroid formation, here shown at the outer edge of the structure 
where they begin to reattach. A mitochondrion can be seen in a tubular structure between two 
cells where there is a spot of increased red fluorescence.  
 
Expression of proteins involved in cellular metabolism 

 In order to gain insight into underlying explanations for the metabolic differences 

observed among homogeneous adherent cells and spheroids as well as among homogeneous and 
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heterogeneous spheroids, preliminary analyses of metabolic protein expression levels were 

conducted. These data are procured from limited biological replicates, and may provide 

perspective on what might cause the significant differences among the metabolic profiles 

observed and could provide directions for future studies.  

 The first protein examined, glutamine:fructose-6-phosphate amidotransferase 1 (GFAT1), 

is a rate-limiting enzyme in the first step of the hexosamine biosynthesis pathway (HBP), which 

is a branch of the glucose metabolism pathway.19 This pathway metabolizes 2-5% of cellular 

glucose. GFAT1 is one of two isoforms of GFAT, and is the major form that is expressed in 

various tissues and organs.58 In previous studies of gastric cancer, low expression levels of 

GFAT1 were associated with unfavorable prognosis, as GFAT1 functioned as a suppressor of 

epithelial to mesenchymal transition (EMT).40  

 In the adherent cells and spheroids of homogeneous and heterogeneous types, adherent 

SVF and OP9 cells had the highest expression levels of GFAT1. All spheroids had relatively low 

expression levels, but MOSE-LTICv/SVF spheroids did have higher expression levels than the 

other homogeneous and heterogeneous spheroids (Figure 20), which is likely due to the 

expression in the SVF rather than the result of heterogeneous spheroid formation.   
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Figure 20. Expression levels of GFAT1 measured in adherent cells and spheroids of homogeneous and 
heterogeneous composition. Data are expressed as relative fractions in arbitrary units (A.U.) and 
normalized to the housekeeping protein γ-tubulin. Adherent SVF and OP9 cells exhibit the highest levels 
of expression among all groups. Heterogeneous SVF spheroids have the highest expression levels among 
all spheroid types.  
 
 Next, the protein expression level of pyruvate kinase (PKM2) was measured (Figure 21). 

PKM2 is considered a crucial enzyme in many cancers by contributing to the ability of cancer 

cells to achieve the nutrient demands of rapid proliferation. It is also considered a key player in 

the metabolic reprogramming that occurs in cancer cells as it is a limiting glycolytic enzyme that 

catalyzes the final step in glycolysis.59 As discussed previously, cancer cells increase glycolysis 

in a phenomenon known as the Warburg effect, and therefore this pathway is crucial to their 

survival. Again, adherent SVF and OP9 cells had the highest expression levels. Spheroid 

formation increased PKM2 expression in MOSE-LTICv but there was no difference to the 

heterogeneous spheroids.  
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Figure 21. Expression levels of PKM2 measure in adherent cells and spheroids of homogeneous and 
heterogeneous subtypes. Data are expressed as relative fractions in arbitrary units (A.U.) and normalized 
to the housekeeping protein γ-tubulin. Adherent SVF and OP9 cells have the highest expression levels of 
all groups. All spheroid samples exhibit higher expression levels than adherent MOSE-LTICv. 
 
 The final protein investigated in these cell populations was fatty acid binding protein 4 

(FABP4).  Previous studies have been conducted on FABP4 and cancer due to its key role in the 

ability of cancer cells to interact with adipocytes. FABP4 is highly expressed by adipocytes, 

macrophages, and dendritic cells.60 In an earlier study, MOSE-LTICv had significantly increased 

mRNA levels of FABP4 compared to MOSE-E and MOSE-L cells. However, our results as 

shown in Figure 22 show only FABP4 expression in adherent OP9 cells and MOSE-LTICv/OP9 

spheroids. The reason for this observation is unclear and so, further experiments investigating 

this protein in our cell line and in fibroblasts would be helpful.  
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Figure 22. Western blotting of FABP4 resulting in high intensity bands in lanes 5 and 12, with adherent 
OP9 and heterogeneous OP9 spheroids respectively. FABP4 molecular weight is projected at 15 kDa. 
Other lanes show little to no signal.  
 

Antibodies for acetyl coA carboxylase (ACC), fatty acid synthase (FASN), ELOVL fatty 

acid elongase 5 (ELOVL5), hexokinase 2 (HK2), pyruvate dehydrogenase kinase 1 (PDK1), and 

L-glutamine amidohydrolase (LGA) were also tested but did not procure sufficient signal in our 

cell lines. Ideally, working antibodies will be identified for these and other proteins to identify 

changes in expression levels related to the breakdown, synthesis, and transport of fatty acids, 

lipids, glucose, and glutamine in our cell lines.  

  
V.  CONCLUSION AND FUTURE DIRECTIONS 
 As ovarian cancer remains to be the leading cause of gynecological cancer death in 

women with a 50-70% relapse of the disease within 18 months following standard treatments, it 

is clear that better treatments are needed.61 One potential target that could be responsible for the 

high relapse rate observed is the cell population that remains in the peritoneal cavity after 

surgery, aggregated and enriched in tumor-initiating cell populations that are capable of 

recapitulating the original tumor. In previous studies, these cells were characterized as more 

glycolytic than benign or late-stage cells and having increased metabolic flexibility.19 

 In the present study we provide an initial characterization of aggregates of MOSE-LTICv 

cells. We demonstrate that the homogeneous cancer cell spheroids have a lower basal energetic 

demand than the adherent MOSE-LTICv cells, and, accordingly, have a lower spare respiratory 

capacity and ATP synthesis rate. Spare respiratory capacity serves as an indicator of metabolic 

flexibility. The spheroids may consistently function at their maximal threshold, which would 

explain the lack of reserve capacity. The spheroids also demonstrated a lower basal energetic 

demand than adherent cells, so it is possible that this demand changes their phenotype to a less 
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flexible metabolism because of the lack of demand. We have previously shown that the cancer 

spheroids recruited stromal cells into the aggregates and that this confers a survival advantage 

and leads to the development of a highly metastatic phenotype.  Our hypothesis was that this 

heterogeneous aggregation may allow the cancer cells to adapt metabolically. However, our data 

indicate that stromal cells do not confer any increases in spare respiratory capacity, ATP 

synthesis rate, or ECAR. It is possible that stromal cells confer other advantages in functional 

categories such as structure, invasiveness, angiogenesis, or others. However, the downregulation 

of energy expenditure may actually be an advantage in spheroids, with lower basal energy 

demands reflecting the ability to maintain survival rather than to support rapid growth. Other 

studies conducted in our lab demonstrated that spheroids in medium (non-adherent conditions) 

grow significantly slower than adherent MOSE-LTICv. Future studies investigating how 

proliferation changes when spheroids adhere and invade tissues (the next step towards a 

successfully metastatic outgrowth) in conjunction with extracellular flux analyses might reveal 

that when spheroids are growing rapidly outwards they also experience changes in metabolism.  

 More so, examining the outgrowth rate and proliferation rate of homogeneous spheroids 

versus heterogeneous spheroids would be helpful to see if in invasive conditions, stromal cells do 

contribute to metabolic adaptation. It is possible that spheroid formation in the ascites activates 

signals to inhibit proliferation, and it is advantageous to suppress proliferation/rapid growth until 

attachment to the omentum, or mesenteric lining of the peritoneal cavity. . It is possible that 

cancer cells recruit stromal cells in the ascites, form a spheroid, and remain at that size with 

reduced proliferation but still gain the ability to develop metastatic outgrowths and survive 

longer with their diverse population of cells via changes in the expression of genes in functional 

categories other than metabolism. An increase in size may be achieved by recruiting cells rather 



	 	

50	

than proliferation. It is also important to consider that while this study provided preliminary 

insights into heterogeneity, under physiological conditions in the peritoneal cavity it is more 

likely that a microenvironment will consist of multiple cell types, not just two per spheroid as we 

investigated. In that case it is possible that interplay among the stromal cells is a key component 

in their ability to support the cancer cells.  

 In that line of thought, future investigations into spheroid heterogeneity should be 

conducted to identify ratios of cancer cells to stromal cells that may confer an advantage. In this 

study, heterogeneous spheroids were at 2:1 and 4:1 ratios, whereas in tumors it has been shown 

that there are a wide spectrum of cancer cell to stromal cell variations. It may be possible that 

spheroids with higher fractions of stromal cells than cancer cells are actually more metabolically 

flexible, or even exhibit distinct metabolic profiles from the ones examined here.  It is also 

possible that an incubation period longer than 24 h would produce distinct metabolic differences 

in spheroids. As a spheroid evolves, perhaps the initial stages involve only organization and 

stability, and therefore require a lower energetic demand to sustain those. In subsequent stages 

the spheroids might increase growth and experience changes in metabolism to compensate.  A 

pattern such as this would parallel the changes seen in MOSE cells from early to late stages as 

demonstrated in previous research. OCR, maximal respiration, and ATP synthesis rate decrease 

in a stepwise manner from MOSE-E, MOSE-I, to MOSE-L during progression.14 It may be that 

cells in spheroids experience a progression of their own, from metabolically flexible MOSE-

LTICv to a downregulated phenotype initially with spheroid formation to a different, more active 

phenotype further into spheroid progression.  

 The distinct differences observed in the mitochondria of spheroids compared to those in 

adherent cells indicates the need for further imaging analyses of these organelles. The cells at the 
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outward-growing edge of a spheroid appear to regain mitochondria, where as core cells have a 

disorganized, perhaps even disintegrated network. It is unclear what is causing the changes in 

mitochondria throughout the spheroid, but it would be helpful to understand what causes the 

distinct change. It could be that disruptions in fission and fusion processes occur, resulting in 

highly disorganized mitochondria. Other studies have investigated fragmentation of 

mitochondria, such as in the case of uncoupling or inhibited respiration.62 In these cases, 

researchers have reported the appearance of single mitochondria or “doughnut-like shapes”.41,63-

65 It is possible that we are observing a similar effect in the spheroids. The spheroids 

demonstrated no spare respiratory capacity, which could mean that they are uncoupled and 

therefore are functioning at their maximum capacity (which may be low due to damaged 

membranes). Furthermore, they may have downregulated respiration, comparable to an 

inhibition effect, to parallel their slowed rate of proliferation. In that case, the mitochondrial 

morphology could be affected and mimic the small solitary mitochondria observed under 

chemical inhibition of respiration. It is also interesting that the mitochondria in the adherent 

outer edges of spheroids appear better organized, suggesting that they are still functional. 

Additionally, we observed intercellular transfer of mitochondria, so cells that have high-

functioning mitochondria may send them to the core where they are needed.  

 Another interesting consideration in light of these results is the use of 5-aminoimidazole-

4-carboxamide 1-ß-D ribo- furanoside (AICAR) in the treatment of cancer. AICAR is a 

monophosphate kinase (AMPK) agonist, and while usually used for treatment of diabetes, has 

been thought to show promise in the treatment of cancer. Previously, MOSE-LTICv  cells exhibited 

significantly more resistance to AICAR than MOSE-E and MOSE-L cells. This drug is aimed at 

modulating glucose utilization but as demonstrated here, the spheroids have a significantly lower 



	 	

52	

ECAR than the adherent cells. That being the case, it is possible that spheroids are able to remain 

dormant in the body even with the treatment of AICAR due to a) the inherent resistance of 

MOSE-LTICv cells to AICAR and b) their low rate of glycolysis and low metabolic demand 

overall.  

 Another possible direction for future research would be to investigate spheroids 

comprised of MOSE-E cells and stromal cells. It has previously been observed that MOSE-E 

cells do not survive in ultralow adherent conditions over time but with the addition of stromal 

cells survival is increased (unpublished data). It is possible that metabolic changes occur earlier 

on and confer advantages to the early stage cells, contributing to progression of the disease and 

survival of those spheroids. If these changes were identified, they could serve as novel 

therapeutic targets in early stage disease, which is currently needed.  It would also be beneficial 

to further investigate protein expression profiles, as the data presented here are strictly 

exploratory and unfortunately do not provide clear insight into the differences in bioenergetics 

observed.  

 The differences in protein expression levels reported here indicate that adherent SVF and 

OP9 cells have increased expression of PKM2 and GFAT1. In contrast, the glycolytic capacity 

reported indicates that SVF have a comparable glycolytic capacity to MOSE-LTICv, and OP9 

have a significantly lower glycolytic capacity than both. These results provide conflicting 

characterizations of glycolysis and its’ role in these cells. MOSE-LTICv did not have high 

expression of PKM2, suggesting that other enzymes are responsible for the glycolytic capacity 

measured in the extracellular flux analyses. Spheroids have increased PKM2 and GFAT1 

compared to adherent MOSE-LTICv, in contrast to the decreased rates of glycolysis and energy 

demand measured. Likely the increased expression in heterogeneous spheroids is a result of the 
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high expression in SVF and not due to spheroid formation. The increased levels of GFAT1 in 

spheroids reported here conflict with previous evidence associating low levels of GFAT1 with 

poor prognosis in gastric cancer.40 One would expect that the association of spheroids with 

aggressive forms of ovarian cancer (and thus an unfavorable prognosis) would result in low 

levels of GFAT1, which is also an indicator of poor prognosis. Collectively, this evidence 

suggests that other proteins are key players in the metabolic differences observed in adherent 

cells, heterogeneous, and homogeneous spheroids.  

 While still very preliminary, our results indicate that ovarian cancer spheroids exhibit 

different metabolic profiles than their adherent counterparts, and that heterogeneous spheroids do 

not improve the metabolic flexibility of spheroids as expected. Thus, adaptations of the 

metabolism in cell aggregates may confer a survival signal that contributes to an enhanced 

metastatic outgrowth. This necessitates further examination of the molecular events that are 

activated by the interaction of stromal and cancer cells to improve the survival of spheroids and 

increase their metastatic potential; candidates are genes increasing survival, adhesion, motility, 

resistance to hypoxia and others. Furthermore, the unique demands of spheroids, both 

heterogeneous and homogeneous, require the development of drugs that specifically target these 

signaling events or overcome the ability of spheroids to survive on a low energetic baseline with 

little to no metabolic flexibility.  
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