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MECHANOTRANSDUCTION SIGNALING IN OVARIAN CANCER RESULTS IN 
INCREASED PROLIFERATION, MIGRATION, AND CHEMORESISTANCE IN 2D 

AND 3D IN VITRO AND IN VIVO MODELS  
 

MOLLY BUCKLEY 
 

BIOMEDICAL ENGINEERING 
 

ABSTRACT  
 
 Mechanical forces imparted on an ovarian tumor have recently been shown to have 

a grave impact on cancer development, progression, metastasis, and chemoresistance. The 

forces present include compression throughout the tumor, intrinsic and extrinsic shear 

stresses from ascitic fluid present in the peritoneal cavity as well as blood flow through the 

tumor via leaky and disorganized vessels created through tumor angiogenesis, and tension 

at the tumor periphery because of the constantly growing mass. Studies of the signaling 

pathways impacted by these mechanical forces could give great insight into new therapeu-

tic targets for ovarian cancer, however, these studies have been severely lacking in ovarian 

cancer. Additionally, preclinical models of ovarian cancer that accurately model a three-

dimensional tumor microenvironment, mechanical stresses, and angiogenesis has yet to be 

developed but would have immense application in developing new cancer therapeutics. 

 Herein, the effect of tensile stress on ovarian cancer cell lines SKOV-3, OVCAR-

8 and SKOV-3.tr will be elucidated. Also, a three-dimensional model of ovarian cancer 

which includes a fully developed microvascular network, perfusion of nutrient-rich media, 

and appropriate matrix components that has been developed will be described. 

 

 

Keywords: mechanotransduction, ovarian cancer, cancer progression, chemoresistance, 
3D preclinical models 
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CHAPTER 1 

INTRODUCTION 

Epithelial Ovarian Cancer 

Epidemiology 

Ovarian cancer survival rates are the poorest of all gynecological cancers. In 2022, it is 

estimated there will be a total of 19,880 new cases and 12,810 deaths in the United States; 

a women’s risk of developing ovarian cancer is 1 in 78 and of dying of ovarian cancer is 1 

in 108 [1]. The 5-year survival rate for cancer found in the localized organ is 92.6%, 

however, this rate drops to 30.3% once it has metastasized, making the overall 5-year 

survival rate for ovarian cancer 49.1% [2]. Currently, there are 600,000 women worldwide 

living within five years of receiving an ovarian cancer diagnosis [3]. Epithelial ovarian 

cancer (EOC) accounts for almost 90% of all ovarian malignant diseases [4], and the 

transformation of normal ovarian epithelial cells to malignant types has been studied 

extensively over the years. 

 

Normal Ovary Epithelium Transition and Diagnosis 

Epithelial ovarian cancer develops on the epithelium of the ovary, which is a single 

layer of protective epithelial cells covering the ovarian surface. The process of ovulation, 

which occurs approximately every 28 days, causes mature follicles along the ovarian 

epithelium to rupture leading to inflammatory-inducing damages [5]. Because this process 
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happens with such regularity throughout a patient’s life, the immune population 

surrounding the inflamed ovaries are chronically present. Consequently, incessant 

ovulation and chronic inflammation have been hypothesized as two different models 

resulting in ovarian epithelium transformation [6]. A high number of ovulations is a risk 

factor for ovarian cancer [7], and actions taken to reduce the number of ovulations such as 

increased parity or oral contraceptive use have been shown to be preventative measures 

against the disease [7-9]. According to Knudson’s two-hit hypothesis [10], two genetic 

“hits” will initiate cancerous growths. In epithelial ovarian cancer, one of these hits could 

possibly arise from incessant ovulation or chronic inflammation, therefore, the role of other 

genetic factors in the development of EOC should not be understated. A strong family 

history of this type of cancer is the most critical risk factor [11]. Germline and somatic 

mutations of the breast cancer type 1 susceptibility protein (BRCA1) and breast cancer type 

2 susceptibility protein (BRCA2) genes can be responsible for approximately 20% of EOC, 

and lifetime risks of contracting EOC with these mutations is 54% for BRCA1 and 23% 

for BRCA2 mutation carriers [12]. Other genetic changes that may occur and cause cancer 

initiation include mutations to epidermal growth factor (EGF), transforming growth factor 

alpha (TGF-α) and transforming growth factor beta (TGF-β) which can lead to downstream 

signaling effects. EGF and TGF-α are involved in repairing the ovarian epithelium by 

causing proliferation of normal epithelial cells [13], and TGF-β turns this signaling 

pathway off when there is no need for more cells [14]. Normal cells express the EGF 

receptor and TGF-α and TGF-β ligand. In mutated cells, the EGF receptor is continuously 

expressed [15], leading to a poorer prognosis, while TGF-β is lost [16]; either the cells fail 

to express the TGF-β ligand or the signaling pathway cannot be activated. In this way, cells 
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overly proliferate without inhibition, leading to epithelial ovarian cancer. These few 

examples only begin to describe the possible mechanisms by which oncogene and tumor 

suppressor gene mutations can lead to the development of EOC. The molecular mechanism 

of the transformation of normal ovarian epithelial cells into epithelial ovarian cancer is 

clearly multifaceted and not entirely known, and the histological heterogeneity of EOC 

makes the disease increasingly complex to treat and cure. 

 

Histological Subtypes and Presenting Symptoms 

EOC is divided into four distinct histological subtypes all with diverse presenting 

characteristics as well as treatment options. The first subtype is serous carcinoma, which 

can be high-grade (HGS) or low-grade (LGS). HGS is the most commonly diagnosed type 

of EOC [17] and is predominantly found in later stages after the tumor has already 

undergone metastasis [18]. Often, HGS tumors are associated with BRCA1 or BRCA2 

mutations [17], as well as other mutations in genes such as p53, epidermal growth factor 

receptor (EGFR), human epidermal growth factor receptor 2/proto-oncogene Neu 

(Her2/neu), RAC-beta serine/theonine-protein kinase (AKT2), and phosphoinositide 3-

kinase (PI3K), [19-22]. Because of its tendency for late-stage diagnosis, recurrence of HGS 

EOC occurs the majority of the time, after which a cure is currently unavailable [23]. LGS, 

as opposed to HGS, is relatively uncommon, occurring in less than 5% of EOC cases, and 

is normally detected earlier allowing for proper treatment and longer post-treatment 

survival [24]. While LGS tumors show less abnormality in molecular markers than HGS 

tumors, mutations in the Kirsten rat sarcoma virus (KRAS) or v-Raf murine sarcoma viral 

oncogene homolog B (BRAF) genes are shown to be commonly found in LGS EOC [25]. 
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Because low-grade serous carcinomas show a high frequency of KRAS and BRAF 

mutations, this type of EOC is suggested to develop through a dysfunctional RAS-RAF 

signaling pathway, while the high frequency of p53 and BRCA1/2 mutations in high-grade 

serous carcinomas insinuate a TP53 mutation along with the BRCA1/2 dysfunction [21, 

26, 27]. The second EOC histotype is mucinous carcinoma, which is also uncommon but 

can be relatively resistant to chemotherapy treatments [28]. The molecular mechanisms of 

mucinous carcinomas are essentially unknown, however KRAS mutations are relatively 

common [29, 30]. The third type of EOC, also not extremely prevalent, is endometrioid 

carcinoma. This histotype can be associated with endometriosis [4] and, along with LGS, 

can have a more favorable prognosis [17]. A common molecular mutation possibly leading 

to development of endometrioid carcinomas is in β-catenin [31]. The last EOC histotype is 

clear cell carcinoma (CCC). This type of EOC is the second most prevalent type of EOC 

and is the most chemoresistant [23]. It has the worst clinical prognosis compared to other 

subtypes [32], even though it is typically found in early stages while still at the site of origin 

[18]. Suspiciously, p53 mutations are not normally found in CCC [33, 34], which indicates 

there must be other anti-apoptotic mutations leading to CCC growth  Loss of the CD44 

membrane glycoprotein is also common in CCC [35, 36], leading to chemoresistance 

which clearly increases the difficulty in treating this histotype. The risk factors between 

these subtypes are all fairly similar, however, the many differences between histological 

subtypes make thorough diagnosis and staging an imperative role in determining the best 

options for treatment. 

Symptoms of EOC can be difficult to identify, leading to the inability to diagnose the 

disease at an early stage. Examples of some presenting symptoms include abdominal 
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fullness, bloating, and early satiety, all which result from abdominal pressure caused by 

either ascites or omentum involvement [28]. If a physician suspects EOC in a patient, the 

next step is to perform a transvaginal ultrasound for further evaluation [37]. Finally, a 

laparotomy will be done in order to confirm EOC, determine histological type, and stage 

the tumor. Tumor debulking is the first measure taken in a confirmed case of EOC, and a 

better prognosis and survival rate is associated with tumors that are less than 1 centimeter 

in any direction post-surgery [38]. The staging of EOC was determined by the International 

Federation of Gynecology and Obstetrics (FIGO), and four separate stages were identified 

[39]. Stage I describes a tumor that is limited to the ovary or ovaries, and stage II is an 

ovarian tumor which may have other pelvic organs involved such as fallopian tubes, 

bladder, rectum, etc. These first two stages of tumors have a much higher survival rate of 

80-95%. Stage III tumors have moved to the upper abdomen or lymph nodes, while stage 

IV tumors have moved to distant organs. These stages involve metastatic tumors which 

drastically decrease the survival rate to 10-30%. Degree of metastasis is clearly the 

deadliest aspect of EOC, and its mechanism continues to be thoroughly investigated. Two 

of the most common pathways of metastasis in EOC are either direct movement of tumor 

epithelial cells from the ovary or fallopian tubes to nearby organs or shearing and 

detachment from the original tumor into the peritoneal fluid, called the transcoelomic 

metastasis pathway. Cancerous cells are then carried to the abdominal cavity which allows 

for transport throughout the body [40]. Pockets of fluid accrue in the abdomen, called 

ascites, and are common in the transcoelomic metastatic route of EOC. Oftentimes, 

spheroids are formed in ascites of tumor cells that have clumped together, and these have 

proven to be more chemoresistant [41] and invasive [42] than tumors located at the primary 
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site. Many different therapies have been researched to attempt to halt this disease prior to 

development or in its localized state, and few effective treatments have been approved. 

 

EOC Treatment 

 Development of EOC Chemotherapies 

 Platinum-based and taxane chemotherapies were developed in the mid- to late-20th 

century to treat multiple cancer types. The cis form of the platinum complex was first 

studied and discovered to inhibit cell division in E. coli cells at the University of Michigan 

in the 1960s [43]. This complex was first studied in tumor-bearing Swiss white mice where 

it was found to shrink these solid tumors [44, 45]. After these successful studies, the drug 

Cisplatin entered clinical trials and was approved to treat cancer in 1978 [46]. Paclitaxel 

was discovered through a collaboration project between NCI and the USDA where 

thousands of plants were screened in search of new anticancer therapies [47]. Paclitaxel 

was found in and isolated from the bark of a Pacific yew tree and was the only therapy 

which entered clinical trials from this study [48]. Dr. Susan Horowitz from the Albert 

Einstein College of Medicine determined the mechanism of action in the 1970s, which 

increased the interest and promise of the use of this drug to fight cancer [49]. Because of 

the low supply of the drug and its insolubility in water, it did not enter clinical trials until 

1984 [50, 51]. These clinical trials were completed in December of 1992, and the 

compound was officially approved by the FDA to be used as a chemotherapeutic option 

for ovarian cancer along with synthetic compounds that were developed to combat supply 



7 
 

issues [52]. The development of these drugs allowed for an increase in 5-year survival rate 

of approximately 20% from the 20th century to the 21st [53]. 

 

 Standard of Care 

Surgical debulking followed by chemotherapy is the leading treatment option for 

an initial diagnosis of EOC [54]. Residual disease post-debulking is the most important 

and accurate prognostic factor for progression-free survival (PFS) and overall survival 

(OS) [55]. A small group of patients with early stage EOC may not need chemotherapy 

after initial tumor debulking surgery, while still retaining a 90-95% 5-year survival rate 

[56]. The current standard of care for postoperative chemotherapy is a treatment consisting 

of paclitaxel and cisplatin combined, which reduces the risk of death from EOC by 30% 

[57, 58]. For patients with germline (such as BRCA 1/2) [59] or somatic genetic mutations 

effecting DNA repair and who have responded to platinum-based chemotherapy, poly 

(ADP-ribose) polymerase (PARP) inhibitors have recently become an attractive 

maintenance therapy [60, 61]. There have also been multiple clinical trials with 

antiangiogenic therapies for EOC patients both in primary and maintenance treatment, but 

these trials have had mixed results [62-66]. This method of treatment is typically reserved 

for patients who have had suboptimal primary debulking or who are inoperable.  

Immunotherapies are a popular new research area where a patient’s immune 

population is manipulated to attack cancer cells. Pre-clinical testing and/or clinical trials of 

therapies employing tumor-infiltrating lymphocytes (TILs), T-cells, natural killer (NK) 

cells, tumor-associated macrophages (TAMs), and dendritic cells are currently being 
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investigated [67]. TILs have been used in ovarian and cervical cancer in pre-clinical testing 

in a process in which a patient’s TILs are extracted from a tumor, grown ex vivo, and 

injected intravenously back into the patient to fight the tumor [68-71]. Multiple approaches 

using T-cells including T-cell receptor (TCR) modified T-cells (TCR-T) and chimeric 

antigen receptor (CAR) T-cell therapies are being investigated. TCR-T cells are generated 

by inducing the expression of tumor-specific TCR genes in naïve T-cells, which allows the 

T-cells to identify tumor-associated antigens on tumor cells surfaces and thus attack them 

[72-74]. CAR-T cells have shown great promise in hematologic cancers; however, their 

efficacy has been shown to be less potent in solid tumors [75, 76] and ovarian cancer 

patients [77-79]. CAR-T cells are T-cells that have been genetically engineered allowing 

them to bind tumor-associated antigens leading to an antitumor response [75]. NK cells 

have been studied for use in different areas of ovarian cancer care, including using NK cell 

counts as a prognostic indicator for recurrent EOC [80, 81] and for use as a therapy. CAR-

NK cells have been studied in vivo in murine ovarian cancer models with encouraging 

results [82-84]. Macrophages are particularly interesting in the context of cancer treatment 

because, unlike lymphocytes, they can penetrate solid tumors and surrounding tissue [85]. 

CARs have also been used in conjunction with macrophages in multiple ways; CAR-T 

cells have been studied to target and deplete immune-suppressive macrophages [86] and 

CAR expressing macrophages (CAR-M cells) have been developed to target cancer cells 

[85]. Finally, dendritic cells have shown promise in their use as vaccines for treatment of 

various cancers in which these cells are programmed to present multiple tumor-specific 

antigens to activate antitumor immunity [87-89]. These types of therapies show great 
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promise in increasing the types of therapies available for cancer patients, but there is still 

a great amount of work to do before these therapies can receive FDA approval.  

In EOC patients, recurrence is the biggest threat in advanced disease, for which 

there is no cure [90]. Therapeutic options for recurring EOC do exist, but the ability for a 

treatment to be successful depends on two main considerations: a patient’s response to 

previous platinum-based therapy and the time period between the first treatment and the 

second treatment [91, 92]. Hormonal therapies, such as tamoxifen [93] or letrozole [94], 

have been found to be the most effective option for decreasing disease effects and 

increasing quality of life even though a complete cure of the disease is currently 

unattainable; however, these therapies have a minimal success rate of 20%. Tamoxifen 

successes occurred in patients who had a positive response to their initial platinum-based 

therapy and who relapsed greater than 6 months after ending their initial treatment [93]. 

These treatments listed above are the only options for EOC patients, and high rates of 

chemoresistance in this type of cancer are a major contributor to the discouraging survival 

statistics [91, 92, 95, 96]. 

 A possible step forward in the care of EOC patients is intraperitoneal 

chemotherapy administration, where the chemotherapy is delivered intraperitoneally (IP) 

instead of intravenously (IV) for direct contact with the peritoneal cavity, the most common 

spot for ovarian cancer metastasis [97, 98]. Significant improvements in PFS and OS have 

been seen in multiple randomized trials using this administration technique [99-101], 

however, there are still many questions around the frequency and tolerability of doses, the 

possibility of combining IP and IV administrations of chemotherapy, and incorporating 

other drug types (such as immunotherapies or anti-angiogenic therapies). Hyperthermic IP 
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chemotherapy is another technique currently being studied [102, 103] where the 

chemotherapy is heated before being administered into the abdominal cavity during 

cytoreductive surgery.  

 

EOC Chemoresistance 

Chemoresistance is estimated to lead to death in over 90% of EOC patients with 

metastatic disease[104]. In order for an EOC patient to be described as chemoresistant, the 

patient must have recurrent disease diagnosed within 6 months of completion of an initial 

or subsequent chemotherapy regimen [105]. There are three main mechanisms of 

chemoresistance. The first are external mechanisms causing pharmacokinetic changes 

which hinder the ability for the drug to reach its target and be as efficient as possible, for 

example renal or hepatic clearance of the drug or leaky tumor vasculature [106]. 

Pharmacokinetics processes are the those involved in distribution and metabolism of a 

drug. These effects are not thought to be very impactful in the chemoresistance of EOC 

[107, 108], however, it is believed that IP administered chemotherapy is the best option to 

combat these effects [38, 109]. The second mechanism of chemoresistance is through 

tumor microenvironment (TME) characteristics such as hypoxia, immune response, etc. 

These characteristics lead to quiescent cells that are not proliferating through the cell cycle 

and therefore cannot be treated with chemotherapy agents that attack cells at different 

stages of the cell cycle [110]. Anti-apoptotic signaling pathways that are enhanced by 

surrounding stromal cells are another component of this chemoresistant effect [111]. 

Finally, contacts between cells and their surrounding extracellular matrix (ECM) an affect 

chemosensitivity [112, 113]. The third mechanism of chemoresistance is through cancer 
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cell specific components that can inhibit drug effectiveness or remove the drug from inside 

tumor cells in the form of exosomes or extracellular vesicles. This area is the main focus 

of chemoresistance research and the most difficult to elucidate. Changes in intracellular 

drug targets or affinity to those targets is a way that cancer cells evolve over time to become 

more deadly and is a major hurdle to overcome [96, 114]. Drug efflux pumps that are used 

to pump chemotherapies out of tumor cells before they can kill the cells are another 

mechanism of this type of chemoresistance [115]. Patients may be intrinsically resistant to 

the drug before any treatment is delivered [116] or may have an initial response to 

platinum- or Taxol-based chemotherapies and develop an acquired resistance over time 

[117-120]. A future personalized medicine approach where patients are screened for 

different degrees of chemoresistance will help determine the likelihood of a patient’s 

response to chemotherapy, avoid unnecessary treatment that will not be successful, and 

identify the best treatment plan for the patient. 

The development of new therapeutic strategies and drugs will be imperative in the 

coming years in order to give EOC patients the best possible chance of beating this disease. 

However, these IV administered therapies are dependent on structurally intact blood 

vessels. As tumors grow, they begin to form their own blood vessel network through tumor 

angiogenesis, and this process leads to leaky vessels with permeable endothelial layers that 

will hinder a therapy’s ability to reach the tumor. Therefore, further research into tumor 

angiogenesis and  how these interacts fuel chemoresistance in EOC is needed. 
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Angiogenesis 

 In order to receive nutrients and oxygen to continue to live and proliferate, tumors 

need to create their own vasculature network that will connect to the normal network 

through angiogenesis. Tumors can either be hypovascularized or highly angiogenic and 

hyper-vascularized depending on the VEGF levels present, nutrient gradient orientation, 

etc. [121-123] Tumor vessels have increased vascular density, more branching patterns, a 

disorganized vessel configuration, and porous structures from faulty perivascular coverage 

[124, 125]. Flow rates and shear stresses associated with this disorganized tumor vascular 

network are unstable and highly volatile [126]. The direction of flow is susceptible to 

changing and the velocity does not necessary correlate with vessel diameter like in normal 

vessels [127]. Increased interstitial pressure and hypoxia result from the leakiness of these 

tumor vessels, leading to persisting VEGF expression and continuous blood vessel 

formation. This positive feedback loop of increased faulty angiogenesis further deregulates 

vascular flow throughout a tumor [128]. The intricacies of how these known features of 

tumor blood vessels are initiated through mechanotransduction signaling or their 

involvement with chemoresistance in cancer is not well characterized. 

 

Normal Angiogenesis 

Normal angiogenesis and blood vessel composition is much different than that in 

tumors. The formation of new blood vessels through angiogenesis occurs when new vessels 

are created from existing ones. In this process the ECM is digested, endothelial cells 

replicate, and the new vessels begin to sprout [129]. The VEGF/D114/notch axis has been 



13 
 

found to be a crucial moderator of vessel sprouting [130]. The vascular endothelium is a 

key component of arteries which spread and branch out into arterioles, leading to capillaries 

that connect arteries and veins and help deliver the nutrients from the blood flow into the 

tissues and organs. Smooth muscle cells (SMCs) and pericytes act as the structural cover 

of large vessels and smaller capillaries respectively and allow for signaling cues to be 

delivered to endothelial cells [131]. This process of normal angiogenesis and blood vessel 

formation is highly regulated which leads to well developed, structurally sound blood 

vessels. Like many other biological processes, cancer cells and their surrounding stroma 

have the capability to hijack this process to benefit their own progression, spread, and 

evasion from therapy. 

 

Altered Angiogenic Behaviors in Cancer 

The blood vessels developed throughout a tumor are very different from normal 

blood vessels. In tumors, chaotic vessel systems exist that do not have the hierarchical 

structure of normal vessels as well as an absence of structural supports from SMCs and 

pericytes [132-134]. The circulatory system of a tumor is dynamic; vessel quality, size, and 

quantity may change throughout the life cycle of a tumor. Tumor endothelial cells (TECs) 

have a disorganized and sometimes overlapping pattern compared to the uniform 

monolayer of a normal endothelium. TECs can also branch out through blood vessels in an 

abnormal fashion, leading to a defective monolayer and leaky vessels. While normal blood 

vessels supply oxygen and remove waste from normal tissues and organs, blood vessels 

found in tumors lack the ability to perform both of these tasks, resulting in a hypoxic and 

toxic environment where cancer cells flourish [135]. High expressions of VEGF-A are 
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found in most cancers; this vasodilator promotes branch sprouting and gap formation 

leading to chronic leaky vessels and high interstitial pressure [136]. Tumor vessels are also 

compressed by tumor cells, as mentioned above, which causes biomechanical tension, 

strain, and heightened shear stresses [137]. The insufficient vessel formation described here 

leads to discouraging results in cancer patients. Cancer cells can move into the circulating 

blood flow, and thus distant metastatic sites, through the aforementioned leaky vessels 

created by insufficient pericyte protection of capillaries or high VEGF levels [138, 139]. 

The hypoxic environment created by these malfunctioning vessels leads to tumor migration 

and invasion [140]. Also, leaky vessels make it difficult for therapies given intravenously 

to reach the tumor [141]. Crosstalk between TECs and immune cell populations that are 

normally distributed through blood vessels may be decreased, leading to an 

immunosuppressed environment ripe for tumor growth [142, 143]. Finally, the constant 

inflammatory environment activates TECs, allowing for continuous angiogenesis, tumor 

growth, and metastasis [144]. 

  

Angiogenesis in EOC 

There are aspects of angiogenesis in cancer that are specifically implied in ovarian 

cancer. VEGF, described above as an important mediator of angiogenesis, is found to be 

expressed in large amounts in ovarian tumors [145]. A mutation of the tumor suppressor 

gene p53 has been shown to be involved in angiogenesis, and over 72% of ovarian cancers 

show p53 mutations [146-148]. It has also been shown that a higher level of vascularization 

in an ovarian tumor leads to worse outcomes in patients [149-151]. Along with 
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angiogenesis, mechanotransduction is another biological process that is appropriated by 

cancer cells to help promote their disparaging qualities. 

 

Mechanotransduction 

An intriguing new area of interest in cancer research is the effect that mechanical 

forces have on cancer development, metastasis, and chemoresistance. The way in which 

cells sense forces, present both intrinsically and extrinsically, and respond via biochemical 

signaling is called mechanotransduction.  

 

Mechanical Forces Imparted on Tissue 

Mechanotransduction is a fundamental part of many biological processes including 

early development [152], stem cell differentiation [153], and bone formation and healing 

[154, 155]. Research in this area began in areas of the body where stress was most 

obviously applied, such as bone, muscle, and cartilage, but over time it was realized that 

more diverse cell types, such as myocytes, endothelial cells, and smooth muscle cells, also 

have mechanotransductive responses to mechanical forces [156]. There are three steps 

involved in mechanotransduction: mechanotransmission, mechanosensing, and 

mechanoresponse [157] (Figure 1). In mechanotransmission, forces are transmitted onto 

cells through their environment. Mechanosensing involves the transformation of this force 

into a biochemical signal, and mechanoresponses are the responses of the cell from the 

biochemical signals which include different gene transcriptions, upregulation, or 

downregulation of certain signaling pathways, and other process changes. The forces 
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imparted on cells trigger different cellular responses such as the opening and closing of ion 

channels, changes to G-protein-coupled receptors and their ability to bind to ligands, focal 

adhesion formation, and the activation or inactivation of many other signaling pathways 

[156]. An example of this occurrence includes skeletal and cardiac cells responding to 

increased load, such as resistance exercises, with hypertrophy [158]. Another example is 

the discovery that heart and vasculature physiology and morphology are highly influenced 

by pressure and shear stress differentials from blood flow [159-162]. These processes are 

facilitated though not only cell-cell interactions but also cell-extracellular matrix 

interactions, stromal cell communications, and other tumor microenvironment influences. 

 

Tumor Microenvironment 

The combination of fibrous proteins and proteoglycans, including collagen type I, 

basement membrane, fibronectin, and other extracellular components, surrounding a 

malignant mass comprise the extracellular matrix (ECM) [163, 164] and this environment 

has a profound effect on tumor growth [165]. Over the past decade there has been 

increasing evidence that characteristics of this environment, referred to as the tumor 

microenvironment or TME, has an epigenetic role in the development of cancer by helping 

determine if an oncogenic mutation in a cell will develop into a tumor [166]. The TME has 

been shown to influence primary tumor growth, chemoresistance, migration from the 

primary tumor site, and invasion in a secondary metastatic site [157].  

As a cell recognizes a stiffer ECM forming, cell spreading, focal adhesion 

formation, myosin light chain phosphorylation, cellular traction forces, migration, and 
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durotaxis all increase [165]. Cell-cell and cell-ECM contacts lead to the aforementioned 

processes by allowing cells to convert physical signals into biochemical processes. Cell-

cell contacts are mediated by cadherins [167] while cell-ECM contacts are called focal 

adhesions [168]. Focal adhesions are protein structures that contain integrins and allow for 

multi-way mechanosignaling between the interior and exterior of a cell [169-171]. The 

cellular pathways and processes involved in creating these focal adhesions are important 

to comprehend in order to fully understand how defective mechanotransductive signaling 

leads to the promotion of tumor growth and progression of the disease. Focal adhesion 

formation begins by integrins clustering at the external edge of the cell surface that is in 

contact with its extracellular matrix [172]. This clustering leads to the recruitment of 

mechanical linking proteins intracellularly such as talin and α-actinin as well as the 

activation of SRC family kinases (SFKs) [173]. SFK activation is crucial in the formation 

of FAs as this process leads to the recruitment of formin family proteins FH1/FH2 domain-

containing protein 1 (FHOD1) to integrin clusters and the assembly of actin stress fibers 

begins [174]. Polymerization of these actin filaments then allows for myosin motors to pull 

together integrin clusters [174, 175]. At this point, the FA is beginning to mature but is still 

in the early stages of development. The cell responds to the ECM stiffness by producing 

focal adhesion molecules to an extent that correlates to a quantifiable stiffness. The linking 

proteins that form the internal actin cytoskeleton, which are attached to the transmembrane 

integrins, will continue to sense the stiffness of the ECM. If a strong limitation and stiffness 

is felt when attempting to stretch and grow, focal adhesion maturation continues which 

involves focal adhesion kinases (FAK) that activate the small GTPase RAC1 [176]. RAC1 

then activates proteins such as actin-related protein 2/3 (ARP2/3) or formins which will 
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activate further actin assembly [176, 177]. As this focal adhesion is maturing, the cell is 

beginning to spread along the ECM and is doing so by unfolding extra surface membrane 

area from reservoirs held for this such instance [178]. Once these reservoirs are depleted, 

the cell surface is placed under tensile forces indicating that there is a need for an increased 

surface membrane area which is then created through exocytosis [179]. Periodic 

contractions perform rigidity sensing of the cell’s surroundings [178, 179] which is yet 

another feedback mechanism used to determine if continued FA formation is necessary. 

This sensing begins recruitment of more adhesion complex reinforcement proteins such as 

vinculin to ultimately finish the structure formation of the focal adhesion [175]. The FA 

has finally fully matured and now allows for full cell contractility and matrix rigidity 

sensing [180]. As mentioned before, there are several feedback mechanisms to determine 

if focal adhesion assembly should continue. If at any time the cell does not feel a limiting 

stretch from the ECM, focal adhesion formation will halt. It is important to recognize that 

if any of the proteins or signaling pathways involved with this sensing are altered or 

mutated, cells may interpret the existence of a soft matrix when in reality the matrix is stiff 

[157] which could be exploited for future cancer therapeutic targets as without full focal 

adhesion maturation cells will not continue to spread and grow. 

 

Mechanotransductive Signaling Processes in Ovarian Cancer 

Mechanotransduction signaling through cell-cell and cell-ECM contacts plays an 

eminent role in the progression, migration, invasion, and chemoresistance of cancer [181-

183] (Figure 2). It is known that there are forces present in a tumor such as compression, 

tension, shear, and stiffness, but the magnitude, frequency, and full elucidation of the 
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effects of these forces is not confirmed; therefore, multiple studies have been done to 

attempt to answer these questions. Changes in cytoskeletal tension from a growing tumor 

considerably alter signaling pathways that have been shown to be involved in cancer 

progression [184]. Specifically in ovarian cancer, SKOV-3 cells were plated on substrates 

with three different stiffnesses and the study found that those cells exposed to the highest 

stiffness, and therefore highest contractile forces, had the most migratory capabilities 

[165]. Also, EOC spheroids exposed to shear stresses were also found to be less sensitive 

to platinum-based and taxol chemotherapies than those that were stationary [182]. 

Tensional changes in growing malignant tumors also effect FAK formation [185], cell 

migration, invasion, and in vivo tumor growth [186], and the activation of the p38 MAPK 

signaling pathway [187, 188]. Tensional strain activates p38 MAPK leading to 

phosphorylation of the small heat shock protein 27 (HSP27) [188] that has been shown to 

be modulated through mechanotransductive signaling pathways and has an impact on the 

chemoresistant phenotype of ovarian cancer [189]. These previous reports have discussed 

changes in EOC behavior and chemoresistance due to stiffness and shear and also how 

HSP27 can increase EOC chemoresistance. However, none have elucidated the role that 

tensile strain has on EOC chemoresistance through HSP27. 

 

Heat Shock Protein 27 

HSP27 is a small 27 kDa protein in the heat shock family of proteins that is known 

to be upregulated in ovarian cancer patients. It is defined by its alpha-crystallin domain, a 

conserved sequence of approximately 90 amino acid residues residing near the C-terminus 

[190] and is encoded by the gene HSPB1 [191, 192]. 
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Role of HSP27 in Normal Tissue 

HSP27 is a cytosolic protein that, in normal tissues, acts as an ATP-independent 

molecular chaperone that is oligomerized through the WDPF motif under heat shock [193] 

– this oligomerization is required for molecular chaperoning. Conversely, some stressors 

result in the phosphorylation of HSP27 at three possible serines (S15, S78, and S82), 

reversing its oligomerization [190] and resulting in its movement to the nucleus [194] 

through a stress-response cascade including MAPKAP kinases 2/3 and p38 [188]. HSP27 

is involved in preventing the aggregation and deformation of denaturing proteins [195] – 

because of this, these proteins have evolved to withstand high stress environments where 

other proteins would or do begin to degrade [196] such as heat shock, hypoxia, and 

increased shear stress [197-199]. Zhang et. al studied a mechanotransductive response of 

HSP27 in cells that were subject to shear stresses for 30 minutes. HSP27 was found to 

distribute in a polarizing fashion to either end of the cell as well as depolymerize to smaller 

molecules. This study extended the research that has been done to show that the activity of 

HSP27 is involved in the mechanics of a cell – its activation is involved in focal contact 

formation and cell contraction, migration, and survival [200-202]. 

 

Alterations in HSP27 Expression and Function in Epithelial Ovarian Cancer 

This protein has been shown to be upregulated in many cancers including ovarian 

cancer [189, 203-205] and its overexpression is related to heightened tumorigenicity and 

chemoresistance [199, 206-209]. In ovarian cancer, HSP27 is shown to increase 

chemoresistance to two therapies which are standard of care for ovarian cancer treatment 
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as described above. Song et. al investigated the chemosensitivity of HO8910 ovarian 

cancer cells that had been genetically modified to knockdown HSP27 and were then treated 

with Paclitaxel [210]. Wild type cells showed resistance to paclitaxel treatment while the 

HSP27 knockdown cells restored chemosensitivity. Lu et. al took a similar approach by 

knocking down HSP27 in the chemoresistant cell line C13* [211]. While the 

chemoresistant line was unsurprisingly resistant to cisplatin, this effect was reversed once 

HSP27 was knocked out of the chemoresistant cells. As mentioned above, the p38 MAPK 

pathway is involved with HSP27 phosphorylation and movement to the nucleus. This p38 

MAPK pathway is a mechanotransduction signaling pathway involving the tumor 

suppressor p38, and its activation can inhibit apoptosis and create an immunosuppressive 

environment [212]. Regulation of this pathway has been shown to help chemoresistant cells 

become more sensitive to cisplatin and paclitaxel. When mechanical stress is present, p38 

becomes phosphorylated, leading to MK2 phosphorylation and finally HSP27 

phosphorylation [212]. This is a huge clue into the mechanism behind 

mechanotransduction in EOC, and by investigating the mechanical activity and activation 

of HSP27 through the mechanosensitive p38 MAPK pathway and how this translates to 

EOC chemoresistance, important insights on how to combat this fatal disease can be 

determined and new drugs can be discovered. 

 

Drug Development Industry and Preclinical Models 

Drug Development Pipeline 

With the recent discovery of the full human genome, it has been shown that there 

are approximately 20,000 protein-coding genes in humans of which 3,000 are estimated to 
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be druggable [213]. However, currently less than 10% of genes are targeted by FDA 

approved drugs. As more studies are completed that reveal new drug targets, more drugs 

will be developed through the drug development process. This process begins with the 

basic research to create a large panel of compounds that can be used to reach this novel 

drug target [214]. These panels may include thousands of different combinations of 

molecules, and high throughput screening is first utilized to narrow down which of these 

compounds is feasible regarding cytotoxicity and success rates. Experiments completed 

with these panels of drugs are performed both in vitro using two-dimensional (2D) cell 

assays and in vivo with animal studies of different species dpending on the compound and 

disease being treated. Three-dimensional (3D) studies such as spheroids, microfluidic 

devices, tissue-engineered models, etc. are becoming increasingly popular but are still 

relatively underutilized. Once high and medium throughput assays are completed, a lead 

compound will be identified, and an investigational new drug (IND) application can be 

filed. If preclinical studies are promising, the future clinical trial protocols are clearly 

outlined, and all manufacturing practices are provided then the IND will be approved, and 

clinical trials will begin. There are three phases of clinical trials – phase 1 involves testing 

the drug on healthy patients, phase 2 tests the drug on a small number of the patients with 

the disease the drug is targeting (30-50 subjects) and phase 3 trials are on a much larger 

scale of target patients. If a drug completes all three phases of clinical trials, a new drug 

application (NDA) can be filed as well as filing for FDA approval before going to market. 

This process is extremely long and expensive, lasting anywhere from 12-15 years for a 

successful drug and costing up and over $1 billion [215]. If a drug is unsuccessful in any 

of these areas, all the time and money dedicated to bringing the compound to market is lost 
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and companies must start again. Unfortunately, this is the case more often than not, as the 

clinical success rates of drugs is shockingly low. 

 

Development of Cancer Therapeutics and Limitations 

In the early 1900s, a German chemist named Paul Ehrlich was the first person who 

documented the use of animal models for developing drugs and in 1908 used a rabbit model 

of syphilis to develop a novel treatment [216]. The first 40 years of the 20th century were 

devoted to cancer model development. George Clowes of the Roswell Park Memorial 

Institute developed the first transplantable tumor system in mice [217-220]. Higher 

throughput drug testing started with Murray Shear in 1937, who screened around 3,000 

compounds in mouse models [219] – however, only two drugs made it to clinical trials and 

no drugs made it through all three phases. Finally, the first cancer drug to gain FDA 

approval was developed by Merck in 1949 [221]. This drug was called mechlorethamine, 

a derivative of mustard gases, that was developed in part because of the use of mustard gas 

in World War II. From 1951-1980s, less than two oncology drugs on average were 

introduced to the marketplace [222]. Cell culture techniques had been around since the 

early 1900s, but no human cell culture systems had been created until the development of 

the HeLa cell line in the 1950s [223]. It is important to note that these cells were taken 

without Henrietta Lacks’s consent, and her anonymity was not respected, which lead to 

many governmental changes regarding using patient samples for research including the 

development of documented patient permission [223]. Chemotherapy was first recognized 

as a viable cure for cancer that needed further development when Richard Nixon declared 

the controversial war on cancer in 1971 [224]. Reliable and repeatable cell culture systems 
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finally began being used more readily in the 1990s [216], after which the number of 

oncology drugs introduced to the marketplace dramatically increased up to approximately 

10 new drugs a year [222]. Lastly, the mapping of the human genome which was completed 

in 2001 led to the investigation of target specific screening for new cancer drugs [216]. 

In 2021, the global oncology drug market size was valued at $145.33 billion with 

projections of growth to $286.67 billion by 2037 [225]. The major key players in the 

oncology drug industry currently are AstraZeneca, Bristol-Myers Squibb Company, Pfizer 

Inc., and Merck & Co. Inc. [225] The probability of success for a compound to move from 

phase I to approval is 9.6% for all drugs and is 5.1% specifically in oncology [226]. These 

numbers are dishearteningly low, with the rate for oncology drugs being one of the lowest 

of all disease states. Inaccurate assessments of limited data and reliance on endpoints that 

have not been validated lead to the difficulty of developing effective oncology drugs [227]. 

If these drugs are failing so miserably in the clinical trials, there is obvious room for 

improvement in the preclinical stages to convey more accurately the pharmacologic and 

toxicologic profiles of these compounds and make sure the drug with the best therapeutic 

efficacy is moving to clinical trials. 

 

Preclinical Models 

The two main types of preclinical models currently used are (1) 2D assays with 

monolayers of diseased cells and (2) animal models [228] [229]. While both have necessary 

roles in preclinical trials, the stark jump from a monolayer of cells into an animal model 

will cause the compound’s effect on cells to be drastically different. Translation of results 
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that are incorrect or insufficient can possibly occur if cells in 2D monolayers undergo 

phenotypic or morphologic changes [230-233].  Also, while many animal models have 

been proven to be very similar to humans, there are still countless differences between 

species that will cause the drug to act differently when taken to clinical trials in humans 

[234]. 

 

Three-Dimensional Models 

 Three-Dimensional models are being increasingly utilized to remedy the issues 

resulting in lack of translational results from 2D and animal model preclinical trials. It is 

important to replicate the dimensionality of tumors in order to produce relevant and 

translatable data on tumor characteristics such as oxygen and nutrient gradients, drug 

exposure, interstitial pressure, and/or 3D architecture [235-237]. For these reasons, a 3D 

model incorporating human cancer cells in a physiologically relevant microenvironment 

would be of utmost utility in accurately assessing lead therapeutic compounds. These 

models should include different cell types, stroma, and extracellular matrix components 

that are found in the diseased organ that are crucial in the metabolism and efficacy of 

therapeutics, making the assays extremely valuable in determining the effectiveness and 

feasibility of the drug.  

A few 3D models are commercially available and used, such as spheroid assays, 

short term embedded cultures, and microfluidic devices. Spheroid assays were created to 

better mimic the 3D cell-cell interactions between malignant cells in vitro and allow for 

organoid formation and high throughput screening on such structures. These models have 
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positive characteristics such as physiological preservation of the tumor and maintenance 

of some tissue specific properties [238, 239], however, they do not account for cell-matrix 

interactions, do not include critical components found in the tumor microenvironment, and 

have a small size of around 20-1000 μm that are not physiologically similar to most tumors 

at diagnosis [235, 240]. Short term embedded cultures most often include ECM 

components and sometimes stromal cells and are used to study cell-matrix interactions 

which may drive cell function [241, 242], but most will not include all stromal components 

found in a tumor and can only be run for short periods of time [243]. Finally, microfluidic 

systems use a perfusion approach where the cellular volume does not usually exceed 500 

μm in thickness [244, 245]. This system is well known for evaluating the effects of 

interstitial fluid flow in different tumor types and on different cellular processes, such as 

tumor cell migration [246] or angiogenesis [247]. 

 

Summary and Objectives 

The contribution of this research is expected to elucidate a molecular mechanism 

of EOC proliferation, migration, invasion, and chemoresistance through different 

mechanotransduction signaling pathways and specifically the propensity of increased 

HSP27 expression to lead to EOC chemoresistant. The healthcare crisis that is deadly 

epithelial ovarian cancer must continue to be addressed and researched. There is currently 

no cure for recurrent ovarian cancer which is typically chemoresistant. Also, there is no 

biomarker that has been shown to reliably predict a patient’s response to chemotherapy – 

clinicians use a “best guess” methodology to determine who will benefit from combination 

chemotherapy. Through this research, HSP27 could be shown to be implicated in 
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chemoresistance through a mechanotransduction pathway that can be targeted by new 

treatments, which will improve the lives of EOC patients. HSP27 could also potentially be 

used as a biomarker for patients to determine the chemoresistant nature of a patient’s 

ovarian tumor, leading to a more personalized way of treating patients and avoiding putting 

patients through chemotherapy that is not needed. These studies further the investigation 

of the convoluted effects of mechanotransduction signaling on EOC progression, 

migration, and chemoresistance in a microfluidic system. 
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Figure 1: Cellular Mechanotransduction Response to Stressors. Cell-cell and cell-
matrix connections are called integrins. When cells feel external stimuli, such as 
stretching or surface rigidity, integrins join together to form focal adhesions. Mechanical 
forces are then sensed through mechanosensing proteins such as talin and vinculin. This 
leads to mechanosignaling through proteins such as YAP, MRFTA, and MAPK. Altered 
gene expression results from the mechanosignaling and cellular behavior is altered. 
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Figure 2: Mechanical Forces Present in Ovarian Cancer. A majority of ovarian cancer 
patients present with ascitic fluid buildup in the abdomen surrounding a solid ovarian tumor. This 
excess fluid presence creates hydrostatic pressure on the tumor cells, and fluid movement from 
gravity and daily activity creates shear stresses. This shear stress causes ovarian tumor spheroids 
to shear off of the solid tumor, into the ascitic fluid, where they can then seed on the omentum 
which is the transcoelomic metastasis route. A closer look at the ovarian tumor shows multiple 
cell types present, such as endothelial cells, cancer cells, fibroblasts, and extracellular matrix 
(ECM). The solid tumor is subjected to the aforementioned shear stress, interstitial fluid shear, 
compression within the tumor and tension on the tumor periphery. While the solid tumor is 
subjected to these multitude of forces, the individual cells are also subjected to the applied forces 
with unique mechanoresponses for each type. 
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HIGHLIGHTS 

• Oscillatory tension caused increased metastatic phenotypes to varying degrees in 

epithelial ovarian cancer cell lines 

• Several proteins and genes implied in cell growth, EMT, and metastasis were 

upregulated in cells under oscillatory tension 

• Mice were injected with cells placed under oscillating tension and developed 

tumors with increasingly aggressive phenotypes. 

 

ABSTRACT 

Objective: Mechanical forces including tension, compression, and shear stress are 

increasingly implicated in tumor progression and metastasis. Understanding the 

mechanisms behind epithelial ovarian cancer (EOC) progression and metastasis is critical, 

and this study aimed to elucidate the effect of oscillatory and constant tension on EOC. 

Methods: SKOV-3 and OVCAR-8 EOC cell lines were placed under oscillatory tension 

for 3 days and compared to cells placed under no tension. Cell proliferation, migration, and 

invasion were analyzed while RNAseq and Western Blots helped investigate the biological 

mechanisms underlying the increasingly aggressive state of the experimental cells. Finally, 

in vivo experiments using SCID mice assisted in confirming the in vitro results. 

Results: Oscillatory tension (OT) and constant tension (CT) significantly increased SKOV-

3 proliferation, while OT caused a significant increase in proliferative genes, migration, 

and invasion in this cell line. CT did not cause significant increases in these areas. Neither 

OT nor CT increased proliferation or invasion in OVCAR-8 cells, while both tension types 

significantly increased cellular migration. Two proteins involved in metastasis, E-cadherin 
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and Snail, were both significantly affected by OT in both cell lines, with E-cadherin levels 

decreasing and Snail levels increasing. In vivo, tumor growth and weight for both cell types 

were significantly increased, and ascites development was significantly higher in the 

experimental OVCAR-8 group than in the control group. 

Conclusions: This study found that mechanical forces are influential in EOC progression 

and metastasis. Further analysis of downstream mechanisms involved in EOC metastasis 

will be critical for improvements in EOC treatment. 

 

INTRODUCTION 

Epithelial ovarian cancer (EOC), the leading cause of cancer-related mortality in 

women worldwide [1], will be diagnosed in over 20,000 women in the United States in 

2020 with approximately 14,000 patients expected to die [2]. EOC accounts for the 

majority of ovarian malignancies [3], which typically present in later stages [1]. 

Unfortunately, the majority of cases result in disease recurrence and/or chemoresistance 

[4]. Understanding how these tumors recur and metastasize is critical in developing 

successful treatment strategies. 

Significant efforts have been made to understand the biochemical regulation and 

signaling pathways involved in EOC progression and metastasis [5-8]. However, the 

impact of mechanical forces on these parameters, known as mechanotransduction, in EOC 

progression has largely been ignored [9, 10]. This process plays an essential role in normal 

tissue development and homeostasis as well as in  cancer progression [10], but the exact 

mechanisms by which cancer cells experience mechanical forces and react during tumor 

progression, invasion, and dissemination to a metastatic site have yet to be elucidated. It is 
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known that cancer cells experience intratumoral pressure due to uncontrolled cell growth 

and a stiffening extracellular matrix (ECM) that is subsequently remodeled during cancer 

progression [11-13]. There are two types of mechanical forces imparted on the tumor: solid 

forces, exerted by the solid parts of a tumor, or fluid forces, created from fluid that 

surrounds and penetrates the tumor (i.e., ascitic fluid or blood) [14]. It is important to 

acknowledge that these mechanical forces are imparted on the tumor microenvironment 

(TME) of EOC primarily as shearing forces from ascites and interstitial fluid, tension on 

the tumor periphery from tumor expansion against the ECM and TME, and internal 

compression forces from tumor expansion and the hydrostatic pressure of ascites [15]. The 

importance of tension, compression, and fluid shear have been modeled in many studies 

on multiple different aspects of the tumor, including cancer-associated fibroblasts, 

angiogenesis and the resulting tumor vasculature, matrix remodeling, and cancer cells 

themselves [16-21]. However, there are very few mechanotransduction studies performed 

in EOC. This paper focuses on the response of EOC to constant and oscillatory tension. 

The presence of ascites in EOC patients makes the TME of EOC particularly 

dynamic. Cells from the primary tumor detach and travel as spheroids through ascitic fluid 

into the peritoneal cavity and then implant in a secondary location via the transcoelomic 

metastasis pathway [22-24]. In order for the cells to detach from the tumor they  undergo 

an epithelial to mesenchymal transition (EMT). In this process, the cancer cells lose their 

epithelial phenotype and gain mesenchymal characteristics to facilitate migration through 

the ECM [25]. EMT begins with the downregulation of several epithelial proteins (i.e., E-

cadherin, cytokeratins) with the simultaneous up-regulation of the transcription factors 
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snail, slug, and twist as well as mesenchymal proteins including N-cadherin or vimentin 

[26-28].  

Several efforts have been made to understand how shear [29-31] and compressive 

[32-34] forces affect EMT and tumor metastasis in EOC, while the effects of tension in 

EOC still remains poorly investigated. In addition, tensile forces have not been measured 

in EOC patients, and it remains unclear whether these forces follow an oscillatory pattern 

(periodically changing force) or constant pattern (force with unchanged rate) (Fig 1D). 

Prior studies in other cancer types suggest that patterns of both constant tension (CT) [35] 

and oscillatory tension (OT) [21, 36-38] could have an impact on tumor progression. We 

aim to investigate the role of  OT and CT imparted by the Flexcell FX 6000-T system in 

EOC to bring insight into EOC progression and metastasis. 

 

MATERIALS AND METHODS 

2.1 Flexcell FX-6000T Tension System Setup  

A Flexcell FX-6000T Tension System was used to apply tensile forces to ovarian 

cancer cells. The Flexcell system consists of a baseplate (Fig. 1B) that holds four 6-well 

culture plates with a flexible bottom fabricated from a collagen coated silicone material 

(Fig. 1A). SKOV-3 or OVCAR-8 cells were cultured such that a ~80% confluent 

monolayer formed on the bottom of each well in the plates. Next, the well plates were 

placed on the baseplate which was placed in an incubator (37°C, 5% CO2) and connected 

to the Flexcell system. The baseplate is connected to the Flexlink control box, which  

connects to a vacuum pump, pressure reservoir, and air compressor. The Flexcell system 

creates a vacuum which pulls the sides of the silicon bottom of the well plate down (Fig. 
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1C) and either releases in an oscillatory manner or holds in a constant manner. Cells that 

were strained with sinusoidal OT were placed under 10% elongation and a frequency of 

0.3 Hertz while cells strained with CT were held at 10% elongation (Fig. 1D). Control 

plates (no tension) were placed in the same incubator.  

 

2.2 Cell Culture  

The luc-SKOV-3 ovarian cancer cell line was provided by Dr. Michael Birrer 

(University of Arkansas), and the OVCAR-8 cell line was provided by Dr. Geeta Mehta 

(University of Michigan). The OVCAR-8 cell line was tagged with luciferase using 

retroviral infection with Firefly Luciferase Lentivirus Puromycin (Amsbio, MA). Luc-

SKOV-3 and -OVAR-8 cells were cultured in RPMI 1640 1X medium supplemented with 

10% FBS (Gibco; Waltham, MA), and 1% penicillin/streptomycin (ThermoFisher 

Scientific; Waltham, MA).  

 

2.3 Bioluminescent (BLI) Cell Growth Assessment Under Mechanical Tension 

Luc-SKOV-3 and -OVCAR-8 cells were seeded at 2.5x105 cells/well in the flexible 

bottom 6-well culture plates and incubated(37°C, 5% CO2) for 24 hours to reach ~80% 

confluency. After the initial 24 hours, cell culture media was replenished, and 5 µg/mL d-

luciferin (XenoLight D-Luciferin Potassium Salt, Perkin Elmer) was added for 

bioluminescent imaging (BLI) using the IVIS Lumina III system. After initial imaging, 

culture plates were placed either in the Flexcell FX-6000T Tension System to undergo OT 

or CT or in the incubator under no tension (non-OT, non-CT) for 3 days, after which they 

were imaged again for cell growth comparison.  



36 
 

2.4 Transwell Migration Assay 

A commercially available Boyden chamber (Corning®, NY, USA) was used to 

detect cell migration. The PET Membrane was 8.0 µm. After undergoing mechanical strain 

for 3 days, cancer cells were trypsinized form the Flexcell Uniflex® Culture Plates, 

centrifuged, and resuspended in serum free RPMI and counted. An equal number of cells 

(5x104 cells/well) were loaded onto the upper chamber. Medium enriched with 10% FBS 

was added in the lower chamber as a chemoattractant. After incubation (37°C, 5% CO2) 

for 24 hours, non-migrated cells remained on the upper surface of the membrane and were 

removed; cells that migrated through the membrane were fixed with formalin and stained 

with Crystal violet (Fischer chemicals). Cells that had migrated were counted under a light 

microscope. 

 

2.5 Transwell Invasion Assay 

A commercially available BioCoat™ Matrigel® Invasion Chamber (Corning®, 

NY, USA) was used to measure cell invasion. The PET Membrane was 8.0 µm and coated 

with Matrigel®. After undergoing mechanical strain for 3 days, cancer cells were 

trypsinized form the Flexcell Uniflex® Culture Plates, centrifuged, and resuspended in 

serum free RPMI and counted. An equal number of cells (5x104 cells/well) were loaded 

onto the upper chamber of the invasion assay. Medium enriched with 10% FBS was added 

in the lower chamber as a chemoattractant. After incubation (37°C, 5% CO2) for 24 hours, 

non-invaded cells remained on the upper surface of the membrane and were removed; cells 

that invaded through the membrane were fixed with formalin and stained with Crystal 

violet (Fischer chemicals)Cells that had invaded were counted under a light microscope. 
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2.6 Western Blot 

RIPA buffer containing PMSF and Protease Inhibitor (Sigma-Aldrich) were used 

to lyse the cell lines and total protein lysates were separated by Novex (ThermoFisher 

Scientific) 4–12% gel electrophoresis and transferred to membranes. Membranes were 

blocked with 5% non-fat dry milk in PBST (Sigma-Aldrich) for 60 minutes at room 

temperature and then incubated overnight (4°C) with the primary antibody. The primary 

antibodies used were mouse anti-E-cadherin antibody (ab1416, AbCam) at 1:1000 dilution; 

goat anti-snail antibody (ab53519, AbCam) at 1:1000 dilution; anti-alpha Tubulin antibody 

- Loading Control (HRP) (AbCam), 1:2000. 

After multiple washes, membranes were incubated for 1 hour at room temperature 

with proper secondary HRP-conjugated antibodies (Bio-Rad Laboratories; Hercules, CA), 

except for primary antibodies already HRP conjugated. After multiple washes, images were 

developed using a mixed Peroxide and Luminol Enhancer Solution (Supersignal West Dura 

kit, ThermoFisher Scientific). 

 

2.7 RNA Sequencing 

RNA was extracted from cultured cells using RNeasy Plus extraction kit (Qiagen). 

RNA integrity numbers were measured using BioAnalyzer (Agilent Technologies; Santa 

Clara, CA) and ranged from (9.5 to 10). Quantified RNA was processed by Illumina 

stranded mRNA Library Prep and Illumina NS500 Single-End 75bp (SE75). Results were 

analyzed using Ingenuity software (Qiagen). Data assessment: STAR (version 2.7.3a) 

aligned the raw RNA-Seq fastq reads to the human (GRCh38 p13 Release 32) reference 

genome from Gencode using parameters --outReadsUnmapped Fastx; --outSAMtype 
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BAM SortedByCoordinate; --outSAMattributes All; --outFilterIntronMotifs 

RemoveNoncanonicalUnannotated [39]. Following alignment, HTSeq-count (version 

0.11.2) counted the number of reads mapping to each gene using parameters -m union; -r 

pos; -t exon; -i gene_id; -a 10; -s no; -f bam [40].  Normalization and differential expression 

were then applied to the count files using DESeq2 using their default settings in the vignette 

(version 1.26.0) [40]. Systems Biology analysis. For generating networks, a data set 

containing gene identifiers and corresponding expression values was uploaded into 

Ingenuity Pathways Analysis (Ingenuity® Systems, www.ingenuity.com). Each identifier 

was mapped to its corresponding object in Ingenuity’s Knowledge Base. A log2 fold 

change cutoff of +/-2 was set to identify molecules whose expression was significantly 

differentially regulated. These molecules, called Network Eligible molecules, were 

overlaid onto a global molecular network developed from information contained in 

Ingenuity’s Knowledge Base. Networks of Network Eligible Molecules were then 

algorithmically generated based on their connectivity. Molecules from the dataset that met 

the log2 fold change cutoff of +/-2 and were associated with biological functions and/or 

diseases in Ingenuity’s Knowledge Base were considered for the analysis. Right-tailed 

Fisher’s exact test was used to calculate a p-value determining the probability that each 

biological function and/or disease assigned to that data set is due to chance alone. 

 

2.8 Murine In Vivo Experiment 

All animal studies were approved by the University of Alabama at Birmingham 

Institutional Animal Care and Use Committee (IACUC), ethical code IACUC-20747. 

SCID mice (8-10 weeks old) from Charles River Laboratories (Wilmington, MA) were 
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used according to IACUC protocols. Mice were injected with an intraperitoneal (IP) 

injection of 2.5x106 luc-SKOV-3 or -OVCAR-8 OT (experimental group) or non-OT 

(control group). Animals were injected weekly with 1mL of d-luciferin (XenoLight D-

Luciferin Potassium Salt, Perkin Elmer, 5 μg/mL) and imaged using the same IVIS Lumina 

III system described above. When animals started to show signs of sickness at 9 or 10 

weeks for OVCAR-8 and SKOV-3 respectively, they were sacrificed according to the 

IACUC protocol. At sacrifice, open body final imaging was obtained as well as omentum 

and ascites imaging. The ascites and tumor were also collected.  

 

2.9 Statistical Analysis 

Each in vitro experiment was performed at least in triplicate and results were 

expressed as mean ± standard error of the mean (SEM) from a representative experiment. 

All data were assessed for normality using Shapiro-Wilk test, and either parametric or 

nonparametric analyses were used to detect differences between treatment groups. *P<0.05 

was considered to be statistically significant. Two-way ANOVA was used for the animal 

experiment and the assessment of cell growth. Unpaired t-test was used for the remaining 

experiments. All statistical analyses were performed using GraphPad Prism 5.01 

(GraphPad; La Jolla, CA). 

 

RESULTS 

3.1 OT and CT Significantly Enhanced Cell Proliferation of SKOV-3 Cells 

The effect of OT and CT on EOC cellular proliferation was evaluated using 

bioluminescent imaging (BLI) of luc-SKOV-3 and luc-OVCAR-8 cells. After 3 days of 
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OT, luc-SKOV-3 cell proliferation was significantly (p=0.001) elevated compared to cells 

not exposed to oscillatory tension (non-OT) (Fig. 2A). In addition, when investigating 

differentially expressed genes (DEGs), there was a significant increase in FOXS1 (positive 

log2 fold change, p<0.001; FC=2.48) and ERVV-2 (positive log2 fold change, p<0.001; 

FC=2.44) expression in SKOV-3 cells exposed to OT versus non-OT (STable 1); both 

genes are associated with increased cell proliferation [41, 42]. When analyzing the effect 

of CT on luc-SKOV-3 cellular proliferation, we found a significant (p<0.001) increase in 

cells exposed to CT compared to non-CT (Fig. 2B). When evaluating the effect of OT and 

CT on luc-OVCAR-8 cell proliferation, neither OT nor CT had significant effects on 

cellular proliferation (Fig. 2C-D). Although the day 0 BLI images visually do not look the 

same (Fig. 2A, 2C), numerically, the total flux is the same as shown in the graphs (Fig. 2B, 

2D).  These results suggest that SKOV-3 cellular proliferation is subject to mechanical 

tension, while OVCAR-8 cell proliferation is not influenced by mechanical tension. While 

this imaging expounded on the impact of tension on cell proliferation, this is not always 

directly correlated with migration and invasion capabilities, so the effect of tensile forces 

on specific phenotypic needed to be clarified. 

 

3.2 OT Increased Metastatic Phenotypes of SKOV-3 and OVCAR-8 Cells  

The migratory and invasive tendencies of cells that were placed in the Flexcell 

system under OT for 3 days were compared to non-OT cells using transwell migration and 

invasion assays. After being placed in the transwell assays and allowing to incubate for 24 

hours (after the 3 days of oscillatory tension imparted by the Flexcell), both SKOV-3 and 

OVCAR-8 cells had significantly (p<0.0001) increased migratory capacity compared to 
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non-OT cells (Fig. 3A and 4A). However, OT significantly (p<0.0001) increased SKOV-

3 but not OVCAR-8 invasion (SFig. 1A and C). In addition, we evaluated the effect of CT 

on cellular movement by using the same method described on cells that were placed under 

CT compared to non-CT cells. CT caused no significant effect on SKOV-3 cell migration 

or invasion (Fig. 3B and SFig. 1B). There was a significant (p<0.0001) increase in 

OVCAR-8 cell migration when exposed to CT compared to non-CT cells (Fig. 4B), but 

there was no significant effect of CT on invasion (SFig. 1D). Since OT had a significant 

effect on cellular proliferation and had more of a significant effect on cellular migration 

and invasion, this method of tension was used in subsequent experiments. Western blot 

analyses were used to analyze the effects of OT on protein expression levels for E-cadherin 

and snail, two markers prevalent in EMT and metastasis. Patients with high SNAI2 

expression have worse progression-free survival, while patients with high HCDH1 

expression show better progression-free survival (SFig. 3). After 3 days under OT, E-

cadherin protein expression was lower in both SKOV-3 and OVCAR-8 cells (p<0.05 for 

both) exposed to OT compared to non-OT (Fig. 3C and 4C). Conversely, snail protein 

expression was higher after 3 days of OT in both SKOV-3 and OVCAR-8 cells (p<0.05 

for both, Fig. 3D and 4D) compared to non-OT. Additionally, when investigating DEGs in 

response to tension, there was a significant increase in KRT17 (positive log2 fold change, 

p<0.001; FC=2.21) and KRT14 (positive log2 fold change, p<0.01; FC=1.16) in SKOV-3 

and OVCAR-8 respectively, in response to OT compared to non-OT (STable 1); both of 

these genes are associated with increased EMT phenotypes [43, 44]. These findings suggest 

that both cell types are undergoing EMT when exposed to OT, thus enhancing their 

migratory capacity. Our DEG analysis also showed that there was a significant increase in 
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RBFOX3 (positive log2 fold change, p<0.05; FC=1.86) expression in SKOV-3 cells in 

response to tension, and an increase in NDUFA4L2 (positive log2 fold change, p<0.05; 

FC=1.24) and NRP2  (positive log2 fold change, p<0.05; FC=1.04) expression in OVCAR-

8 cells in response to tension (STable 1); these genes are associated with increased cell 

metastatic potential [45-47]. Overall, these results suggest that OT affects EMT and cell 

migration of both EOC cell lines, albeit through different signaling pathways and 

mechanisms.  

 

3.3 OT Significantly Increased Luc-SKOV-3 and -OVCAR-8 In Vivo Tumor Growth 

We investigated the effects of OT on in vivo tumor growth by injecting SCID mice 

with luc-SKOV-3 or -OVCAR-8 that were previously exposed to OT or non-OT (Fig. 5A 

and 6A). BLI was performed weekly to monitor tumor growth. At the end of week 9 (luc-

OVCAR-8) and 10 (luc-SKOV-3), ROI signal from BLI images showed significantly 

increased late tumor growth in the experimental groups for both cell types compared to the 

controls (p< 0.001 in SKOV-3, p< 0.05 in OVCAR-8) (Fig. 5B and 6B). Tumors and 

ascites were collected from mice and tumor weight was significantly higher in the 

experimental groups of mice compared to the control groups for both cell types (p<0.05 in 

SKOV-3, p<0.01 in OVCAR-8) (Fig. 5C and 6C). Additionally, mice injected with 

OVCAR-8 cells had more ascites than mice injected with SKOV-3 cells (Fig. 5D and 6D). 

Furthermore, mice injected with OVCAR-8 cells in the experimental group had 

significantly (p<0.05) more ascites than mice in the control group(Fig. 6D). BLI imaging 

was used to access the metastatic potential of SKOV-3 cells or OVCAR-8 cells previously 

exposed to OT, and no significant differences were observed in the two groups of mice 
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(Fig. 5E and 6E-G).  Lastly, immunohistochemistry was performed on histologically fixed 

tumor samples from experimental and control mice to determine the presence of E-cadherin 

and snail, which were shown to be significantly altered during the Western Blot analysis 

above. In both cell lines, E-cadherin presence was low and snail presence was high in the 

experimental groups compared to the controls. These data suggest that OT impacts tumor 

growth and EMT phenotypes in both cell types and ascites formation in the OVCAR-8 

model. 

 

DISCUSSION 

Preliminary studies show the importance of mechanical forces in cancer initiation 

and progression [21, 36], specifically analyzing the role of mechanical forces resulting 

from ascites formation in ovarian cancer progression [22, 23, 29-31]. It has been revealed 

that shear forces from ascitic fluid help cancer cells acquire mesenchymal and stem cell-

like phenotypes increasing their migratory/invasive potential and chemoresistance, thus 

allowing for dissemination throughout the peritoneal cavity [15, 22-24, 29-31, 48]. Both 

CT and OT are present in normal physiology, however, recent studies have focused on 

these forces in cancer. There are also many downstream pathways involved in tumor 

progression that are affected by mechanotransductive transmission and sensing that result 

in a mechanoresponse [12, 49, 50]. Additionally, the ability for cells to sense their 

mechanical environment and develop a “mechanical memory” to the forces present has 

recently become an increasingly explored phenomenon [51-56].  

In this study, we utilized two representative EOC cell lines, SKOV-3 and OVCAR-

8. SKOV-3 cells represent a non-serous ovarian cancer whereas OVCAR-8 cells represent 
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a serous ovarian cancer [57-60], and both have significant differences in mRNA profiles 

(SFig. 5). A tensile force of 10% elongation was chosen based on previous studies [30] and 

0.3 Hz was chosen for the frequency because of its consistency with the human respiration 

rate [61]. Although the forces used in this study were estimates based on previous studies 

in other cancers, they have not been quantified in ovarian cancer patients. Because of the 

unknown exact physiological forces, this is a parametric analysis to determine that the 

specific magnitudes, durations, and frequencies chosen are causing cellular changes. This 

study opens the door to a broader analysis where different magnitudes, durations, and 

frequencies can be compared to determine the mechanical threshold causing cancer 

progression, invasion, and metastasis. When analyzing the effects of OT and CT on SKOV-

3 cells, we found that OT enhanced in vitro cell proliferation, EMT, and migration. In 

addition, SKOV-3 cells previously exposed to OT had increased in vivo tumor growth 

compared to non-OT cells. These findings could be explained by the up-regulation of 

FOXS1, ERVV-2, KRT17, and RBFOX3 expression in response to OT. Studies have 

shown that FOXS1 expression correlates with poor prognosis in gastric cancer and its over-

expression accelerated tumor growth in vivo and increased cell migration and invasion 

through EMT promotion both in vitro and in vivo [42]. ERVV-2 encodes a protein in the 

human endogenous retrovirus (HERV) group and blocking of HERV-K protein 

significantly reduced in vitro and in vivo growth rates of pancreatic cancer cell lines [41]. 

Additionally, several proteins of the HERV group are associated with cancer progression 

[62]. In gastric cancer, KRT17 expression correlated with tumor size, lymph node 

metastasis, tumor node metastasis stage, and poor prognosis [63], and additional studies 

have shown that it facilitates oral tumor growth [64]. Lastly, RBFOX3 promoted 
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hepatocellular carcinoma growth and progression and predicted poor prognosis by 

activating the hTERT signaling [46]. 

When analyzing the effects of OT and CT on OVCAR-8 cells, neither affected in 

vitro cellular proliferation. However, OT triggered OVCAR-8 cellular EMT and migration. 

In addition, OVCAR-8 cells exposed to OT had increased in vivo tumor growth compared 

to non-OT cells. The difference in OT’s effects on in vitro and in vivo cell proliferation 

could be due to components in the TME. Furthermore, these findings could be explained 

by the upregulation of MYADM, NDUFA4L2, KRT14, and NRP2 expression in response 

to OT. It has been shown that MYADM knock-down exhibited reduced cell spreading and 

migration [65]. NDUFA4L2 blockade in renal cell carcinoma showed decreased cell 

migratory capabilities and significantly decreased cell viability [47]. In addition, KRT14 

expression in ovarian cancer has been reported to contribute to a highly invasive 

phenotype, and the loss of KRT14 completely abrogated this phenotype [43]. Finally, it 

has been reported that NRP2 has a strong effect on EMT which results in enhanced 

migration, invasion, and metastasis [45, 66]. 

Retention of mechanical memory has been shown extensively in mesenchymal 

stem cells, in which their fate is determined by the rigidity of the ECM that the cells have 

experienced in the past [53-56]. Additionally, epithelial cancer cells have been shown to 

remember past mechanical environments and act accordingly in new metastatic sites [51, 

52]. These cells appear to retain biochemical characteristics, specifically YAP localization 

to the cell membrane and miRNA-21 expression, that were attained from the environment 

where they came from, which would explain the ability for the cells in this experiment 

which were placed under OT and placed in animal models to have long lasting 
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morphological changes that resulted in more aggressive disease. It is unknown exactly how 

long this mechanical memory lasts and what specific genes and proteins are involved in 

this process in EOC, but our findings warrant further investigation in future studies. 

Taken together, we have provided evidence that OT forces impact in vitro cell proliferation, 

EMT, and migration. In addition, cells pre-exposed to OT had increased in vivo tumor 

growth. These results are supported by the upregulation of genes involved in tumor 

progression. OVCAR-8 cells represent high-grade serous ovarian cancer [59, 60], and 

SKOV-3 cells represent non-serous ovarian cancer based on genomic profiling and the 

histologic analysis of xenografts [57, 58, 67], and since these different histological 

subtypes of ovarian cancer present very differently in patients in regard to their mutational 

burden, response to chemotherapy, and survival rates and are clinically treated as distinct 

diseases entirely, this could explain the differences in results between the cell lines. 

 

CONCLUSION 

This study aimed to understand the role of tension in the progression and metastasis 

of epithelial ovarian cancer. This was done in vitro by placing two EOC cell lines, SKOV-

3 and OVCAR-8, under oscillatory and constant tension and comparing their ability to 

proliferate, migrate, and begin an epithelial-to-mesenchymal transition to those cells under 

no tension. Through BLI imaging, transwell assay analysis, RNA sequencing, and Western 

Blot analysis, the proliferation of SKOV-3 cells and the migratory and EMT properties of 

both cell lines were enhanced under tensile forces. In vivo studies were then performed to 

further confirm these findings in animal models. It was determined that ascites growth in 

OVCAR-8 models and tumor growth of both SKOV-3 and OVCAR-8 models was 
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escalated by placing the cells under OT before injection. These findings provide the 

opportunity for the discovery of biomarkers and development of novel cancer therapeutics 

through further investigations which would include altering the magnitude, duration, and 

frequency of forces imparted, adding additional stromal and ECM components for a more 

physiologically relevant model, and a deeper analysis of specific proteins and genes 

involved in mechanotransduction in EOC cells and the mechanical memory they achieve. 
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FIGURES 

 

Fig. 1: Equipment for imparting uniaxial tension to a two-dimensional (2D) 
monolayer of SKOV-3 and OVCAR-8 cells. (A) Components of the Flexcell system 
include 6-well culture plates with a flexible bottom and a loading post for allowing 
uniaxial stretch. (B) Culture plates are placed on a baseplate allowing the vacuum system 
to apply tension. (C) Schematic of the manner in which the vacuum creates a tensile load. 
(D) Graphical representation of oscillatory tension (OT) and constant tension (CT) 
applied (% elongation vs. time). 
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Figure 2: Effects of OT and CT on cell proliferation of luc-SKOV-3 and luc-
OVCAR-8 compared to no tension. (A) ROI (Region of Interest) signal from luc-
SKOV-3 cells under oscillatory tension (OT) and BLI images showed a significant 
difference in cell growth compared to no tension (non-OT) controls after three days. (B) 
ROI signal from luc-SKOV-3 cells under constant tension (CT) and BLI images showed 
a significant difference in cell growth compared to no tension (non-CT) controls after 
three days. (C) ROI signal from luc-OVCAR-8 cells under OT and BLI images showed 
no significant difference in cell growth compared to non-OT controls after three days. (D) 
ROI signal from luc-OVCAR-8 cells under CT and BLI images showed no significant 
difference in cell growth compared to non-CT controls after three days. N=18. 
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Figure 3: OT increased migration and EMT protein expression in SKOV-3. (A) 
Quantification and representative picture of the transwell assay showing the number of 
migrated SKOV-3 cells after 3 days under OT and non-OT. There was a significant 
increase in migrated cells compared to non-OT controls. (B) Quantification and 
representative picture of the transwell assay showing the number of migrated SKOV-3 
cells after 3 days under CT and non-CT. There was no significant difference in the 
number of migrated SKOV-3 cells compared to non-CT controls. In addition, SKOV-3 
showed decreased expression of the epithelial marker (C) E-cadherin as well as increased 
expression of the mesenchymal marker (D) Snail of cells subjected to OT compared to 
non-OT controls. N=12, *P<0.0001, N=3, *P<0.05. 
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Figure 4: OT increased migration and EMT protein expression in OVCAR-8. (A) 
Quantification and representative picture of the transwell assay showing the number of 
migrated OVCAR-8 cells after 3 days under OT and non-OT. There was a significant 
increase in migrated cells compared to non-OT controls. (B) Quantification and 
representative picture of the transwell assay showing the number of migrated OVCAR-8 
cells after 3 days under CT and non-CT. There was a significant increase in the number 
of migrated OVCAR-8 cells compared to non-CT controls. In addition, OVCAR-8 
showed decreased expression of the epithelial marker (C) E-cadherin as well as increased 
expression of the mesenchymal marker (D) Snail of cells subjected to OT compared to 
non-OT controls. N=12, *P<0.0001, N=3, *P<0.05. 
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Figure 5: OT significantly increased luc-SKOV-3 in vivo tumor growth. (A) 
Schematic of the experimental timeline. Mice were injected on week 0 with either OT 
cells (experimental group) or non-OT cells (control group) and were sacrificed in week 
10. (B) ROI signal from animals injected with luc-SKOV-3 under OT showed a 
significant late tumor growth compared to non-OT controls. (C) Tumor weight (g) 
showed that the tumors developed by the animals injected with cells under OT were 
significantly larger compared to non-OT animals. (D) Ascites volume (mL) collected in 
the animals before they were sacrificed. The animals barely developed ascites and there 
was no difference in the OT animal group compared to the non-OT. (E) BLI images from 
metastatic omentum. Images are representative of two experiments (OT) and controls 
(non-OT). (F) ROI signal from BLI images taken of omentum metastasis organs showed 
no significant difference between the OT group and the non-OT group. (G) 
Photomicrographs of E-cadherin and snail immunohistochemical staining from mice 
tumors showed low E-cadherin presence and high presence of snail in the OT group.  
N=7 per group, *P<0.05. 
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Figure 6: OT significantly increased luc-OVCAR-8 in vivo tumor growth. (A) 
Schematic of the experimental timeline. Mice were injected on week 0 with either OT 
cells (experimental group) or non-OT cells (control group) and were sacrificed in week 9. 
(B) ROI signal from animals injected with luc-OVCAR-8 under OT showed a significant 
late tumor growth compared to non-OT controls. (C) Tumor weight (g) showed that the 
tumors developed by the animals injected with cells under OT were significantly larger 
compared to non-OT animals. (D) Ascites volume (mL) collected in the animals before 
they were sacrificed. The ascites volume in the OT animal group was significantly higher 
compared to the non-OT group. (E) BLI images from metastatic omentum and ascites in 
a 24-well plate. Images are representative of one experiment (OT) and control (non-OT). 
ROI signal from BLI images taken of (F) omentum metastasis organs and (G) ascites 
showed no significant difference between the OT group and the non-OT group. (H) 
Photomicrographs of E-cadherin and snail immunohistochemical staining from mice 
tumors showed low E-cadherin presence and high presence of snail in the OT group. N=6 
per group, *P<0.05. 
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Supplementary Table 1. Differentially expressed genes with both a positive log2 fold 
change and a significant p-value.  
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Supplementary Figure 1: OT increased invasion in SKOV-3. Quantification and 
representative picture of the number of invaded SKOV-3 cells after 3 days under (A) OT 
or (B) CT. There was a significant increase in invaded SKOV-3 cells under OT but no 
significant increase in the number of invaded cells under CT both compared to no tension 
controls. Quantification and representative picture of the number of invaded OVCAR-8 
cells after 3 days under (C) OT or (D) CT. N=12, *P<0.05. 
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Supplementary Figure 2: Comprehensive Western Blot with tubulin loading 
controls and molecular weight ladder. (A) E-cadherin and (B) snail levels in the 
SKOV-3 cell line. (C) E-cadherin and (D) snail levels in the OVCAR-8 cell line. 
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Supplementary Figure 3: Progression-free survival plot for SNAI2 (A) and HCDH1 
(B).  
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Supplementary Figure 4. Significant changes in mRNA between OVCAR-8 control 
and SKOV-3 control to show the baseline differences in both cell lines. 
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INTRODUCTION 

 Ovarian cancer is the deadliest malignancy of all gynecological cancers with a 5-

year survival rate of 49.1% (1), primarily due to the chemoresistant behaviors of ovarian 

cancer cells which lead to high rates of recurrence and death (2). The current standard of 

care for epithelial ovarian cancer (EOC) patients is primary debulking surgery followed by 

a combination of taxane and platinum-based chemotherapies (3). These therapeutic agents 

target the biochemical signaling that controls cancer growth, but not the biomechanical 

signaling that promotes tumor progression. Pathologic biomechanical forces within the 

tumor microenvironments (TMEs) of epithelial tumors of all types are emerging as potent 

regulators of cancer progression; these forces include compression at the tumor interior (4), 

tension at the tumor periphery (5) and altered or insufficient blood flow in the tumor 

vasculature due to high interstitial shear stresses (6). In many cases, the disturbed or 

enhanced mechanical environment of tumors promotes more intrusive behaviors and 

correlates with worse prognosis. Understanding mechanotransduction, or the cellular 

behaviors in response to changing biomechanical cues in the TME (7) , will help elucidate 

novel therapeutic strategies and understand limitations in current treatments. 

 Mechanotransduction is a fundamental process in early human development (8), 

stem cell differentiation (9), and tissue homeostasis (7, 10). The mechanotransmission, 

mechanosensing, and mechanoresponse of a cell placed under fluctuating mechanical 

forces results in altered gene expression and cell behavior (11). However, when cancer 
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develops, malignant tumor cells are able to hijack this process (7) and manipulate the 

mechanoresponse to allow for cell proliferation, migration, chemoresistance 

immunosuppression and even promote angiogenesis (12-17) (18-20). While 

mechanotransduction studies of all epithelial cancer types have increased in number in the 

past 20 years, few EOC mechanotransduction studies exist (13, 19-25), and none have 

specifically focused on the effect of tensile stress on EOC chemoresistance. The molecular 

relationship between the mechanotransduction response of EOC cells and their subsequent 

chemoresistance may be attributed to the expression and activation of the mechanosensitive 

heat shock protein 27 (HSP27).  

 HSP7 is a small heat shock protein of 27 kDa molecular weight that is in the family 

of heat shock proteins (26). HSP27 is expressed and activated under stress conditions such 

as heat shock, hypoxia, and increased shear stress (27-29). In normal tissues, it acts as an 

ATP-independent molecular chaperone that is oligomerized through the WDPF motif when 

the cells experience heat shock (30) and moves to the nucleus upon activation (31). This 

molecular chaperoning trait prevents denatured proteins from aggregating and deforming 

(32), therefore HSP27 has evolved to withstand high stress environments (27, 29, 33). 

HSP27 is found to be upregulated in ovarian cancer (34), and has been shown to lead to 

increased chemoresistance in ovarian cancer cells as a potential off-target or post-target 

effect (35, 36). While these studies are a promising start to elucidating the role of HSP27 

in ovarian cancer and determining its function as a possible biomarker or therapeutic target, 

investigating how HSP27 is regulated in EOC through mechanotransduction signaling 

pathways has not yet been explored. Thus, this study investigated the HSP27 expression in 

the EOC cells placed under tensile stress. A 3D microfluidic model of EOC with a fully 
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formed vasculature was then developed with appropriate matrix components to further 

study the effect of tensile strain on EOC cell proliferation and chemoresistance in a 3D 

environment. 
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MATERIALS AND METHODS 

2.1. Cell culture 

The SKOV-3 ovarian cancer cell line was provided by Dr. Michael Birrer 

(University of Arkansas), the SKOV-3.tr ovarian cancer cell line was provided by Dr. 

Rebecca Arend (University of Alabama at Birmingham), and the OVCAR-8 cell line was 

provided by Dr. Geeta Mehta (University of Michigan). Human microvascular endothelial 

cells (HMECs, ATCC CRL-3243) and normal human lung fibroblasts (NHLFs, Lonza) 

were used to create a 3D vasculature in the microfluidic devices based on a previously 

designed microtissue model of the TME (37). SKOV-3 and  OVCAR-8 cells were cultured 

with RPMI 1640 1X medium with a supplement of 10% FBS and 1% 

penicillin/streptomycin. SKOV-3.tr cells were also cultured with RPMI 1X medium with 

a supplement of 10% FBS and 1% penicillin/streptomycin with an addition of 150 ng/mL 

of Paclitaxel. HMECs were cultured with MCDB 131 supplemented with 0.002% EGF, 

1% Hydrocortisone, 10% heat-inactivated FBS, and 5% L-Glutamine. NHFLs were 

cultured with DMEM high glucose supplemented with 10% non-heat inactivated FBS, 2% 

sodium pyruvate, 1% L-glutamine, 1% penicillin/streptomycin, 1% non-essential amino 

acids. All cell types were incubated at 37oC and 5% CO2. 
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2.2. Tensile Strain System 

The commercially available Flexcell 6000-T system was used to apply an 

oscillatory tensile force to ovarian cancer cells. For all experiments, 5x105 cells were 

seeded in each well of a collagen-I coated uniaxial Flexcell plate and placed in the 

incubator (37oC, 5% CO2) for 24 hours to allow the cells to grow to ~80% confluence. 

The plates were then placed on the baseplate in an incubator (37oC, 5% CO2) for straining. 

All cells were treated with oscillatory stretch with a magnitude of 10% elongation and 

frequency of 0.3 Hz. Flexcell experiments ran for either 5, 15, or 30 minutes for Western 

blot analysis or 24 or 72 hours for 3D microfluidic device experiments. Cells for controls 

were seeded on the same flexible membrane plates and placed in the same incubator as the 

experiment plates for the same periods of time but not subjected to tensile strain. 

 

2.3. Western Blot analysis 

Western Blot analysis was performed to determine levels of phosphorylated HSP27 

(Ser15) and total HSP27 in samples of SKOV-3, SKOV-3.tr and OVCAR-8 cells that had 

been placed on the Flexcell for 5, 15, and 30 minutes. 1X RIPA buffer with protease and 

phosphatase inhibitors (ThermoFisher 78440) was used to lyse cells, and standard 

protocols were used to process the samples. Primary antibodies used were rabbit anti-

HSP27 (phosphor S15) antibody (Abcam ab76313) at a 1:500 dilution, rabbit anti-HSP27 

antibody (Abcam ab109376) at 1:1000 dilution, and mouse anti-β-Actin antibody (Sigma 

Aldrich A1978) as a loading control at a 1:40k dilution. All secondary antibodies were 

used at 1:2000 (Cell Signaling Technology 7074S, 7076S). For phosphorylation analysis, 

membranes were stripped with Re-Blot solution (Sigma-Aldrich 2504). 
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2.4. 3D TME Model 

Design and manufacturing of the 3D microfluidic device used in these experiments 

has been detailed previously (37); this system is designed with three tissue chambers in 

series and permits high levels of control over matrix components, cell loading and 

interstitial flow. Briefly, polydimethyl siloxane (PDMS, Sylgard 184, Dow Corning) was 

cast on a silicon wafer mold created using soft lithography with a base-to-curing agent ratio 

of 10:1 and cured at 65oC for at least 3 hours. PDMS devices were then plasma bonded to 

glass slides. Middle chambers of devices were loaded with a 9:1 fibrin:collagen I ratio (10 

mg/mL total ECM protein) and a final concentration of 1x107 cells/mL for HMECs and 

NHLFs. Side chambers were loaded with the same matrix and 5x105 cancer cells that had 

either been subjected to tensile strain via the Flexcell system for 24 or 72 hours (exp) or 

had not been subjected to strain (ctl). Devices were fed with EGM-2 media (Lonza, CC-

3162) for eight days with flow setup so that media moved from the middle chamber into 

the side chambers only. Devices were then fixed and stained for immunofluorescence 

imaging. Treated devices were fed with regular EGM-2 media for days 0-3, treated with 1 

µM of Paclitaxel on day 4, and fed with regular EGM-2 media for days 5-8 before being 

fixed and stained as with the untreated devices. 

 

2.5. Staining and immunofluorescence imaging 

All reagents given to the devices described herein were administered for 48 hours 

and incubated at 4oC. To prepare the devices for antibody staining, the devices were first 

fixed with 10% formalin, then permeabilized with PBS + 0.5% Tween to allow for 

intracellular staining. Next, blocking with 2% BSA in PBS + 0.1% Tween occurred, then 
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staining with primary antibodies mouse anti-HSP27 (Invitrogen MA3-015) at a 1:500 

dilution and rabbit anti-Cleaved Caspase-3 (Abcam, ab32042) at a 1:250 dilution was 

performed. Devices used during the collagen experiments (Figure 2) included staining for 

mouse CD31 (Fisher Scientific, PIMA513188) at a 1:200 dilution for blood vessel imaging 

and quantification. Devices were washed with PBS + 0.1% Tween and the secondary 

antibodies were applied – Alexa Fluor 488 goat anti-rabbit (ThermoFisher A11029) and 

Alexa Fluor 555 donkey anti-mouse IgG (ThermoFisher A31570) both at a 1:500 dilution. 

Finally, PBS + 0.1% Tween + DAPI was added before imaging. An Olympus IX83 inverted 

epifluorescent microscope was used for imaging and FIJI was used to process and stitch 

the images (38). 

 

2.6. ImageJ and AngioTool analysis 

Particle counts were performed in FIJI to quantify relative levels of HSP27 and 

Cleaved Caspase-3 in side chambers of devices and normalized to nuclear counts within 

the chamber. AngioTool was used to map skeletonization of blood vessels and to determine 

blood vessel growth area and mean lacunarity shown in Figure 2 (39). 

 

2.7. Statistical analysis 

All results are presented averages plus or minus the standard error of the mean 

(SEM) for the number of devices in each experimental condition. At least three replicates 

of each lysate for Western blot analyses and each condition of device experiments were 

analyzed to determine statistical significance. Two-way ANOVA was performed, followed 

by unpaired t-tests with unequal variances for post-hoc testing. 
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RESULTS 

3.1. A 9:1 fibrin:collagen ECM allows for appropriate microvasculature development 

 Because of the presence of collagen type I in the ovarian cancer TME, this reagent 

was added to the established protocol and any effects were monitored. A maximum and 

minimum ratio of fibrin:collagen was tested while keeping the pH level and concentration 

(10 mg/mL) the same. A 6:4 ratio of fibrin:collagen was the maximum ratio tested (Figure 

2a) and a 9:1 ratio of fibrin:collagen was the minimum tested (Figure 2d). Blood vessel 

formation shown via CD31 staining in the maximum and minimum ratios are shown in 

Figure 2b and 2e, respectively. The skeletonization pattern was created using AngioTool 

for the maximum (Figure 2c) and minimum (Figure 2f) ratios and the percentage area of 

vessels (Figure 2g) as well as mean lacunarity (Figure 2h), which quantifies the integrity 

of the developed vessels, were calculated (39). The minimum ratio of 9:1 fibrin:collagen 

produced significantly more vessel percentage area with significantly less holes (lower 

mean lacunarity) than the maximum ratio of 6:4 fibrin:collagen, so this ratio was used in 

all device experiments from here forward. 

 

3.2. 30 minutes of tensile strain heightens phosphorylation of HSP27  

 SKOV-3 and SKOV-3.tr cells were seeded at 5x105 cells/well and placed on the 

Flexcell system for 5, 15, or 30 minutes before being lysed for Western Blot analysis. 

Control cells were seeded at the same cell density on the same plates and were housed in 
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the same incubator for the same amount of time. Representative pictures of the Western 

Blots for SKOV-3 and SKOV-3.tr are shown in Figure 3a and 3b. Significant changes were 

found between SKOV-3 and SKOV-3.tr cells that had been placed under tensile strain for 

30 minutes (Figure 3c). While there were no other data points that were statistically 

significant, there were trends of higher phosphorylated HSP27 in SKOV-3 cells than in 

SKOV-3.tr cells (Figure 3c) and higher total HSP27 in SKOV-3.tr cells than in SKOV-3 

cells (Figure 3d) under both experimental and control conditions. With more replicates 

these small changes could be further elucidated. 

 

3.3. Tensile strain impacts HSP27 expression in 3D microfluidic device 

 SKOV-3 and SKOV-3.tr cells were seeded at 5x105 cells/well and placed on the 

Flexcell system for 24  or 72 hours then were injected into a 3D microfluidic device. 

Control cells were seeded on the same plate at the same cell density. This device has three 

chambers, and cells that had been subjected to tensile strain were placed in one side 

chamber (labeled ‘exp’) and the cells that had not been subjected to tensile strain were 

placed in the other side chamber (labeled ‘ctl’) with a full developed microvasculature 

system in the middle chamber. Figure 4a shows a representative full image of a device 

loaded with cells that had been placed under tensile strain for 24 hours and Figure 4b shows 

a representative full image of a device loaded with cells that had been placed under tensile 

strain for 72 hours. HSP27 levels in devices with cells that had been stretched for 24 hours 

(Figure 4c) and cells that had been stretched for 72 hours (Figure 4d) were examined using 

immunofluorescence imaging and quantified then normalized to DAPI. Devices with cells 

from both timepoints had significantly higher HSP27 expression in the experimental 
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chambers versus the control chambers (Figure 4e). Devices with cells that had been 

stretched for 24 hours also had significantly higher HSP27 expression than the devices with 

cells that had been stretched for 72 hours. 

 

3.4. Paclitaxel treatment and tensile stress effects HSP27 and Cleaved Caspase-3 

expression 

 The next experiment was performed by setting up devices as described above but 

with adding a treatment of Paclitaxel for 24 hours on day 3 of the experiment. Figure 5a 

shows a representative full image of a device loaded with SKOV-3 cells that had been 

placed under tensile strain for 24 hours and Figure 5b shows a representative full image of 

a device loaded with SKOV-3 cells that had been placed under tensile strain for 72 hours. 

Figure 5c shows a representative full image of a device loaded with SKOV-3.tr cells that 

had been placed under tensile strain for 24 hours and Figure 5d shows a representative full 

image of a device loaded with SKOV-3.tr cells that had been placed under tensile strain for 

72 hours. HSP27 was stained and imaged using immunofluorescence for devices with 

SKOV-3 cells stretched for 24 hours (Figure 5e) and 72 hours (Figure 5g) and SKOV-3.tr 

cells stretched for 24 hours (Figure 5i) and 72 hours (Figure 5k). Cleaved caspase-3 was 

stained and imaged using immunofluorescence to determine levels of cell death for devices 

with SKOV-3 cells stretched for 24 hours (Figure 5f) and 72 hours (Figure 5h) and SKOV-

3.tr cells stretched for 24 hours (Figure 5j) and 72 hours (Figure 5l). These images were 

quantified and graphed in figures 5m and 5n. Cells in devices in the 24-hour group had 

significantly higher levels of normalized HSP27 than those in the 72-hour group for the 

SKOV-3 control group and SKOV-3.tr experimental group. SKOV-3.tr cells in devices in 
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the 24-hour group also had significantly higher levels of normalized cleaved caspase-3 than 

those in the 72-hour group. 

 

3.5: OVCAR-8 cells exhibit similarities in HSP27 expression to other cell lines 

 To determine if these findings were extended to other cell lines representative of 

other histological subtypes of ovarian cancer, these same experiments were performed in 

OVCAR-8, a serous ovarian cancer cell line. Western Blots were performed on OVCAR-

8 cells that had been subjected to 5, 15, and 30 minutes of tensile strain (Figure 6a). 

Densitometry calculations found significant changes in phosphorylated HSP27 expression 

from 15 to 30 minutes (Figure 6b) and in the experiment versus control group at 30 minutes, 

however this group had higher normalized phosphorylated HSP27 expression in the control 

group than experiment. There were no significant changes in normalized total HSP27 

expression between experimental and control groups or between timepoints. OVCAR-8 

cells were then stretched for either 24 hours or 72 hours and representative images of full 

devices are shown (Figures 6d and 6e, respectively). HSP27 and cleaved caspase-3 were 

again stained, imaged, and quantified (Figure 6f). There were significantly higher cleaved 

caspase-3 levels in the cells that were not strained for 72 hours than cells that were strained 

for 72 hours. There was also a significant difference in the levels of cleaved caspase-3 in 

the control groups of both timepoints. 
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DISCUSSION 

 Mechanotransduction has become an increasingly popular area of cancer research 

in recent years. This process has been shown to lead to cancer progression, migration, and 

chemoresistance (12, 13, 16, 19, 20). Tensile forces are known to be present along the 

tumor periphery of a growing tumor, but the magnitude and frequency of this force in 

ovarian cancer is unknown. Proteins effected by mechanotransduction in cancer through 

biomechanical signaling include Twist, YAP, MAPK, and ROCK, to name a few (13) (40-

44). Downstream of MAPK in the p38 signaling pathway is HSP27, which is shown to be 

mechanically sensitive (27, 29, 33) and has also been shown to be expressed in high 

amounts in chemoresistant ovarian cancer (35, 36). This study aimed to investigate the 

relationship between increasing tensile stress in ovarian cancer, expression of HSP27, and 

the chemoresistant nature of EOC. 

 The beginning of this project focused on adopting a previously established 3D TME 

model (37) to be used for ovarian cancer studies. Including collagen-I in the matrix of this 

model is imperative since it is the most prevalent protein in the EOC TME. Incorporating 

collagen-I at a low level, specifically at a 9:1 ratio of fibrin:collagen, allowed for a full 

microvasculature network to form. The higher level of collagen-I incorporation led to a 

stifled microvasculature network formation, possibly due to the contractile nature of 

collagen-I which would constrict the vessels and not allow for full development. Because 

collagen is so readily available in the EOC TME, it would be more physiologically relevant 
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to include a higher concentration of collagen, however, this requires further exploration 

and experimentation. 

 When initially analyzing the effects of tensile strain on SKOV-3 and SKOV-3.tr 

cells, it was found that the application of tensile strain led to trending increases in 

phosphorylated HSP27 levels in the SKOV-3 cell line (Figure 3c), and trending increases 

in total HSP27 levels in the SKOV-3.tr cell line (Figure 3d). This may be due to the 

chemoresistant cell line SKOV-3.tr naturally having higher HSP27 levels, which would 

indicate that the HSP27 has moved to the nucleus thus is not residing in the cytoplasm and 

cannot be phosphorylated. Once SKOV-3 cells were placed in the 3D TME device, they 

showed a mechanism of mechanical memory that led to increased HSP27 expression in the 

experimental groups of cells that had been strained for both 24 and 72 hours (Figure 4e). 

A cell’s ability to sense mechanical forces and retain the memory of their previous 

mechanical environment when placed in a new environment is called a mechanical 

memory, and this process seems to be evident in the cells that were placed under tensile 

strain and then placed in the 3D TME model. To investigate the chemoresistant nature of 

high HSP27 levels, SKOV-3 and SKOV-3.tr cells that had been stretched were placed in 

the 3D TME model and treated with Paclitaxel (Figure 5a-d). These conditions led to higher 

HSP27 levels in the SKOV-3 experimental and control groups and in the SKOV-3.tr 

experimental group in the cells that had been stretched for 24 hours compared to 72 hours 

(Figure 5m). HSP27 is a small protein, and it may be quickly expressed and moved to the 

nucleus after phosphorylation. For this reason, it would seem that for the first 24 hours of 

strain, HSP27 is highly expressed in order to protect the cell, and after 24 hours the 

expression of HSP27 decreases. Cleaved caspase-3 was also examined as an apoptosis 
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marker to determine the level of cell death in the cells after treatment with chemotherapy. 

Cleaved caspase-3 expression was significantly higher in the 24-hour group of SKOV-3.tr 

under experimental and control conditions (Figure 5n). This suggests that the higher level 

of HSP27 in SKOV-3.tr cells may help protect from cell death under longer periods of 

time, i.e., 72 hours. Finally, to investigate if these aforementioned characteristics present 

in other histotypes of EOC, these experiments were run with OVCAR-8 cells which 

represent a serous type of ovarian cancer. Phosphorylated HSP27 expression was 

significantly higher after 15 minutes of strain than after 30 minutes of strain (Figure 6b), 

however, there were no significant differences in total HSP27 expression. After placing 

these cells in the 3D TME model (Figure 6d-e), cells under tensile strain for 72 hours had 

significantly less cell death than cells not under tensile strain (Figure 6f). This may point 

to a protective mechanism that prolonged tensile strain has on OVCAR-8 cells. While 

SKOV-3 and OVCAR-8 cells showed different results in relation to HSP27 expression, 

these cell lines represent two different histological subtypes of ovarian cancer that are 

treated as distinct diseases. Therefore, the differing results are not surprising. 

 Taken together, this study provides evidence that HSP27 may have a protective role 

in non-serous EOC that is subjected to tensile forces. Phosphorylated HSP27 expression is 

higher in SKOV-3 cells that are exposed to tensile stress than the chemoresistant cell line 

SKOV-3.tr, showing higher levels of HSP27 in the cytoplasm readily available for 

phosphorylation and movement to the nucleus. Total HSP27 expression is higher in SKOV-

3.tr cells exposed to tensile stress than SKOV-3 cells, possibly because the HSP27 has 

already been phosphorylated and moved to the nucleus. These early experiments showing 

increased HSP27 expression were confirmed in a 3D TME model.    
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CONCLUSION 

 This study aimed to elucidate the role of tensile stress on HSP27 phosphorylation 

and expression and its relationship to chemoresistance. This was performed using SKOV-

3, SKOV-3.tr, and OVCAR8 cell lines representing two different histological subtypes of 

ovarian cancer as well as a chemoresistant subtype. Through Western Blot protein analysis 

and experiments using a 3D TME microfluidic model, the expression of HSP27 in cells 

placed under tensile stresses for different time periods was explored. It was found that 

phosphorylated HSP27 expression was higher in SKOV-3 cells and total HSP27 expression 

was higher in SKOV-3.tr cells. In the 3D TME microfluidic model, cells that were placed 

under tensile strain for a shorter time period had higher expression of HSP27 but also 

higher cell death, whereas cells placed under tensile strain for longer time periods had 

lower expression of HSP27 and lower cell death. This may be due to a protective 

mechanism of HSP27 that extends past its expression. These findings provide insight into 

a mechanical signaling link between HSP27 expression and chemoresistance of EOC. 
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Figure 1: Schematic of 3D microfluidic device. (A) Each device has 3 chambers, a 
middle chamber holding a vascular network of blood vessels, one chamber with cells 
placed under the experimental condition and one chamber with control group cells. These 
cells and microvasculature are held in 3D by ECM with media flowing through the 
device. (B) Flow pattern for the device whereby media enters the device through the 
middle chambers and moves outward to the side chambers. (C) Flow lines of the pattern 
described in Figure 1b. (D) Velocity graph of the media pattern showing a minimum and 
maximum peak velocity at chamber interfaces.  
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Figure 2: Analysis of microvessel formation with the inclusion of collagen I in the 
ECM. Full images of center chambers of devices with (A) 9:1 fibrin:collagen I 
concentration (Max) and (D) 6:4 fibrin:collagen I concentration (Min). Immunostaining 
includes DAPI, CD31 (TXRED), and collagen I (GFP). CD31 immunostaining images of 
center chambers of devices with (B) 9:1 fibrin:collagen I concentration and (E) 6:4 
fibrin:collagen I concentration. Skeletonization images analyzed using AngioTool of 
CD31 staining in center chambers of devices with (C) 9:1 fibrin:collagen I concentration 
and (F) 6:4 fibrin:collagen I concentration. Quantification of (G) vessels percentage area 
and (H) mean lacunarity of CD31 staining in center chambers. N=2, *P<0.05, scale bar 
on full images is 200 µm and on insets is 100 µm. 
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Figure 3: Western Blot analysis of phosphorylated HSP27 and total HSP27 
expression after time under tensile stress. (A) Western Blot analysis of phosphorylated 
HSP27 and total HSP27 in SKOV-3 cells which were subjected to 5 minutes, 15 minutes, 
and 30 minutes of tensile stretch and their controls which were subjected to no stretch. 
(B) Western Blot analysis of phosphorylated HSP27 and total HSP27 in SKOV-3.tr cells 
which were subjected to 5 minutes, 15 minutes, and 30 minutes of tensile stretch and 
their controls which were subjected to no stretch. (C) Quantification of normalized 
phosphorylated HSP27 expression in Western Blot samples. (D) Quantification of 
normalized total HSP27 expression in Western Blot samples. N=3, *P<0.05. 
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Figure 4: HSP27 expression in 3D microfluidic devices with stretched SKOV-3 cells 
(exp) vs. unstretched (ctl). Full immunofluorescence images of 3D microfluidic devices 
with SKOV-3 cells that had been stretched for (A) 24 hours and (B) 72 hours in the side 
chamber labeled ‘exp’ and cells that had not been stretched in the side chamber labeled 
‘ctl’. Immunostaining is of HSP27 (TXRED) and DAPI. Images of HSP27 
immunofluorescence with SKOV-3 cells that had been stretched for (C) 24 hours and (D) 
72 hours in the chambers labeled ‘exp’ and cells that had not been stretched in the side 
chamber labeled ‘ctl’. (E) Quantification of HSP27 expression shown in the previous 
panels. N=3, *P<0.05, scale bar on full images is 200 µm and on insets is 100 µm. 
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Figure 5: HSP27 and Cleaved Caspase-3 expression in 3D microfluidic devices 
treated with Paclitaxel. (A) Devices with SKOV-3 cells placed under oscillatory tensile 
strain for 24 hours in the side chamber labeled ‘exp’ and cells that had not been stretched 
in the side chamber labeled ‘ctl’ and treated with Paclitaxel. (B) Devices with SKOV-3 
cells placed under oscillatory tensile strain for 72 hours in the side chamber labeled ‘exp’ 
and cells that had not been stretched in the side chamber labeled ‘ctl’ and treated with 
Paclitaxel. (C) Devices with SKOV-3.tr cells placed under oscillatory tensile strain for 24 
hours in the side chamber labeled ‘exp’ and cells that had not been stretched in the side 
chamber labeled ‘ctl’ and treated with Paclitaxel. (D) Devices with SKOV-3.tr cells 
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placed under oscillatory tensile strain for 72 hours in the side chamber labeled ‘exp’ and 
cells that had not been stretched in the side chamber labeled ‘ctl’ and treated with 
Paclitaxel. Scale bar is 200 µm. Images of HSP27 immunofluorescence with SKOV-3 
cells that had been stretched for (E) 24 hours and (G) 72 hours in the chambers labeled 
‘exp’ and cells that had not been stretched in the side chamber labeled ‘ctl’. Images of 
Cleaved Caspase-3 immunofluorescence with SKOV-3 cells that had been stretched for 
(F) 24 hours and (H) 72 hours in the chambers labeled ‘exp’ and cells that had not been 
stretched in the side chamber labeled ‘ctl’. Images of HSP27 immunofluorescence with 
SKOV-3.tr cells that had been stretched for (I) 24 hours and (K) 72 hours in the chambers 
labeled ‘exp’ and cells that had not been stretched in the side chamber labeled ‘ctl’. 
Images of Cleaved Caspase-3 immunofluorescence with SKOV-3.tr cells that had been 
stretched for (J) 24 hours and (L) 72 hours in the chambers labeled ‘exp’ and cells that 
had not been stretched in the side chamber labeled ‘ctl’. (M) Quantification of HSP27 
expression in devices shown in Figure 5A-D. (N) Quantification of Cleaved Caspase-3 
expression in devices shown in Figure 5A-D. N=3, *P<0.05, scale bar is 100 µm. 
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Figure 6: HSP27 expression in OVCAR-8 cells subjected to tensile stress. (A) 
Western Blot analysis of OVCAR-8 cells subjected to 5, 15 and 30 minutes of tensile 
strain compared to control cells with no strain. (B) Quantification of normalized 
phosphorylated HSP27 expression in Western Blot samples. (C) Quantification of 
normalized total HSP27 expression in Western Blot samples. Devices with OVCAR-8 
cells placed under oscillatory tensile strain for (D) 24 hours and (E) 72 hours. (F) 
Quantification of HSP27 and Cleaved Caspase-3 expression in 3D devices shown in 
Figure 6D-E.  N=3, *P<0.05, scale bar is 200 µm. 
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CHAPTER 4 

 

MARKET ANALYSIS OF PRECLINICAL THREE-DIMENSIONAL MODELS 

 

The market for recreating the TME in preclinical 3D in vitro models for cancer drug 

development is diverse and currently expanding at a rapid pace. The motivation guiding 

this market growth centers around the advantages of a 3D microenvironment compared to 

the formerly established two-dimensional (2D) environments [228]. These advantages 

include the addition of stromal and ECM components found in vivo, more accurate cellular 

signaling and cell-cell or cell-matrix crosstalk, and more accurate tissue architecture [229, 

240]. Including components that allow for this level of accuracy is imperative in 

developing models that recapitulate how a tumor acts in its environment so that novel drugs 

tested on these models can show results that are as precise as possible [237, 244]. There 

are many different approaches taken to modeling these microenvironments, and the 

greatest differences lie in the cell lines utilized, the materials making up the ECM, 

additional cellular components in the system, additions to the media that may be used for 

promoting cellular growth over extended periods of time, and the device through which the 

biological system resides and potentially expands. While static 3D devices allow for the 

inclusion of the above components, adding a perfusion of nutrient-rich media increases the 

accuracy of these in vitro models and allows for physiologically relevant flow to be 

introduced. Devices which include flow have become popular in recent years in academia 
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for basic science research but have not made a transition into the cancer drug development 

industry [246-248]. This discussion will contain a review of 3D tumor models with 

elements of perfusion which are being used for cancer drug development and have been 

established in either an academic or industry setting. 

Existing solutions for 3D in vitro models include spheroids, patient tissue samples, 

and tumors-on-a-chip (Figure 1) [249].  Multicellular tumor spheroids (MCTSs) were 

originally developed by Sutherland et al. in the 1970s [250] and are aggregates of cells 

which, when grown either in suspension or embedded in a matrix, come together to form a 

spheroid or organoid depending on the cell types present. MCTSs are one of the most 

widely used 3D in vitro tumor models used in academia and industry [251, 252] and have 

come to include different cell types, such as cancer cells, fibroblasts, and immune cells 

[253], and matrices, including hydrogels, soft agar and Matrigel [254-256]. MCTSs allow 

for multiple TME components to be included and are quick and relatively easy to create, 

however, they are static models (lacking perfusion) that isolate tumor spheroids from the 

surrounding stroma and thus do not fully recapitulate a human tumor. Patient tissue 

samples, or tissue explants, are biopsies from cancer patients that can be cultured and used 

for testing of cancer therapeutics in either a personalized medicine approach or in a drug 

development setting [257]. Tissue explants are typically placed on a collagen-coated plate 

and media is added to provide nutrients to the living tumor [258]. The tissue architecture 

and microenvironment are typically able to be preserved, but the reproducibility of this 

model is extremely limited due to biologic variability and there are very few analytical 

assays that can be used on these tissue samples [259]. The third 3D model technique that 

has increasingly gained popularity over the last few years is the tumor-on-a-chip 
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technology. Tumors-on-a-chip are small devices that can contain cancer cells, stromal 

cells, extracellular matrices, and perfusion elements [260] such as cell culture media or 

chemotherapeutics [261]. There are infinite possibilities in the way that cells can be 

cocultured, tissue microenvironments can be created, or physiochemical conditions can be 

manipulated in these devices. Multiple reviews have discussed in depth the different ways 

tumors-on-a-chip have been utilized in a laboratory setting [260, 262-269]. As mentioned 

before, however, these novel technologies have not been able to translate easily into the 

cancer drug development industry as pre-clinical models. The trouble with this transition 

is likely due to the difficulty in designing and optimizing a device that can be used in a 

high- or medium-throughput setting, the skills needed to design, optimize, and use this type 

of device, and translating the findings to in vivo models or clinical settings [270]. However, 

there is a large market opportunity for these devices. 

For a thorough analysis of the market for 3D microfluidic devices in cancer drug 

development, the possible customers must be evaluated. One small, but noteworthy, market 

consumer lies within the academic sector. This includes universities or additional 

educational institutions that conduct oncology research. The education sector notably 

offers the least contribution to the market as they often develop their own devices and 

microenvironments, as discussed above. It is important to note that, in both the academic 

and industry sector, there are no agreed upon codes and standards for cells, ECM 

components, chip materials, flow rates, etc. for lab-on-a-chip devices. Thus, experimental 

design largely varies, and results are difficult to compare and replicate. A larger consumer 

in this market are pharmaceutical companies. When a pharmaceutical company is 

developing a drug, they will place panels of thousands of compounds through high 
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throughput testing in a target in vitro environment. Pharmaceutical companies utilize low 

cost and high-volume systems through the use of target cell lines and simplistic 

environments, such as well plates, for a first pass evaluation of the toxicity of varying 

drugs, specifically cancer therapeutics [214]. The goal of these pharmaceutical companies 

is to determine biocompatibility among thousands of therapeutic variations and reduce the 

number of potential drug candidates from thousands to roughly hundreds [215], which are 

often isomers of the same molecular compound. In addition to pharmaceutical companies, 

contract research organizations (CROs) are another notable customer within the 3D 

microfluidic device market. CROs utilize developed devices to support pharmaceutical and 

biotechnology companies with additional research to further narrow down a panel of 

therapeutics to the one that will most likely successfully move through all phases of clinical 

trials. CROs are often contracted by pharmaceutical companies to continue their 

therapeutic studies with greater precision by performing medium- or low-throughput 

testing of the narrowed down panel of therapeutics from the hiring pharmaceutical 

company. The assays used by CROs may include some of the more complicated 3D devices 

described above [271, 272]. This will aid in more closely mimicking the target in vivo 

environment and will further reduce the panel of potential successful therapeutic isomers 

being analyzed. Increasing the similarities between the in vitro environment for pre-clinical 

drug testing and the in vivo environment where approved drugs will eventually be used 

plays a significant role in reducing the financial burden that accompanies the drug 

development process by increasing the accuracy of in vitro testing [273].  

The drug development process consists of three stages before a drug can be 

considered for Federal Drug Administration (FDA) approval [214]. The first of these stages 
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is the discovery and development stage. Within this stage, oncology therapeutics have the 

lowest likelihood of approval (LOA) when compared to other therapeutic categories. The 

LOA of oncology drugs in phase one is approximately 6.7% (Figure 2), which is almost 

half of the average phase one LOA for non-oncology drugs [274]. This is an especially 

significant statistic when considering the fact that oncology therapeutics include 31% of 

all potential new molecular entities (NME) in a particular year, making them the most 

abundant potential NME faction [274]. Phase two of drug development is the preclinical 

research stage. This is the stage in which pharmaceutical companies and CROs will do the 

majority of the research that has been discussed. Oncological NMEs are the strongest in 

phase two of development with an approximately 28% LOA (Figure 2) [274]. Finally, a 

drug will proceed to stage three of development, which is the clinical trial stage in which 

the effects of the drug on humans is analyzed. Oncology NMEs perform extremely poorly 

at this stage. There is roughly a 45% pass rate of oncology drugs in phase three (Figure 2), 

making the oncology NME group the least successful drug classification in phase three 

[274]. After all of these phases have been successfully completed, the therapeutic may 

proceed to FDA approval. Overall, statistics show that approximately 0.8442% of all 

proposed NMEs are successful in all three phases [274]. This very low percentage of 

successful NMEs is a contributor to the high cost and low efficiency within the cancer 

therapeutic market. A major contributing factor to this low success rate is the lack of 

accurate preclinical studies performed in relevant and accurate TMEs [275]. The majority 

of relevant preclinical testing is often accomplished through animal testing, a 3-billion-

dollar market [273], but by focusing financial resources into the development of relevant 
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TME replication in 3D microfluidic devices, the success rate of oncological drug 

development could increase and thus benefit the market as well as cancer patients. 

Academic research interest in 3D perfusion models for cancer drug development 

continues to grow. One team out of Purdue University looks to address a main issue with 

3D invasion models which is the lack of standardization between models as well as the 

inability to act as a high-throughput system [276]. This group developed a 96- well plate 

system that allows for increased standardization between models. The 96 well plate system 

consists of a fabrication platform that contains 96 posts with concave ends that allow for 

easy placement of the tumor compartment. The tumor compartment consists of 5 

microliters containing the ECM and cell suspension. In this case, the cell suspension 

consists of pancreatic ductal adenocarcinoma (PDAC) cell lines. The Purdue group goes 

on to further explain components of their TME that contribute to pathophysiological 

relevance such as use of cancer-associated fibroblasts and their choice of material for ECM.  

Additionally, a group from the University Hospital Würzburg in the tissue engineering 

department specializes in the creation of a human 3D in vitro tumor test system [277]. 

Within their system is both a static and dynamic approach to modeling the tumor 

microenvironment. Their primary cancer of concern is malignant peripheral nerve sheath 

tumors (MPNSTs). The team has established a biological vascularized scaffold (BioVaSc) 

that was decellularized for the use in the static portion of this experiment. The scaffold was 

reseeded with primary fibroblasts, microvascular endothelial cells, and the MPNST cell 

line known as S462. The vascular component of the scaffold was removed and what 

remains was given an incision on one side then fixed between two metal rings. This makes 

up the setup for the static approach. The dynamic approach is run through a bioreactor 
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system that exposes the cells to mechanical stressors such as shear force by way of either 

peristaltic or constant flow delivered by a pump. In this approach the delivery of oxygen 

and nutrients is regulated based on factors such as blood pressure, temperature, and flow 

rate. The bioreactor represented is basic in design and function. The sheath cells are seeded 

within the biological vascularized scaffold along with the primary dermal fibroblasts. The 

cells within the scaffold are placed in the bioreactor where they are under a constant flow 

of 3.8 ml/min at 37 oC and 5% carbon dioxide. The media in the system is replenished after 

7 days and the bioreactor is permitted to flow for a total of fourteen days. According to the 

findings by the university team [277], the dynamic approach produced cell phenotypes that 

most closely represented in vivo cellular behavior. Their experimentation has once again 

proven that dynamic systems are the most biologically relevant form of reproducing the 

TME in vitro. 

Outside of the academic setting described above, there are multiple commercial 

companies specializing in perfused 3D in vitro tumor models and devices. One such 

company, inSphero, is an international company operating out of Schlieren, Switzerland 

that offers customizable tumor microtissues in a number of different cancers. InSphero 

markets their products as assay-ready spheroid microtissues, requiring little to no 

preparation before use. In addition to the customizable tumor microtissue services, the 

company also offers their Akura™ Flow microphysiological discovery platform designed 

for high-throughput experimentation of their microtissues in a multi-tissue microfluidic 

environment. The system consists of multiple single millimeter chambers, each containing 

a single microtissue, which are connected linearly and receive medium. Another company, 

SynVivo, offers customized microfluidic devices that realistically simulate the in vivo 
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TME and allow for application and control of shear stresses. SynVivo’s primary product 

is a microfluidic chip with four options available for channel customization: a three channel 

linear device with size variations from 100-500 micrometers, a bifurcating channel pattern 

with one channel that diverges into two offering angular variations between the diverging 

channels, a microvascular network of channels with very little organization similar to the 

random angiogenic growth found in tumors, and an idealized network which uses a 

combination of linear and bifurcating channels that can be used for co-culturing different 

microtissues. These devices are marketed as being compatible with the majority of 

microtissues and extracellular matrix options that are commonly used in laboratory 

settings. An additional company, Revivocell, produces a product called CellBloks™ used 

for emulating the organ and tumor microenvironment in a 3D in vitro setting. Cells can be 

studied under either static or dynamic conditions using a perfusion rocker, eliminating the 

need for a pump to create flow. The device consists of three rows of four blocks each 

connected by a linear channel system to simulate complex cell-cell and organ-organ 

interactions. Due to the design of the system, there is the possibility of conducting tertiary 

co-cultures, a unique characteristic that Revivocell claims is offered by no other product. 

There are base chamber media ports on either side of the four block systems, through which 

media can be collected for analysis during the active experiment. The system supports 3D 

cell culture growth with the addition of an extracellular matrix.  

The two biggest companies in the market of microfluidic devices in North America 

include Blacktrace Holdings Ltd. and uFluidix [278]. Blacktrace Holdings is the parent 

company of Particle Works which creates nano- and microstructured materials embedded 

in different 3D gels. They are particularly reliable from batch to batch and allow for many 
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different assays to be performed on the 3D structures. uFluidix produces custom 

microfluidic devices with PDMS and thermoplastics in multiple ranges of size and 

scalability for different levels of drug testing. They develop organ on a chip devices, 

microfluidic cell sorting chips, gene delivery on a chip, droplet-based microfluidics, 

microfluidic drug toxicity screening, and point-of-care microfluidic devices in which 

human diseased cells are placed in devices and treated with multiple drugs to determine 

the best option for each specific patient. 

As in any market, the financial component of the market for microfluidic devices and 

reagents that are used to create these microenvironments is of utmost importance. The 

majority of research using microfluidics requires a high volume of experiments in order to 

conclude any significant findings. In addition, the purpose of these devices and recreating 

the tumor microenvironment is to streamline the process of cancer drug development, 

screening, and production. Therefore, low range prices are a requirement for these devices 

and systems. The use of cost-effective materials such as glass, paper, silicone, PDMS and 

additional low-cost polymers is imperative to keep the price per device as low as possible. 

Of these materials, glass is the most expensive, however, in the past it has also proved to 

be the leader in reliability for microfluidic success in the United States. Lower cost 

alternatives are emerging as replacements for higher priced materials which have 

previously dominated the market. Materials such as PDMS and paper have a much lower 

price point, making them more effective for large volume experiments that are typically 

disposable. The market for microfluidic devices and their supporting materials was 

recorded to be $1.86 billion in North American in 2018 [278]. It is estimated that 

approximately 85.9 % of that market value belongs to the microfluidic device whereas the 
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remaining 14.1% belongs to accessories such as chip and sensors. The popularity of 3D 

tumor microenvironment physiological relevance as well as the development of lower cost 

material options is predicted to drive the market in an exponentially positive direction over 

the next six years. During this time, the market is expected to triple. Once essential details 

such as reliable reproducibility, standardization, and ease of experimental setup are 

improved, the opportunities for the inclusion of 3D microfluidic tumor models in 

preclinical drug testing seem to be boundless. 
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Figure 1: Existing static 3D in vitro tumor models. Tumor tissue explants incorporate 
the microenvironment of the relevant tumor but lack an ease of replication. Spheroid 
models recapitulate tumor heterogeneity but do not include a relevant tumor 
microenvironment. A 3D tumor culture attempts to combine the positive aspects of both 
models while alleviating the negative qualities. 
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Figure 2: The statistical decline in success rates of varying proposed NMEs between 
Phase 1 and Phase 2 or Phase 3 based on category of disease [274]. Oncology is one 
of the diseases with the lowest success rate for both phases, with the Phase 2 success rate 
being 28% and the Phase 3 success rate being 45%. 
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CHAPTER 5 

DISCUSSION 

Project Summary 

Epithelial ovarian cancer is caused by multiple mutated genetic hits [10] resulting 

in uninhibited cell growth. The impact of mechanical forces imparted on ovarian tumors in 

vitro and the resulting mechanotransduction signaling is vastly understudied in EOC, and 

its influence on the development, metastasis, and chemoresistance of EOC must be 

elucidated. This project highlights this influence of forces on EOC and the development of 

in vitro tools to study this impact. The work described represents some of the first efforts 

at understanding EOC mechanotransduction, and these findings could pave the way to the 

development of more refined methods for exploring different force parameters as well as 

identifying future targets for cancer therapies. 

As stated earlier, mechanotransduction plays an important role in human 

development, stem cell differentiation, bone formation and healing, and tissue homeostasis 

[155]. There are multiple genes and proteins that are affected during the 

mechanotransmission, mechanosensing, and mechanoresponse [157] that occur when cells 

sense a mechanical force. Cell-cell and cell-matrix connections are the primary facilitators 

of these processes [168], so a thorough study of mechanotransduction in ovarian cancer 

should include different cell types and matrix components. Mechanical forces that are 

imparted on an ovarian tumor include interstitial fluid shear throughout the tumor, shear 
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stress outside the tumor from the moving ascites liquid surrounding the ovaries, 

compression on the interior of the tumor and tension on the tumor periphery [279]. These 

forces are most likely imparted in an oscillating manner where the magnitude of the stress 

changes at a certain frequency. 

Oscillating forces have been proven to be present throughout the body and are 

essential to normal tissue function and have been shown to play a role in tissue 

pathophysiology [280-283]. Preliminary studies have shown the importance of these forces 

in cancer initiation and progression [284, 285]. There is an unmet need for technologies to 

study the biological influence of these oscillating forces in cancer where the force 

frequency, magnitude, and duration are parameters influencing tumor progression. 

 During the past four years of studying mechanotransduction and ovarian cancer, a 

specific protein stood out that is both mechanically stimulated [202] and has shown to 

affect resistance to two standard chemotherapies in ovarian cancer, Paclitaxel [210] and 

cisplatin [211], and that protein is HSP27. The hypothesis for this research suggested that 

ovarian cancer is influenced by oscillatory tensile forces in 2D and 3D in vitro models and 

mouse models which cause the cancer to grow faster, become more migratory and invasive, 

and adapt a chemoresistance through the small heat shock protein HSP27. Two papers were 

published while experimentally testing this hypothesis in which a Flexcell 6000-T system 

was used to apply tensile forces to ovarian cancer cells and their subsequent behavior and 

mechanical memory was observed. 

 Chapter 2 described the investigation of the effect tension has on EOC progression 

and metastasis. The proliferation, migration, invasion, and EMT marker expression of two 

EOC cell lines, SKOV-3 and OVCAR8, which were subjected to oscillatory or constant 
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tension were analyzed in vitro via BLI, transwell migration and invasion assays, and 

western blots. Oscillatory and constant tension were shown to increase SKOV-3 

proliferation but not OVCAR8 proliferation. This difference in behavior between the cell 

lines could be explained by the different histotypes of the cell lines. OVCAR8 represents 

a high grade serous EOC subtype and SKOV-3 represents a non-serous EOC subtype. 

These two types of ovarian cancer present very differently in patients in regard to their 

survival rates, level of chemoresistance, and genetic profiles (Chapter 2, Supplementary 

Figure 4) and therefore are treated differently. In both cell lines, cells under tensile stress 

showed increase migratory capabilities compared to cells that were not placed under tensile 

stress. EMT markers expressed in the stretched cells and the unstretched cells were 

evaluated to help explain the mechanism behind the migratory activity. Western blot 

analysis revealed that the epithelial marker E-cadherin was downregulated in both cell lines 

when placed under oscillatory tensile stress versus those that were not. Also, an increase 

in Snail, a mesenchymal marker, was upregulated, further demonstrating that an epithelial-

mesenchymal-transition is occurring as cells are placed under tensile stress. These findings 

were validated using RNA sequencing analysis which showed an overexpression of genes 

previously reported to be involved in tumor progression, proliferation, EMT, and poor 

patient prognosis. In conclusion, the in vitro studies performed showed an increase in 

proliferation of SKOV-3 and an increase in migration and EMT traits in both SKOV-3 and 

OVCAR8 cells placed under tensile stress compared to those that were not. 

 Next, in vivo studies were performed to validate the above in vitro findings. luc-

SKOV-3 and luc-OVCAR8 cells were placed under oscillatory tension then injected 

intraperitoneally to immunocompromised mice models and compared to mice that were 
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injected with unstrained luc-SKOV-3 and luc-OVCAR8 cells. The progression and 

metastasis of the cancer cells was tracked over time using BLI. In mice injected with luc-

SKOV-3 cells, those that had been stretched showed an increase in BLI and tumor weight 

while no difference in omentum metastasis was found. In mice injected with luc-OVCAR8 

cells, those that had been stretched showed an increase in tumor weight and ascites volume 

and no difference in omentum metastasis. Upon further examination using IHC staining of 

histologically fixed omentum metastasis samples, EMT markers E-cadherin and Snail 

showed tumors in mice that had been injected with stretched cells of both lines had lower 

E-cadherin expression and higher Snail expression than those tumors from mice with 

unstretched cells. Because metastasis is a long and arduous process that works on its own 

timeline, it is not surprising that the cells in these models showed early signs of EMT 

without full metastasis to the omentum. 

 The findings published in this paper contribute to a body of mechanotransduction 

EOC research that can help discover possible biomarkers of EOC. Further investigations 

would include altering the magnitude, duration, and frequency of forces imparted, the 

addition of other stromal and ECM components for a more physiologically relevant model, 

and a deeper analysis of specific genes and proteins involved in EMT effected my 

mechanotransduction. Targeting specific proteins and genes implicated in 

mechanotransduction signaling pathways induced by physiological oscillatory forces that 

effect tumor development, progression, and metastasis is necessary for the development of 

novel, improved ovarian cancer drugs.  

In chapter 3, a novel previously described [248] 3D microfluidic device was 

adapted to be used as a device to study ovarian cancer. Collagen was added to the matrix 



108 
 

formula to better replicate an EOC TME. A mechanical signaling mechanism that may 

contribute to ovarian cancer chemoresistance, overexpression of the protein HSP27, was 

explored in cells that were placed under tensile strain for different periods of time. SKOV-

3, SKOV-3.tr, and OVCAR-8 cell lines were all used to gather information about a wide 

range of ovarian cancer subtypes. An increase in HSP27 in SKOV-3 after 24 hours of 

tensile strain was found, possibly giving insight into a time point where mechanical 

stressors begin to have a strong impact on cell behavior. It was also found that, in devices 

that held SKOV-3.tr cells that had been stretched for 72 hours then treated with Paclitaxel, 

there was significantly lower cell death than the same cells that had not been subjected to 

tensile stress. These data lead to a possible conclusion that tensile stress leads to 

biochemical signaling that protects cells from cell death due to paclitaxel, potentially 

through HSP27 expression. 

The model developed here provides an opportunity to study the effect of 

mechanical forces on ovarian cancer in a 3D environment that is replicative of the TME of 

EOC. It has physiological relevance that makes it a strong prospect for use in preclinical 

testing of novel cancer drugs. By treating the devices with paclitaxel, it was proven that 

this device could support a therapeutic intervention and allow for multiple levels of post-

treatment testing, imaging, and analysis. 

 The work that contributed to these two publications laid the groundwork for many 

interesting future directions that will continue to elucidate the role of mechanical forces on 

EOC. Some limitations should also be addressed including the gaps in chemoresistance 

studies, 3D studies, and assays used. 
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Future Directions & Limitations 

Next Steps – Flexcell Experiments 

 In the previously detailed experiments where oscillatory tensile forces were applied 

to ovarian cancer cells, a specific magnitude, frequency, and duration was chosen. These 

forces were chosen based on studies in other cancers [182], however, they have not been 

measured in ovarian cancer so the true magnitude, frequency, and duration of oscillating 

tension on an ovarian tumor periphery has not been quantified. The analysis done was a 

parametric study that will lead to more in-depth studies that can be done to narrow down 

the exact range of tension where cells behavior becomes more or less migratory, invasive, 

and chemoresistant. The Flexcell 6000-T system used to apply tension to the cells has a 

frequency range of 0.1-5 Hz and a percent elongation range of 0-30%, so many different 

options can be studied. 

 There are also options for different coatings on the Flexcell plates that ovarian 

cancer cells are seeded on which may dramatically change the behavior of cells. The plates 

used in these experiments were coated with collagen type I, which is the most prevalent 

matrix component in EOC, but it is possible to get untreated plates where a different 

substrate can be applied. Unpublished work in the Sewell-Loftin lab analyzes the 

relationship between hyaluronic acid and CD44 in ovarian cancer cells placed under tensile 

stress, so treating the untreated plates with different concentrations of hyaluronic acid 

would show interesting insights into how that complex is affected by mechanical forces.  
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Next Steps – 3D Microfluidic Device Experiments 

 The interactions between mechanotransduction signaling and HSP27 expression 

were a central focus of the second study described above. The next steps of this study 

would include knocking down HSP27 in the ovarian cancer cell lines, subjecting the wild 

type cells and the knockdown cells to the tensile strain, and analyze the HSP27 expression 

in the devices pre- and post-treatment of chemotherapies. Drug inhibition of HSP27 would 

be another direction to take for this project, however it will knock down the HSP27 

expression in all cell types, including the fibroblasts and endothelial cells used to create 

the vascular network in the middle chamber of the device, and HSP27 is highly expressed 

in these cells. 

 Analyzing the effect tensile forces have on cells that are treated with other therapies 

or other combinations of therapies will also be important to fully elucidate the role HSP27 

has in EOC. A combination of paclitaxel and cisplatin chemotherapies is the standard of 

care for treating most EOC patients, so this would be a good first step in introducing new 

therapies. Given the inclusion of a microvasculature in this device, adding an 

antiangiogenic drug such as bevacizumab would also be interesting to determine the 

effectiveness of this drug in our device and to study discrepancies in its effectiveness, since 

trial results have varied [286]. Combining paclitaxel, cisplatin and bevacizumab is another 

therapy option for EOC patients that could be studied further in the 3D microfluidic device 

to determine how effective this treatment could be. Another drug that could be included is 

niclosamide, a drug that is FDA approved for the treatment of tapeworms and has been in 

development for the treatment of cancer in recent years. Niclosamide targets the Wnt/β-
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catenin signaling pathway which helps regulate cell proliferation and chemoresistance, 

leading to cell death [287] and has been proven to be effective in suppressing ovarian 

cancer growth [288]. Using niclosamide, a drug still in its early stages of development for 

cancer, in this microfluidic device would show the viability of using this device in 

preclinical trials for novel cancer therapeutics while also providing more data to prove this 

drug is effective in treating ovarian cancer. Finally, niclosamide has also been shown to 

increase the efficiency of drugs that target the PD-1/PDL-1 immune checkpoint blockade 

as well as increasing the efficacy of cisplatin in non-small cell lung cancer [289], so further 

experiments analyzing this behavior in ovarian cancer could be performed. 

 Another direction for this project would be to investigate the use of the device as a 

metastasis model. Cancer cells could be placed in one side chamber with a vascular 

network in the middle. The other side chamber would include normal omentum matrix and 

cells, since that is the first location of ovarian cancer metastasis, and analysis of cell 

movement would be conducted. Experiment conditions should include cells that are placed 

under tensile strain while control conditions would have cells that are not placed under 

strain and the degree of metastasis would be quantified through immunofluorescence 

imaging and cell counting. Staining for HSP27 and some possible cancer stem cell markers 

could be performed to see if cells that have metastasized express more of those markers 

than cells which do not. Another way this device could model metastasis would be to fill 

both side chambers with normal omentum cells and matrix and include the cancer cells in 

the circulating media, mimicking the presence of circulating cancer cells in cancer patients. 

These two models would be used to study the characteristics that are distinct to metastatic 
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ovarian cancer cells, which would give valuable insight into the metastatic cascade of 

ovarian cancer which ultimately leads to its low survival rates. 

 Finally, the inclusion of patient samples in this device would be the ultimate step 

forward in the development of this device for use in a preclinical drug testing setting or in 

a personalized medicine approach to treatment of EOC. Tumor cells would be dissociated 

from tumor samples and placed in the device. Initial studies would be to determine viability 

of the cells after 7, 14, or 21 days, for example, using live/dead or other 

immunofluorescence staining. Also, for a personalized medicine approach, dissociated 

cells could be placed in multiple devices and different therapy combinations could be tested 

to see what each patient would respond to best. Adding the ascites fluid that matches each 

EOC patient sample would make the model even more physiologically relevant and give 

the best chance for the cancer cells to behave in an ex vivo model the same way they would 

in vivo. This personalized medicine approach could be extremely beneficial for patients, as 

it sometimes takes multiple treatment regimens to find one that works. Being able to test 

these drugs on a sample of the tumor in a device that acts similarly to how the human body 

acts would relieve the patient of unneeded treatments and give them the best chance for 

survival. 

 

Addition of Immune Cell Population 

The importance of signaling interactions between cancer cells and the tumor 

microenvironment is one of the central reasons why 3D studies are so interesting. To 

further study these interactions, it would be beneficial to have more stromal cell 
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populations included in this model in order to achieve a truly physiologic representation of 

a human tumor. As stated previously, the interactions between cancer cells and stromal 

cells have been shown to increase pro-tumoral phenotypes and favor metastasis [279], and 

the TME and ECM are thought to have an epigenetic role in the development of cancer 

[166]. This microenvironment, which includes cell types such as fibroblasts, endothelial 

cells, vasculature, and immune cells [290-292], influences primary tumor growth, 

migration, invasion, and chemoresistance [157]. The next steps in the development of the 

3D microfluidic system would be to include an immune cell population appropriate for 

ovarian cancer. 

Multiple immune cell types would be important to include in an immunocompetent 

in vitro model of ovarian cancer. Infiltrating immune cells play an essential role in 

regulating ovarian cancer response to chemotherapy and have been correlated with ovarian 

cancer clinical outcomes [293]. The T cell population, specifically the infiltration of CD4+ 

T-cells, correlates with increased survival in ovarian cancer and the infiltration of 

regulatory T cells (Tregs) correlates with a poorer prognosis [294]. Lymphocytes have a 

context-dependent effect on tumor progression, wherein some subsets will promote tumor 

progression, and some will inhibit it [295]. Peripheral blood mononuclear cells (PBMCs) 

are found in the blood of ovarian cancer patients and produce cytokines that are associated 

with prognosis [296]. These different immune cell types could be incorporated in different 

ways. For example, PBMCs could be included in the circulating media as they are found 

in ovarian cancer patients or could be included in the side chambers with the ovarian cancer 

cells to determine their involvement in tumor growth. Regarding T cells, a new approach 

to treating cancer involves reprogramming a patient’s Tregs to induce apoptosis of cancer 
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cells instead of proliferation, and this could be done with tumor samples in the device. 

Tumor samples could be taken, and cell sorting could filter the Tregs from the rest of the 

cell types. These Tregs could be reprogrammed using basic cell culture while the remaining 

cell population could be placed in the device. After a few days allowing the device to run 

with normal media, the reprogrammed T cells could be added to determine if they would 

then attack the cancer cells. This type of model represents a significant advancement over 

the experiments discussed in this dissertation but would be an incredible development that 

could assist in making this type of therapy more practical. 

 

Limitations of Chemoresistance Studies and 3D Models 

 There are limiting factors to the studies described above that should provide some 

context for the findings. Firstly, chemoresistance studies are sometimes difficult to 

accurately portray the chemoresistance found in patients. The development of 

chemoresistant cell lines started in the 1970s when different concentrations of 

chemotherapeutics were added to the media of a cell line to create chemoresistant 

subpopulations of cells. This is not the best method for creating chemoresistant 

subpopulations that act like human chemoresistant cells as those cells can either become 

chemoresistant through a gradual increase of treatment or a single large increase [104] and 

this development does not account for both types of chemoresistance. Additionally, the 

foundation of chemoresistance studies began with those done in 2D monolayers which, as 

has been described previously, does not account for the 3D contacts that form between 

cells and their matrix, and these contacts can have a profound impact on the 

chemoresistance of cancer cells [297]. Mouse xenograft models help alleviate this issue 
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[298], but typically immunodeficient mice are used in order for tumors to be able to fully 

develop. Eliminating the immune component while studying chemoresistance discounts 

the host-tumor interactions that can be vital in the survival of chemoresistant cancer cells 

[299]. Taking these limitations into account and realizing that chemoresistance is a 

multifaceted mechanism of cancer cells is imperative to attempt to fully understand this 

process. 

 While 3D in vitro models are immensely more accurate in portraying the 

physiology of cancer cells and matrix, there are still some limitations that must be 

considered. The device used in these experiments incorporates pressure and fluid gradients 

typically seen in tumors, a vascular network and matrix that is relevant to the cancer type 

being studied. However, other forces present in the TME like compression throughout the 

tumor or constant tension on the outer edge of a growing tumor are not included here. Also, 

as mentioned above, all cell types that are present in a human tumor are not present in this 

3D model, most importantly the immune cell component. The main issue that has not been 

addressed in incorporating more 3D models into basic research and preclinical testing is 

the time it takes to develop a great design, optimization of this design, and a full analysis 

and validation of the design before it can be used. The lack of standardization here and the 

level of expertise it takes for someone to be dedicated to working with 3D in vitro models 

deters many labs and companies from incorporating them into their body of work. There 

have also been issues translating findings from these experiments to the clinic [270]. There 

have been many breakthroughs in the 3D in vitro tumor model technology in the past few 

decades, but there is still a great deal of work to be done. 
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 If, through these future directions and working with the limitations described above, 

the hypothesis described wherein oscillatory tensile forces impact cancer growth, 

migration, and chemoresistance is validated, the next task would be to determine how this 

information can be used in the drug development process to create novel therapies based 

on these findings. 

 

Limitations in the Development and Approval of New EOC Drugs 

 Currently, oncology drugs have one of the lowest rates of successfully moving 

through clinical trials and gaining FDA approval of all disease types [274]. A leading cause 

of this is the huge gap between 2D monolayer preclinical testing and in vivo mouse models, 

and the large difference between humans and mice which makes clinical translation of in 

vivo tests performed on mouse models difficult. The introduction of 3D in vitro tumor 

models to preclinical testing would be a huge help in alleviating this burden. By 

incorporating a fully developed 3D model which accurately recapitulates the human 

disease that is being tested, a more accurate depiction of the efficacy and toxicity of novel 

drugs can be determined. Having the most accurate data possible before moving a drug into 

clinical trials will lead to better clinical trial outcomes. Massive amounts of money are also 

wasted on drugs that produce promising data in 2D in vitro and in vivo models but prove 

inadequate in clinics – in 2019, $83 billion was spent on research and development in the 

pharmaceutical industry [300] and between 2017-2019 Medicare spent at least $569 

million on potential new cancer therapeutics with $224 million of this spent on drugs that 

were withdrawn from clinical trials [301]. Adding 3D preclinical testing would help 

pharmaceutical companies focus their time and money only on the most promising drugs.  
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 The previous paragraph describes the inclusion of 3D models as a fairly 

straightforward approach, however, there are many roadblocks standing between where the 

development of 3D models is now and where it needs to be for inclusion in preclinical 

testing in the drug development industry. There is currently no standardization of 3D 

models, including how they should be manufactured, what materials are to be used for 

manufacturing, gold standard matrix components (which will differ between diseases but 

should be fairly standard for a specific disease), and which other cellular components must 

be incorporated for reliable preclinical findings. Also, it takes an experienced group of 

technically competent researchers to be dedicated to working with 3D models, and this 

skill set is mastered after extensive use of these systems. The extent of work that was done 

with the 3D model described in these experiments necessitated a design process, building, 

and testing of the device that had not been done before and there was no previous roadmap 

to work from. Every lab that works in this field has different protocols for their experiments 

and uses different materials and additional stromal components in their models, and this 

lack of standardization contributes to non-uniform results. The best engineering judgement 

was used to determine the parameters of the model and the best assays to be used to monitor 

the effectiveness of the device, but different engineers may have differing opinions on best 

practices. Therefore, moving forward, the first step to including 3D in vitro tumor models 

in clinical environments should be to first standardize the development process in order to 

create reliable devices that will thoroughly replicate the tumor microenvironment to best 

test developing cancer drugs. 

 

 



118 
 

Conclusion 

It is known that mechanical forces are present intrinsically and extrinsically at time-

varying frequencies throughout the body, and specifically throughout a malignant tumor. 

There are tools available to explore these forces and their effects. Initial experiments 

studying these mechanical forces used 2D in vitro and in vivo models to determine the 

effect tensile stress has on ovarian cancer cells in regard to proliferation, migration, and 

metastasis. Further experiments sought to reveal new information regarding 

mechanotransduction signaling in ovarian cancer that could point to a mechanosensitive 

pathway involving HSP27 that is crucial to the development of future therapies. Moving 

forward, further analyses and improvements to the 3D microfluidic system and the cells it 

houses including the addition of other stromal components, testing different 

chemotherapies, and knockdown of HSP27 will result in a novel technology that can be 

used to study these dynamics not just in ovarian cancer, but in any other cancer or disease 

type. 

Increased research and publications on mechanotransduction signaling in ovarian 

cancer will be extremely important in the future to discover new targets for novel cancer 

therapies. Historically, biochemical signaling pathways have been heavily studied and 

targeted by cancer drugs, but this method has not led to many new cancer drugs or better 

outcomes for cancer patients. Studying the biomechanical signaling could open a whole 

new realm of possibilities for treating this deadly disease. Incorporating 3D models into 

preclinical testing of new drugs will prove to be imperative to accurately describe how a 

new cancer therapy will work. Standardization and reliability of the manufacturing and use 

of 3D models are the main pain points that must be addressed in order to move forward in 
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this area. The cure to cancer will not be one big discovery, but many smaller discoveries 

by multiple contributors who come together to remedy these discrepancies and create an 

improved drug development process and environment that is accurate, reliable, and 

efficient. 
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