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INTRODUCTION 

CANCER 

Today, cancer is a medical bogeyman. It comes in many forms and many types, requiring 

a toolbox of treatments and therapies to combat. Even with modern advances like 

laproscopic surgery, high resolution imaging, chemo and radiation based therapies, and 

next generation genomic analysis, cancer is still one of the leading causes of death around 

the world.[5] Rewind the clocks to 3000BC, to the earliest known reports of cancer in the 

Edwin Smith Papyrus, and we find the phrase, “There is no treatment” with respect to 

breast cancers. Although mortality rates might suggest cancer is winning this battle, 

looking over the multitude of advancements in research, treatment, and identification over 

the last 5000 years since those ancient doctors first identified cancer, we have, in fact, made 

incredible progress. Breast cancer mortality rates have dropped significantly and have 

continued to drop over the last 30 years.[6] Treatments range from preventative 

mastectomy to highly targeted chemo and radiation therapies. In addition, our range of 

predictive measures can pinpoint accurate risk based on family history, genetic analysis, 

and lifestyle factors. Taken together, we’re a far cry from “no treatment,” in fact, we’re 

steaming towards a world where breast cancer is as easy to treat as the common cold. 

Not until Hippocrates, the ancient Greek physician of oath fame, studied the disease did 

cancer get a name. Initially, Hippocrates found tumors spreading around organs with 

grasping like protrusions that he likened to the fingers of a hand. The shape, a central body 

with finger-like appendages, reminded him of a ubiquitous, Grecian crustacean and thus 

he named the disease karkinos, the Greek word for crab. Later when the word was 
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translated to Latin, the term cancer was born. Hippocrates’ term karkinos was coopted for 

cancers originating from epithelial type cells, carcinomas, which often present with the 

crab-like morphology he described. 

The treatments and methods outlined by Hippocrates represented humanity’s knowledge 

of cancer for many, many centuries until body dissection as a means to determine death 

became more acceptable and common. Once physicians around the world were able to 

observe bodies of cancer patients, they began developing theories around the cause of 

cancer ranging from: milk clots in mammary ducts, acidic lymph fluid byproducts, to even 

contagious poison. Although most of these hypotheses are false, as we know now, this time 

represented a surge in cancer research. After the invention of the microscope and the 

observation of cells and tissues, cancer research grew exponentially. Theories about cancer 

cells migrating through lymph to find home in distal tissue came to prominence, and are 

surprisingly accurate even today. Surgeons began removing tumors rather than trying all 

types of strange procedures, like injecting bacteria into the tumor body, realizing that “a 

chance to cut, is a chance to cure”. Observations that smoke inhalation can cause increased 

risk of cancer growth were made, marking the idea that environmental factors can cause 

cancer. And with that, we finally were set on the track we follow today: cancer is a disease 

of genetic mutation typified by uncontrolled growth. Cancer cells can undergo 

transformation in a number of ways, and they can progress from single celled cancers to 

multi-tissue abominations through many paths. In this introduction, I will outline how 

cancers generally develop before moving into colorectal cancers specifically. After that, I 

will describe the treatments of colorectal tumors and the methods for which those 
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treatments are developed. With this information, any reader should have the basic 

knowledge necessary to understand the scope and significance of this dissertation. 

ONCOGENESIS 

Oncogenesis, alternatively called carcinogenesis or tumorigenesis, is the development of 

cancer through the transformation of normal, healthy cells into cancer cells. Cancer cells 

can be characterized by their uncontrolled growth which is typically caused by a defect in 

the cell’s growth checking machinery. As there are many, many regulators for growth 

within a cell, there are an equally large number of abnormalities that can result in 

oncogenesis. In addition, there are regulators of growth that come from outside the cell. 

These extracellular regulators include stromal cells, or the cells that inhabit the tissue 

around the cancer cells (or the cells that eventually transform into cancer cells), and the 

matrix which is the arrangement of fibers, proteins, sugars, and components that make up 

the scaffolding of a tissue. Firstly, stromal cells often regulate growth through the secretion 

of paracrine factors. When the release of these paracrine factors changes, it can cause 

oncogenesis. In addition, stromal cells can remodel and reorganize the matrix which can 

also facilitate oncogenesis. The matrix can regulate growth through the attachment points 

of cells. Cells use integrins to attach to extracellular matrix (ECM), through these integrin 

binding points, cells can transduce signals into intracellular effects. Cells are complicated 

machines that act as a sum of their stimuli, signals from the ECM can produce a range of 

effects which includes oncogenesis. 
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GENETIC MUTATIONS 

Historically, oncogenesis has been linked to changes in the genetic material of cells, hence 

the preponderance of data linking heredity to cancer risk: a patient typically has similar 

genes to their parents, and thus carries some of the same risk. However, oncogenesis rarely 

requires only a single genetic mutation for initiation; in fact, cancers are often riddled with 

mutations and it is a complex interaction between all the mutations that eventually produces 

a cancerous growth. With this in mind, inheriting a single cancer-causing mutation from a 

parent does not imply a patient will certainly develop cancer. 

Genes encoding for proteins that, when mutated, can cause cancer are classified in several 

different ways. First, oncogenes code for proteins that can produce a cancer; they are called 

proto-oncogenes before they are mutated into full-fledged oncogenes. These oncogenic 

proteins might be part of the machinery that facilitates apoptosis (programmed death) of a 

cell. When cells are damaged or “lost” (by detaching from their native ECM), they will 

undergo apoptosis. This phenomenon is one of the body’s natural defenses against cancer. 

If a cell is able to dodge apoptosis, it has surpassed this first line defense and can get into 

situations that cause cancer. However, oncogenes are rarely solely sufficient for 

oncogenesis: an otherwise normal, rogue colonic epithelial cell might be able to find itself 

in the bladder if it can dodge apoptosis through an oncogene, but it is terminally 

differentiated and doesn’t have the ability to divide. 

Tumor suppressors are genes that encode proteins regulating growth.  These genes are 

typically in place to keep a cell from becoming cancerous. They can perform this duty 

through a number of modes, they can: repress genes that induce cell cycling, sense DNA 

damage and cause apoptosis, sense the loss of ECM adhesion and cause apoptosis, or aid 
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in DNA repair and make sure cancer causing errors do not occur. When these genes lose 

expression or are mutated into a broken form, they cannot regulate growth any longer and 

cells may be able to divide uncontrollably. Tumor suppressor errors are often more integral 

to oncogenesis than oncogenes – intact tumor suppressors can often “hide” or account for 

developed oncogenes. 

Oncogenes and tumor suppressors are the two widely described mutations associated with 

cancer. The first, oncogenes, allow cells to escape the built-in defenses of the body. Tumor 

suppressors are the built-in defenses of the body and when they are broken, cells can run 

rampant. I liken the two types to a bank robber in a getaway car. The oncogene is a fast car 

that allows the robber to get away from the police. The tumor suppressor is the police, and 

when a tumor suppressor is broken, the police cruiser has a flat tire and can’t chase our 

robber. But, the last bit is the gas in the engine: without a full tank, the bank robber won’t 

get far. The gas in the car is a third aspect that instructs a cancer cell to grow, grow, grow. 

This signal might come from another mutation within the cell – maybe a mutation that 

produces excess growth factor. It might come from the ECM, as described the ECM can 

produce intracellular signals that change a cell’s behavior. Or, it might come from other 

cells in the area that are releasing paracrine factors that facilitate cell division. These latter 

two aspects are often referred to as the cancer microenvironment and it has been gaining 

more and more traction as an indispensable part of the cancer equation. 

STROMAL CELLS 

Stromal cells are supportive cells that inhabit the space around the tissues that eventually 

become cancerous. Almost all cancerous tissues have cells that could be considered stromal 
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cells, and these stromal cells are a central point of the “seed and soil” hypothesis of 

oncogenesis. The “seed and soil” idea was developed by Stephen Paget in 1889, and 

describes cancer through the analogy of sowing seeds – a relatable topic in 1889.[7] Like 

seeds, cancer requires adequate soil to grow. The soil needs to be nutritious and rich 

otherwise a seed will fail to germinate, or will not develop a robust root system, or will 

simply wilt and die. In cancer, the microenvironment is the soil, the microenvironment 

needs to feed the cancer and supply it the correct signals for growth. Stromal cells are the 

figurative worms that till and replenish soil content. 

Although there are many cells that could possibly reside be classified as stromal cells, there 

are three main types: infiltrating immune cells (IICs), cancer associated fibroblasts (CAFs), 

and angiogenic vascular cells (AVCs).[8] These cells can interact with cancer cells by 

producing proliferation inducing signals, aiding the cancer cell in evading growth 

suppressors, allowing a cancer cell to go unnoticed by the immune system, facilitating 

metastasis, supplying nutrients through angiogenesis, or protecting a cancer cell from 

apoptosis. 

AVCs can produce proliferation related signals by initiating angiogenesis which will bring 

nutrient rich blood to the cancer, in addition endothelial cells can produce proliferative 

paracrine factors.[9] IICs act similarly to AVCs by producing a plethora of paracrine 

factors that promote proliferation, some examples include: epidermal growth factor, 

transforming growth factor beta, tumor necrosis factor alpha, and fibroblast growth factor. 

All these factors are associated with oncogenesis and likewise IICs are found in many, 

many cancers. [10] CAFs can also produce many of the same paracrine factors as IICs. 
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Fibroblasts are often already part of the cancer stroma, and after being 

recruited/transformed by tumor cells, start to produce growth promoting factors.[11, 12] 

Cancer cells can receive many signals through cell-ECM and cell-cell interactions. Some 

of these cell-cell interactions dampen growth on a cancer cell, and act as a growth regulator. 

In the case of fibroblasts, interaction of normal, healthy fibroblasts can produce growth 

suppressing effects; when in contact with CAFs, this same phenomenon is not observed 

and cancer cells receive growth stimulation.[13] By the same token, IICs can use 

proteolytic enzymes to break the binding points between cells. A fibroblast that is 

regulating cancer cell growth through cell-cell interaction can be disconnected through the 

work of an IIC, thereby allowing the cancer cell to grow unchecked.[14] 

In invasion and metastasis, all three main stromal cell types can play a role. AVCs produce 

vasculature to allow cancer cells an escape route. In addition, the vasculature produced by 

these cancer associated AVCs is often incomplete and leaky further facilitating the 

intravasation of cancer cells.[15, 16] IICs can proteolytically degrade ECM to allow an 

easy route for cancer cells towards vasculature.[17] IICs can also produce chemotactic 

gradients that guide cells towards vasculature.[18] CAFs continue the trend of secreting 

factors and remodeling matrix in a manner that is conducive to migrating cells. 

Tumors can also recruit IICs and through paracrine activation transform them into tumor 

associated macrophages (TAMs). TAMs can suppress immune cells that would infiltrate a 

tumor and begin destroying cancer cells. CAFs can play a supportive role in this event by 

secreting the factors that produce TAMs in the first place.[19] 
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In all, stromal cells can alter the tumor landscape in a number of ways. They achieve these 

effects by secreting paracrine factors, destroying and remodeling ECM, generating 

vasculature, or directing cells towards or away from tumors depending on necessity. These 

interactions are seemingly limitless and represent a multitude of angles for new and 

innovative therapeutic techniques. The aspects outlined here are limited and encompass 

only a sampling of interactions; it’s clear that stromal cells are an integral part of 

oncogenesis and demand our research’s attention. 

EXTRACELLULAR MATRIX 

Tissues are mostly composed of cells, however cells require matrix, or scaffolding, for 

support and organization. Imagine an office building without walls or floors or a car 

without roads: cells in the body are similarly useless without the extracellular matrix. The 

ECM is extremely dynamic, it is constantly remodeled and reorganized depending on the 

immediate needs of the tissue. For instance, in wound healing, the ECM is inundated with 

fluid and heat to attract the attention of immune cells that can repair damage. In this case 

the ECM has to morph to accommodate this change, and then return to its normal state 

after repairs are done. 

Cancer is often referred to as a chronic wound due to the resemblance of the cancer ECM 

to the ECM of a wound. The ECM changes that facilitate the healing of a wound also 

facilitate the progression of cancer cells. Intuitively this makes sense: the wound healing 

process is meant to spur cell growth and revascularization of tissue – both of which are 

beneficial to a burgeoning tumor. 
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The ECM is hard to decompose into constituent parts that individually affect cancer as 

most the parts are intertwined and related. A substantial amount of research has been made 

into matrix elasticity, and how elasticity can affect cancer cell growth and phenotype. 

However, boiling ECM mechanics down and isolating just elasticity, or stiffness, is 

somewhat confounding: elasticity can change due to a number of underlying mechanisms 

like fiber alignment and cellular density. It is important to ask the question, “what is 

causing altered elasticity, and what do those factors do to cancer?” 

Although it is difficult to disconnect the effects of ECM elements, they are different beasts. 

The three main parts are: components, elasticity, and alignment. ECM components are the 

individual proteins and polysaccharides that make up the scaffolding. They are typically 

crosslinked together, through a variety of linkers, and provide a framework for cells to 

attach to. Each component produces a unique attachment to cells, and through these 

attachments cells transduce signals into intracellular effects. A main culprit for attachment 

transduction is the focal adhesion kinase (FAK) pathway which can integrate integrin 

binding. Cancers often produce altered component compositions, leaning into components 

that produce a pro-cancer effect. 

Elasticity, or often referred to as stiffness, is the mechanical rigidity of tissue. All tissues 

can be measured for stiffness, and it has been shown that tissue stiffness is imperative for 

cellular function. In stem cells, matrix stiffness can change a cell’s final fate – from bone 

to fat to cartilage.[20] In cancer, tissues are often found to be much stiffer than their healthy 

counter parts – in some cases as much as 10 times stiffer.[21] Stiffness is often a result of 

other modifications to the matrix, but culturing cancer cells in identical gels except for 
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stiffness does yield interesting results. Cancer cells prefer stiffer environments, regardless 

of why they are stiffer. 

Lastly is alignment or topography of ECM fibers. The most abundant protein in the body 

is collagen, a long, fibrous protein and bundles and twists with other collagen fibers to 

produce strong and compliant tissue. Collagen is the reason our skin is soft and scars are 

tough, it is found throughout the body and changes to collagen ultrastructure can produce 

substantial changes in cells. For instance, in colorectal cancer, highly advanced cancers are 

associated with random, unaligned collagen structure.[22] In pancreas, long, aligned fibers 

can facilitate invasion of cancer cells.[23] Although it is clear fiber topography has a 

significant effect on cancer, it is not widely studied or utilized as an angle for treatment. 

COLORECTAL CANCER 

COLON ANATOMY 

 

 

 

 

 

 
Figure 1: Colon anatomy 

Left: Colon gross anatomy with relation to small intestine and stomach.[1] Right: Tissue layers of the colon from 

luminal (top) to distal (bottom).[3] 
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The colon acts as the latter part of the digestive system. Waste is fed from the ileum, the 

last section of the small intestine, into the ascending section the colon – as seen in Fig. 1, 

left. The colon’s main function is to absorb the last bits of useful material from waste before 

it is expelled from the body; typically, water and salts are pulled from the waste material 

by the mucosa (Fig. 1 right) which has the two-part benefit of, one, solidifying waste and, 

two, retaining as many useful resources as possible. In addition, the colon acts through 

peristalsis to move waste towards the rectum/anus for expulsion. The colon employs two 

tissues for this cause: the mucosa, an epithelial based tissue, and the submucosa/muscularis, 

a sheath of circular smooth muscle. The mucosa performs the absorption duties while the 

submucosa takes on the peristaltic legwork. 

The mucosa is comprised of open-loop shaped subunits call villi or crypts; these crypts 

increase the surface area of the lumen to expedite absorption, but they also perform 

important duty in terms of cellular proliferation and regulation. The mucosa experiences 

high friction and force stemming from the movement of waste which results in a short life-

span for mature mucosal cells – the entire outer mucosa experiences complete turnover 

every five days, almost six times faster than the skin.[24, 25] Intestinal crypts are situated 

such that the lowest part of the loop contains a population of intestinal stem cells that can 

keep up with the extreme cellular need of the mucosa. As the stem cells proliferate, their 

daughter cells move up the crypt, towards the lumen, and proliferate rapidly to produce the 

mature, differentiated cells that sit at the most luminal points. The crypts have tightly 
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controlled signaling along their lengths to ensure the orchestration of cellular fate 

specification is always in tune, as illustrated in Fig. 2.  

Straddling the mucosa is the submucosal compartment called the muscularis mucosae. This 

tissue is mostly comprised of smooth muscle cells in a rich collagen ECM. These cells 

serve as the motor for peristalsis, but also generate a basement membrane for the mucosa 

and secrete signaling factors that help retain the phenotype of crypt epithelial cells. 

COLORECTAL CANCER ONCOGENESIS 

Colorectal cancer develops from a number of different underlying causes. According to the 

American Cancer Society roughly 75% of CRC patients have no underlying hereditary 

causes while the remaining 25% have familial history.[26] The genetic basis behind 

inherited risk is not fully understood or characterized, and it is theorized that many genetic 

 
Figure 2: Intestinal mucosa fate specification. 

 
The respective signaling of the WNT, BMP, and GREM family pathways regulate the differentiation and fate of 

epithelial cells down the length of the crypt. When cells experience alterations to this regulation, tumorigenesis can 

occur.[4] 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwit74mLprzMAhVCXh4KHcMVA1kQjRwIBw&url=http://www.pnas.org/content/104/39/15418/F5.expansion.html&psig=AFQjCNEVXdFshMUp_5x-BuWX04JqlCCG3A&ust=1462309645311233
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contributors have yet to be discovered. However, the majority of CRC cases are sporadic 

and of these cases approximately 95% are carcinomas and 95% of carcinomas are classified 

as adenocarcinomas. These cancers are thought to arise from adenomas (benign tumors 

arising from glandular epithelium, such as the colon) and then transform into malignant 

carcinomas. 

A series of genetic alterations which effect specific molecular events drive the 

transformation from normal epithelium to adenoma to carcinoma.[27, 28] Although 

accurate models of tumorigenesis have been devised,[29] there are around 90 mutations 

within a single tumor. Of these 90, 69 were found to be related to the pathogenesis of 

cancer. Within a tumor, each distinct population of cells carried around 9 mutations.[30] 

In all, these figures highlight the genetic diversity in CRCs and that there will not be a one-

size fits all approach to cancer therapy. 

Although the diversity in mutations is immense, there are several common mutations in 

most CRCs. One of the first mutations acquired is loss of the adenomatous polyposis coli 

(APC) gene. The APC protein is classified as a tumor suppressor and acts in a variety of 

ways: it aids in regulating cellular division, it can change how a cell attaches to other cells, 

it can control polarization, and it can dictate the movement of a cell within a tissue. One 

interaction is in the destruction complex of beta-catenin. APC binds to then stabilizes the 

complex that causes ubiquitination of beta-catenin which marks it for destruction.[29, 31] 

When APC is deactivated, through genetic mutation or not, beta-catenin is allowed to 

accumulate and eventually causes upregulation of genes governing proliferation (this is 

also canonical WNT activation). Without APC, colorectal epithelial cells lose their first 

check on uncontrolled division. In some cases of CRC where APC is unaffected, there are 
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activating mutations in beta-catenin (or somewhere along the WNT pathway) that cause 

circumvention of APC. These mutations can cause the initial formation of an adenoma but 

require further activation to develop into carcinoma. 

In addition, mutation of TP53 is an initiating event that can cause the transformation of an 

adenoma into a carcinoma. TP53 acts as a tumor suppressor by activating DNA repair, 

stalling growth in response to DNA damage, or initiating apoptosis in case of irreparable 

damage.[32] KRAS mutations can also act to initiate progression from adenoma to 

carcinoma. The KRAS gene codes for a protein that governs the recruitment of growth 

factor sensitive proteins. Thus, when KRAS is mutated and stuck in an “on state”, it will 

lock the cell into a growth factor sensitive state.[33] If these cells are then supplied with 

necessary growth factor, from the stroma or self-derived, they can rapidly progress into 

uncontrolled growth. Although I’ve only described several mutations that can elicit 

cancerous transformation, these mutations are found in a preponderance of CRCs. Further, 

cancers require a specific sequence of mutations to occur: first, a loss of proliferative 

control such as an APC mutation; then, an activating mutation that can cause uncontrolled 

growth such as a KRAS mutation; and finally, a stimulus that can drive growth such as 

stromal growth factor secretion or WNT pathway activating mutations.  

METASTASIS 

The terminal stages of colorectal cancer progression are typically associated with 

metastasis, or the migration of cancer cells from their originating site to another, distal 

organ. In colorectal cancer, metastasizing cells preferentially localize to the bone, brain, 

liver, and lungs. Once metastasis occurs, survivability drastically decreases; the secondary 
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sites of tumor growth require another strategy of management and removal, and the 

advanced nature of the disease means high risk of relapse after treatment. 

Fig. 3 outlines the basic progression of an initiating polyp to a metastasizing tumor. 

Initially, a polyp forms on the lining of the colonic lumen (Stage 0 and I). If the cells have 

the potential, they will grow into a larger polyp which recruits blood vessels and lymph for 

delivery of nutrients and oxygen (Stage II and III). Finally, when the tumor has outgrown 

its initiating site, some cancer cells will break from the tumor body, intravasate through the 

tumor blood vessel network before extravasating to a secondary site and producing the 

metastasis (Stage IV). 

Metastasis remains a subject of research interest because it’s the turning point in cancer 

treatment: before metastasis, tumors are much easier to deal with. Understanding how and 

why a cancer cell metastasizes will aid in the development of early detection methods as 

well as insight into new techniques for treating late-stage disease. Recently, the ECM has 

been the subject of intense scrutiny in the context of metastasis. [34-36] Factors like ECM 

stiffness and hypoxia are implicated in changing cancer cell behavior.[37-39] Many 

Figure 3: Colorectal cancer progression towards metastasis. 

 
A polyp forms, at this stage the cancer may be benign. As the cancer progresses in veracity, the tumor will grow, 

recruit its own blood vessels, and then allow cancer cells to pass from the primary site, through the blood vessels, 

to a secondary site. [2] 



16 

 

researchers have implicated stromal cells in the cancerous tissue as secreting factors that 

direct cancer cells to metastasize.[40, 41] Other evidence implicates fibroblastic activity 

which can combine both stiffness modulation and paracrine signaling.[11, 42, 43] 

TREATMENTS 

Surgery 

The most common treatment for cancer is surgery. The saying in oncology goes, “A chance 

to cut, is a chance to cure.” Although it is an optimistic sounding phrase, surgery is often 

not enough on its own depending on the staging of a patient’s tumor. In Stage I, where a 

tumor has formed on the colonic wall, removing the tumor body, with sufficient margins, 

can be all the treatment necessary to cure a patient. In later stages, where the tumor has 

infiltrated further into the colon, or has spread through metastasis to other regions of the 

body, surgery is not enough. However, in the cases where cancer has colonized other areas 

of the body, surgery can be performed to remove secondary site tumors and prolong the 

life of the patient. 

If the entire tumor cannot possibly be removed during primary surgery, a surgeon might 

opt to debulk a tumor. This procedure involves removing as much of the tumor as possible 

while balancing the risk of damage to the patient’s body. Debulking is typically used in 

tandem with another therapy: the surgery shrinks the tumor’s effective size and a secondary 

therapy can take care of the rest. Another type of surgery that doesn’t involve removing 

the whole tumor is palliative surgery or palliation. When a patient has advanced cancer 

with low chance of curative therapy, a surgeon may opt to relieve some of a patient’s pain 

by removing tumor bulk. Tumors will often put pressure on surrounding tissues causing 
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pain or loss of function, for example a tumor could: block the intestines or bowels or 

pressure nerves causing pain or loss of motility. 

Chemotherapy 

One of the most common therapies for cancer is chemotherapy, or cytotoxic drug treatment 

that often targets rapidly proliferating cells. Chemotherapies come in a variety of types and 

utilize a variety of different mechanisms for action. Generally, there are: alkylating agents 

which can crosslink DNA inhibiting replication; antimetabolites which block the 

production of DNA/RNA replicating components; anti-microtubule agents which block 

cell division by inhibiting the function of microtubules; topoisomerase inhibitors which 

inhibits the unwinding of DNA during replication; and cytotoxic antibodies which take 

many forms but largely interrupt cell division.  

Chemotherapeutics can be administered in two modes: systemic or regional. Systemic 

chemo is injected intravenously and travels throughout the body. This method exposes the 

entire body to the drug and can have system wide effects due to this exposure. Regional 

therapy is the injection of chemotherapeutic directly into the vasculature leading to a tumor. 

This method concentrates the drug and localizes the effect, typically effective whenever 

there is an effective port of entry for injection. 

In colorectal cancer, the most common chemotherapeutics are 5-fluorouracil (5-FU) an 

antimetabolite, capecitabine an antimetabolite, irinotecan a topoisomerase inhibitor, 

oxaliplatin an alkylating-like drug, and trifluridine/tipiracil an antimetabolite combination. 

Past Stage I, colorectal cancers typically require both surgery and chemotherapy. 
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Radiation 

Radiation therapy utilizes powerful energy to destroy cancer cells. Rays are transmitted 

into the tissue with precision and the energy of the beam ionizes water in the area to create 

free radicals. Free radicals can then oxidize DNA causing irreversible damage. One of the 

issues with radiation therapy is tumors are often hypoxic tissues meaning they have low 

oxygen content. Tumors rapidly utilize oxygen due to their increased rate of growth. This 

lack of oxygen diminishes the efficacy of radiation therapy as oxygen is required for the 

oxidative event that damages the DNA.  

For colorectal cancer patients, radiation therapy is rarely used. It can be substituted for 

surgery in cases where a patient is not healthy or strong enough for surgery, and radiation 

therapy can be used to reduce tumor size. In most cases where radiation is used on 

colorectal cancer patients, a regimen of chemotherapy is also administered. 

DRUG DISCOVERY 

Billions of dollars and years of scientific expertise are spent on drug candidates that, later 

on, turn out to be toxic to humans or ineffective in curing disease [44]. Even approved and 

marketed drugs must sometimes be withdrawn from the market because subsequent 

experience shows them to be harmful or ineffective. The massive investments made in 

these drugs are lost. Because these billions of dollars were invested in failed drugs, capital 

that could have been directed to drugs that could control or cure a wide range of diseases 

is never invested. Millions of patients throughout the world are denied cures that might 

otherwise be available. 
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The current drug development process is flawed in several ways. First, the use of cell 

culture systems that do not represent tissue complexity. The process fails to reproduce 

several important aspects of native human tissue including the 2D nature of a tissue culture 

dish vs 3D structure of normal tissues, the use of cell lines and not primary cells and the 

lack of extracellular matrix, which play an important role in tissue function. As a result, 

drugs selected based on tissue culture assays exhibit very different activity when tested in 

whole tissue. Second, drugs that have succeeded in animal testing often fail in humans. 

Animal testing suffers from the most fundamental flaw – metabolism in mice, rats and 

other test animals is different than in humans.  What is safe for those animals is often toxic 

to humans; what cures disease in animals regularly fails to do so in people. On the other 

hand, some drugs that have failed in animal tests might possibly work in humans.  Libraries 

of these failed drugs sit on pharmaceutical company shelves. But using current technology, 

we’ll never know whether the differences in human and animal physiology may have 

contributed to the failure in animal testing. Drugs that fail in the animal model will never 

be approved and therefore never be tested in people. Lastly, human patients have a large 

genetic variability compared with inbred lines of mice and rats used for toxicology studies. 

Clinical data clearly show that some drugs may be toxic for some patients but safe in others; 

efficacious in some patients but not others.  Many drugs approved for testing in humans 

fail in Phase 1 trials.  Others pass Phase 1 but fail in later development.  Some drugs fail 

even after they reach the market for reasons that were not apparent in trials. Because we 

cannot readily distinguish between those patients whom the drug will help and whom it 

will hurt, many drugs with great potential have been discarded. Targeting treatments to 

only those that will benefit is one of the greatest challenges in medicine. It is clear now that 
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the ideal approach is “personalized medicine” rather than “generic medicine”. Yet our tools 

to achieve personalized medicine are very limited. Needless to say, animal models are of 

little or no use in this process.  But testing in humans exacts a high cost in the suffering of 

those who are harmed or fail to respond and still may not answer critical questions. 

The search for a better pharmaceutical testing model is at the forefront of biomedical 

research. The enormous potential of tissue based models in terms of recapitulating the 

physiology of human organs is a strong argument for implementation of this platform for 

drug screening and toxicology evaluation [45] .  

CELLULAR MICROENVIRONMENT 

Tissues are complex systems that house a multitude of cells, a network of scaffolding and 

matrix components, as well as a plethora of signaling and growth factors – all of this 

contained in even the smallest subunits of the tissue. In all, these miniscule systems are 

dubbed the cellular microenvironment. The interaction between signaling factors, 

paracrine activity, and matrix adhesions guide cells into particular paths: the 

microenvironment is an instruction manual for cells and without it they can act drastically 

different. 

MICROENVIRONMENT: CELLS 

In normal tissues, stromal cells in the microenvironment are imperative for support and 

function. However, in cancer, stromal cells can have a profound effect on cancer cells and 

their progression. As alluded to earlier, fibroblasts can remodel the matrix to produce a 

hypoxic environment which a cancer cell thrives in, they can produce signaling factors that 
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regulate cancer cell growth and initiate tumorigenesis, and they can alter focal adhesion 

density which can initiate metastasis.[11, 43, 46] Endothelial cells can produce vessel 

networks to not only feed the cancer, but also create a high pressure environment that keeps 

anti-cancer drugs and signaling factors from infiltrating the microenvironment.[8, 43, 47] 

Immune cells can help the cancer evade growth suppression and immune detection.[8, 10, 

48] Stromal cells are truly as important as the cancer cell; without the stromal cells, the 

cancer cells have an immense amount of inertia to overcome to thrive and metastasize. 

Cancer cells use stromal cells to reduce the natural barriers of the body to continue their 

uncontrolled growth. 

MICROENVIRONMENT: MECHANICS 

Much of the microenvironment is composed of the extracellular matrix components, such 

as: collagen, hyaluronic acid, fibronectin, or laminin. These matrix components create a 

scaffold for cells to populate and attach to and largely direct the organization of a tissue. 

In some cases, the organization of matrix components directs cellular phenotype and 

progression. For instance, mesenchymal stem cells differentiate preferentially towards 

different lineages depending on the stiffness of the substrate.[20] In cancer, mammographic 

density is often measured during a mammogram and higher density indicates higher risk 

for cancer; this indicates that higher stiffness tissue is associated with cancer 

progression.[49, 50] Colorectal cancers are often pushed into invasive phenotypes by 

higher stiffness tissue; a stiffer environment increases focal adhesion kinase (FAK) 

activation which is associated with a proliferative and invasive phenotype.[38, 51] In 

addition, tumor cells will remodel surrounding ECM and produce a unique fiber alignment 

signature that can be correlated with invasive phenotype.[52, 53] Clearly, the mechanics 
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and make-up of the extracellular matrix can have a significant effect on cancer cell 

progression. For a complete picture of cancer in vitro, it is imperative that models are 

produced to recapitulate as many factors as possible that contribute to cancer 

transformation, proliferation, and invasion. 

LITERATURE REVIEW 

3D CELL CULTURE 

Although two-dimensional (2D) cell culture has been historically used in literature, the 

modality has inherent flaws. 2D systems do not fully recapitulate the in vivo environment 

and furthermore 2D cultured cells do not fully replicate in vivo function and phenotype. In 

simpler cases, this aspect of 2D culture isn’t considered a drawback, but in complex studies 

which rely on accurate cellular output, such as pharmaceutical discovery or diagnostic 

study, it represents a major hurdle to overcome. This limitation can be mitigated through 

the use of animal models, but even animal models do not completely simulate human 

outputs. Together, animal models and 2D culture systems comprise much of the 

contemporary research repertoire, and thus there has existed a limitation in the modeling 

of functional, physiologic systems. 

3D cell culture has arisen as a mode for addressing the inherent limitations of 2D systems 

and animal models. 3D cell culture allows the development of physiologically relevant 

microarchitecture, chemotactic gradients, and cellular composition that drives cellular 

reorganization and ultimately produces functional output similar to that of in vivo systems. 

The core tenet is that recreating the cell-cell and cell-matrix interactions present in vivo 
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will stimulate cells to act more physiologically. In addition, the use of human derived cells 

eliminates the species to species variability found in animal models.  

3D cell culture can be separated into two major types: scaffold-based technologies and 

scaffold-free technologies. Scaffold-based technologies rely on a premade substrate 

material for the attachment of cells: for example, cells can be resuspended in hydrogel 

solutions of collagen or hyaluronic acid which allow the attachment and reorganization of 

cells, or cells can be seeded on the extracellular matrix (ECM) of a previously 

decellularized tissue [54, 55]. Scaffold-based technologies can leverage the scaffold as an 

instructive device for guiding cells into specific phenotypes through the conjugation of 

specific growth factors to the scaffold surface, incorporating ECM components, and even 

the modulation of scaffold mechanical stiffness [20, 56]. Alternatively, scaffold-free 

technologies forego the use of a scaffold and rely on the cells to naturally develop an ECM 

or create cell-cell interactions that serve to anchor the cells together, forming a larger, more 

complex structure. Scaffold-free technologies rely on low-adherence substrates to 

eliminate the development of 2D monolayers: for example, non-adherent plates can be used 

to force cells to attach to one another and aggregate, or hanging drop techniques can be 

used to eliminate all cell-substrate interaction and facilitate 3D structure formation. 

There are many methods for producing 3D culture models, and some examples include: 

micropatterning of ECM components allows precision placement of adhesion proteins. 

Specific protein micropatterns can drive differentiation of mesenchymal stem cells into 

osteogenic, adipogenic, and chondrogenic lineages [57-59]. Rotating wall vessel 

bioreactors, a suspension culture system, can be used to create microgravity environments 

where cells attach to microcarrier beads while in a constant state of free-fall resulting in 
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the formation of cellular aggregates. Epithelial cells grown in this way develop into tissue 

constructs replete with tight junctions, correct apical/basal polarity, and the ability to 

produce mucus [60].  

Although 3D culture represents a significant improvement over 2D culture in terms of 

physiologic relevance, it retains some critics. The complexity involved in 3D culture 

increases the difficulty of scaling up and results in high expense when implemented into 

high-throughput screening methods. Although 3D cell culture may not see immediate 

incorporation into clinical drug discovery schemes, it remains a versatile and informative 

tool for research. 

HYDROGELS 

Hydrogels are hydrophilic, polymeric networks that can hold a large volume of water in 

comparison to overall material weight without dissolving. Hydrogels are can be produced 

from a number of different sources and backbone polymers, but they are almost always 

crosslinked to produce the water containing network.[61] Polymeric hydrogel materials are 

abundant in the body, for example collagen, gelatin, and hyaluronic acid are polymers 

which naturally occur in the body and can be utilized for hydrogel networks. In many cases 

the tissues of the body can be likened to cellularized hydrogels, and this comparison has 

brought considerable attention to the field of hydrogels and with it an explosion of 

techniques and applications, including: hygiene products, wound dressings, contact lenses, 

and tissue engineered products.  

Since many of the materials used for hydrogel preparation were synthesized naturally, they 

possess inherent biocompatibility. In the fields of tissue engineering and regenerative 
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medicine, this is a massive boon as tissues can be developed without worrying about 

immune rejection of the material. For this reason, soft contact lenses are made from 

hydrogel materials.[62] In addition to biocompatibility, hydrogels can be produced with a 

variety of light reflectance properties (which spawned colored contacts) and oxygen 

diffusivities. In fact, initial contact lenses suffered from poor oxygen permeability which 

could cause cornea damage, newer lenses utilize silicone hydrogels which have much 

higher oxygen diffusivity constants.[63] 

Tissue engineering takes the hydrogel needs of contact lens manufacture (oxygen 

permeability, biocompatibility, compliance, etc.) and adds the complexity of 

cellularization to the equation. By recreating the function of the tissue, cells need to be 

placed in an environment that closely mimics native physiology. As previously described, 

the exact makeup of the ECM has substantial effect on a cell’s behavior. With hydrogels, 

the ECM can be tuned to a specific tissue to capture as much of the in vivo environment as 

possible. Natural hydrogel materials, such as collagen, can be functionalized with new 

crosslinking chemistries to control stiffness, or allow the attachment of different 

materials.[64] Hydrogels can also be functionalized with immobilized proteins, like growth 

factors, that guide cells into specific lineages.[65] 

In this thesis, we make extensive use of type I collagen (Col 1). Collagen in the most 

abundant protein in the body, and is prevalent in every tissue. It comes in a variety of forms 

and different combinations of these forms are used in wound healing, reorganization, and 

remodeling. In addition, collagen can be mineralized or functionalized to yield varied 

mechanical response. Cells can degrade, crosslink, and reorganize collagen into various 

topographies that also yield different mechanical properties. Collagen is a filamentous 
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protein composed of primarily (~65%) glycine, proline, hydroxyproline, and alanine 

however many, many different amino acids can make up the rest of the structure. The 

differences in the variable regions of collagen yield the different types (at least 16 forms 

have been described). Collagen fibers typically form into triple helices, but beyond that, 

collagen morphology can be extremely varied depending on tissue needs. In vitro collagen 

forms hydrogels through hydrogen-bond crosslinks, and mechanical properties can be 

slightly tuned through the use of different initial collagen concentrations. 

MICROENGINEERED MODELS 

Historically in vitro models have relied on monolayer, or 2D, cell culture. The 

pharmaceutical industry uses monolayer disease lines for high throughput testing of 

candidate drugs. Diagnostic firms use a more complex system with primary cells isolated 

from in vivo systems, but these cells are still studied in 2D, on traditional cell culture 

plastic. As previously described in the 3D Cell Culture section, 2D cultures are not always 

physiologically accurate and produce results that may not be relevant to in vivo 

applications. 

The growing ubiquity of tissue engineering and microengineering in research has shifted 

the paradigm of model systems though. Given the expense and ethical responsibility of 

animal models, researchers have turned to 3D microengineered models to study biological 

interactions on a variety of scales: from the interaction of a single cancer cell with the 

surrounding microenvironment to the interaction between separate, different tissue 

engineered organ systems. Microengineered models promise to expedite the rate of drug 

discovery while also progressing our understanding of disease dynamics. 
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Microengineered models are as varied as their applications. Some require the use of 

microfluidic devices, some rely on scaffold manipulation, while others utilize 3D printing 

for high throughput and consistency.  

Microengineered Disease Models 

Sometimes called “disease-in-a-dish” models, microengineered disease models seek to 

replicate physiologic disease characteristics in vitro. This allows close scrutiny of disease 

progression and a high functioning model for drug screening. 

Tumor models attempt to model the unique microenvironment found around cancer cells. 

Rotating wall vessel (RWV) bioreactors can be used to create tumor aggregates centered 

around a non-degradable microcarrier bead [66-68]. These aggregates accurately model the 

diffusion characteristics of tumors found in the body [67]. Metastatic cells can also be 

integrated with normal cells to create a tumor model complete with stroma [69]. 

Microfluidic models can integrate 3D cultured tissues with complex geometry and flow 

characteristics to model tumor migration. Devices can be developed with discrete areas for 

stromal and cancer cells, and they have shown that stromal cells, such as fibroblasts, can 

induce tumor growth and invasion [46, 70]. Cancer cell intravasation of vasculature is a 

crucial point in metastasis, devices incorporating endothelial cells allow the observation of 

cancer cell interaction with a pseudo-vasculature [71]. 

Fibrosis is a result of injury. As an injury heals, thick scar tissue is formed in place of injury 

– this process is called fibrosis. Fibrosis changes the mechanical properties of organ 

systems: muscle fibrosis can change range of motion or cardiac output while pulmonary 

fibrosis can reduce lung function. Microengineered fibrosis models tend to incorporate 

normal tissue with fibrosis inducing cells; these models can be used to study the 
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mechanistic cascade of fibrosis while also providing a relevant platform for drug testing. 

Cardiac fibrosis can be modeled using cardiac fibroblasts grown on a micropatterned 

surface of soft and stiff areas that mimic the varying stiffness found in fibrotic tissue [72]. 

Collagen hydrogel matrices of varying stiffness used to culture lung fibroblasts can be used 

to model the environment of pulmonary fibrosis [73]. 

Microengineered Organ Models 

Otherwise known as “organs-on-a-chip”, microengineered organ models are meant to 

model healthy organ systems with as much accuracy as possible. These models enable 

system level modeling through incorporation into “body-on-a-chip” platforms where each 

organ model is linked through microfluidic circulation. 

Cardiac models represent one of the simpler cases of microengineered organ models. The 

heart’s main function in the body is to pump blood, and thus an in vitro model is mainly 

served by replicating this beating action. Monolayer cultures of human cardiomyocytes 

grown on matrigel will spontaneously beat in culture [74]. To produce 3D constructs, 

monolayer sheets can be layered resulting in high density tissues that spontaneously 

contract [75]. These monolayer based techniques replicate the heart’s beating action but 

are not ideal for measuring 3D mechanics such as contractile force. 3D cardiac constructs 

can be developed my embedding cardiomyocytes in collagen I hydrogels and molded into 

rings; these constructs self-organize and develop physiologic action potential propagation 

[76]. 

Lung models prove complex because they introduce an air-liquid interface which can be 

difficult to maintain in vitro. A simple model using two parallel plates (one is seeded with 

lung epithelial cells) flanking a microfluidic channel can be used to model the effects of 



29 

 

airway reopening due to mechanical ventilation [77].  Another model uses lung epithelial 

cells grown on a semi-porous membrane, on either side of the membrane are microfluidic 

channels. As the cells grow to confluency, the liquid in one channel is evacuated to form 

an air liquid interface around the lung epithelium [78, 79]. Other models utilize the same 

format but include pneumatic side-channels to introduce the lung’s characteristic stretching 

to the cellularized membrane [80]. 

Vascular and endothelium models typically utilize a single layer of endothelial cells. This 

2D model can serve as a basic model of the blood contacting surface of a blood vessel, but 

does little to replicate the dilation and constriction, permeabilization, and clotting 

phenomenon found in native vasculature. Microfluidic models of vasculature have been 

constructed using collagen I hydrogels encapsulating human endothelial cells and pericytes 

within a microfluidic channel. The cells self-organize into a tube like morphology complete 

with cell-cell junctions, and the model correctly responds to drugs [81]. Another 

microfluidic model used concentric, cellularized hydrogels molded into rings. The inner 

portion of the ring contained endothelial cells while outer portion contained smooth muscle 

cells, thereby mimicking the cellular composition of vasculature. The rings were then 

connected to create tubes and then perfused to create the vascular model [82]. 

Liver models are typically produced to meet a certain criterion: maybe drug toxicity, maybe 

metabolism, or maybe the production of bile. The liver houses many vital functions and it 

is difficult to replicate them all in vitro.  The simplest system of recapitulating liver function 

in vitro uses a sandwich culture of hepatocytes between collagen or matrigel layers [83]. 

Spheroid models incorporating non-parenchymal cells of the liver can be made to increase 

model output and function [84]; other techniques to increase liver function suspend 
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hepatocytes in hydrogels doped with liver-specific ECM [85]. A microfluidic model uses 

immobilized hepatocyte spheroids inside a microfluidic chamber. The spheroids are then 

perfused with medium for maintenance and drug deposition [86]. 

The models mentioned here are only a small sample of those found in the literature, and 

increasingly more complex models are developed every year. The most high profile models 

are those dubbed “body-on-a-chip” systems which incorporate several model organs. 

These systems can assess the system wide effects of a drug or pathogen: for instance, how 

do drug metabolites produced by the liver affect the function of cardiac tissue. Systems 

like this, incorporating many major organ systems, have the potential to replace animal 

models for drug testing and also allow rapid response to dangerous new pathogens. 

COLORECTAL CANCER MODELS 

Cancer models take “organ-on-a-chip” type systems and increase the complexity by adding 

a tumor facsimile. Models of tumors in isolation typically utilize spheroids[87, 88] or cell 

suspensions within hydrogels.[89] Tumor models like these can be integrated into organ 

models to produce a cancer model that recreates both physiologic tumor biology but also 

mimics the tumor microenvironment. If these models are built with modularity in mind, 

they can be iterated on by adding more cells, tissue layers, or ECM components. In this 

thesis, we present a novel submucosal organoid that is then integrated with a colorectal 

cancer spheroid to produce a complex, physiologically relevant model. Other colorectal 

models are described for comparison here: 

One model utilizes CRC cell lines formed into spheroids and then embedded into collagen 

hydrogels.[90] These gels could be cellularized with fibroblasts along with the CRC 
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spheroid, but this group found the contraction of the collagen gel, due to fibroblast 

remodeling, hard to manage, so they embedded a nylon mesh to retain collagen size. 

Spheroids were then assayed for proliferation and PI3K activation, and spheroids were 

genetically profiled. This model bears striking similarities to ours, but the use of 

exclusively fibroblasts and the intentional lack of remodeling do not allow this model to 

capture many of the ECM induced effects found in vivo. 

Another collagen based model uses compression of the hydrogel to force cancer cells into 

a spheroid-like morphology.[91] This pseudo-spheroid was them embedded into another 

collagen hydrogel that is acellular or cellularized with fibroblasts and endothelial cells. The 

interior, cancer hydrogel is roughly 12-fold the concentration of the exterior hydrogel, 

creating an interface between the two zones. Adding cells to the exterior gel caused 

contraction, and also induced lower proliferation rates in the interior cancer cells. 

Fibroblasts and endothelial cells cultured in the exterior hydrogel also moved towards the 

outer edges indicating there is little interaction between the cancer cells and the “stromal” 

cells. This system also utilizes collagen and an embedded spheroid analogue, however the 

use of compressed collagen doesn’t produce the same level of cell-cell interaction as a true 

spheroid. In addition, this group did not assay cancer cell phenotype. 

Compression of collagen allows another group to produce ECM with varied density.[92] 

These constructs were cellularized using colorectal cancer cell lines in suspension. By 

varying ECM density, they could control the rate of migration of the embedded cancer 

cells. In addition, they added stromal cells in the form of endothelial cells and fibroblasts. 

They do not comment on contraction of collagen in their model. Instead of focusing on the 

phenotype of cancer cells (although they observe and assay cancer cell migration in the 
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system), they observe the formation and disruption of vascular networks due to cancer cell 

involvement. In vivo cancers are prolific at recruiting endothelial cells that initiate 

angiogenesis, this group attempts to study that interaction. This study highlights the 

versatility of hydrogel based models. Due to the modularity, researchers can focus on many 

aspects of the ECM and tumor microenvironment to glean information – in this case, the 

researchers focused on endothelial cell vasculogenesis. 

These models all bear resemblance to ours: they utilize colorectal cancer cell lines and 

collagen I hydrogels. However, none of them utilize the remodeling of stromal cells as a 

cancer-instructing tool. In one case, the researchers have chosen to completely inhibit the 

remodeling of stromal cells to make the model easier to analyze. In an attempt to fully 

recapitulate the tumor microenvironment, we allow stromal cells to reorganize the matrix, 

then observe those effects on cancer cells. 

CLINICAL SIGNIFICANCE 

Colorectal cancer represents one of the leading causes of cancer related deaths in the U.S. 

accounting for an estimated 134,490 new cases and 49,190 deaths in 2016.[26] These 

statistics place it trailing lung cancers as the second most deadly cancer in the U.S. 

Colorectal cancers generate such staggering statistics because they present with few 

symptoms until late into their progression when they are past the point of viable treatments 

– roughly 20% of patients seek medical attention for colorectal cancer after the disease has 

entered stage IV or metastasized.[93] Colorectal cancers are rapidly metastasizing tumors 

due to the proximity of the space to both lymph and blood vessels as well as the inherent 

cellular turnover of the tissue. Metastatic disease preferentially moves towards the bone, 
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liver, brain, and lungs.[94] Of patients receiving resection of metastatic colorectal cancer, 

roughly a third will reach five-year survival.[95] Deaths related to colorectal cancer have 

been steadily dropping since the mid-1980s, but the numbers are still significant and the 

disease remains very difficult to treat as evidenced by five-year survival statistics. New 

methods of detection and treatment are required to produce significant reductions in 

colorectal cancer mortality, and new evidence suggests the tumor microenvironment might 

be a novel avenue for exploration and understanding colorectal cancers’ aggressive 

progression.  

INNOVATION 

Current models in cancer are simple in nature. The gold standard for many years in both 

research and commercial endeavors has been cells grown in two dimensions on cell culture 

plastic. In recent years, and with the advent of biomaterials science, more and more 

researchers are moving towards three dimensionally based models. Many scientists utilize 

spheroids to capture the cell-cell behavior of a tumor, others use hydrogels loaded with 

cells to mimic the extracellular matrix and the inherent cell-matrix adhesions that drive 

cancer growth, and some combine stromal cells with cancer cells to observe the interaction 

between the two; however, very few models harness all of these components to create a 

model that seeks to recapitulate as much of the microenvironment as possible. This study 

aims to do just that. By combining stromal cells, hydrogel, and a cancer cells formed into 

a spheroid, our model recapitulates cell-cell contacts, cell-matrix adhesions, stromal cell-

cancer cell interaction, and allows natural remodeling of the matrix. We aim to exercise 
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our model with goal of elucidating matrix topography effects on cancer, but it can be used 

to study stromal interaction, invasive potential, and even personalized drug screening. 

In addition, to achieve our aims, we apply a variety of biofabrication methods to tissue 

engineer our model. We utilize consumer grade 3D plastic printers to produce molds and 

soft lithography to generate custom well systems. Our model is composed of relatively 

simple components, but we integrate two common biofabrication methods in scaffold-free 

tissue engineering and low-adherence, spheroid production to build a model that stands 

higher than the sum of its parts. Given our model has the characteristics of native tissue, 

we have utilized cutting edge imaging techniques with second harmonic generation, and 

macro-confocal imaging. Using our high resolution images, we also employ sophisticated 

segmentation tools to quantify matrix topography. In all, this project encompasses a variety 

of techniques; many of which have individually been documented in literature previously, 

but have yet to be combined into a single study. 
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SPECIFIC AIMS 

Colorectal cancer (CRC) is the second overall leading cause of cancer-related death in the 

United States. It is expected to cause over 50,000 deaths in the United States and will 

represent almost 150,000 new cases of cancer this year.[26] Although diagnosis and early 

identification of colorectal cancer is causing a steady drop in these statistics, it remains a 

disease of high priority. One reason for the high mortality rate is rapid metastasis of CRC 

cells. These cells rapidly mutate and migrate through tissue towards either the vasculature 

or lymph where they find transport to distal organs. The structure of the intestines enhances 

this effect due to high vascularity and close proximity to lymph. Recent investigation of 

metastasis has identified the tumor microenvironment as a large proponent of metastasis 

related queues and factors. Factors such as tissue stiffness, stromal cells, and extracellular 

matrix (ECM) component alignment have been targeted as affecting cancer cell phenotype 

and furthermore the proliferation and drug susceptibility of these cells.[11] 

In vivo models of CRC rely on immunocompromised animals implanted with subcutaneous 

tumors of human origin.[96] Models like this don’t capture the complex microenvironment 

of the native tumor and the interaction between the human tumor cells and the animal 

parenchyma are not well understood. These drawbacks yield inconclusive results when 

screening pharmaceuticals and represent a major hurdle in developing an understanding of 

in vivo cancer mechanics. On the other hand, in vitro models of cancer have made 

significant strides in the past several decades with the advent of three dimensional (3-D) 

models. Historic gold standards utilized 2-D cell cultures to study drug interactions and 

cell growth which were found to inadequately mimic in vivo phenomenon. The innovation 

of 3-D culture modalities alleviated some of the inherent problems of 2-D, in vitro culture, 
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but initial models focused on only the cancer cells and not their surrounding stroma or 

extracellular matrix. With the increasing evidence of microenvironmental influence on 

cancer progression, 3-D models should strive to replicate not only cellular content, but also 

recapitulate the unique microenvironment of the disease in question.  

I propose to develop an organized facsimile of intestinal structure to mimic the tumor 

microenvironment there-in. I will study the interaction between metastatic CRC cells and 

the microenvironment through modulation of mechanical properties such as stiffness and 

ECM fiber alignment, as well as modulation of molecular pathways such as canonical 

WNT/B-Catenin. 

1 Fabrication and characterization of a 3D organoid-based model of the submucosa 

A. Fabricate a 3D submucosal organoid with physiologically relevant matrix 

topography and assess functionality 

B. Quantify and compare matrix topography across a spectrum from organized to 

unorganized 

2 Characterization of the effects of varied matrix organization on CRC cell 

phenotype 

A. Validate the use of a submucosal organoid for studying CRC cell phenotype and 

drug susceptibility 

B. Assess the effects of matrix stiffness and alignment on CRC cell phenotype and 

drug susceptibility 

3 Determine the extent of cancer related pathway activation resulting from matrix 

topography 
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A. Develop a CRC specific relationship between matrix topography and downstream 

pathway activation using the mechanical transducer FAK and a downstream 

effector, WNT activation. 
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A BIOENGINEERED SUBMUCOSAL ORGANOID FOR STUDYING 

TOPOGRAPHY INDUCED EFFECTS IN COLORECTAL CANCER 

Note: The following chapter has been submitted to Scientific Reports as a standalone publication 

and is currently undergoing review. 

ABSTRACT 

The physical nature of the tumor microenvironment significantly impacts tumor growth, 

invasion and response to drugs. Most in vitro tumor models are designed to study the 

effects of extracellular matrix (ECM) stiffness on tumor cells, while not addressing the 

effects of ECM’s specific topography. In this study we bioengineered submucosal 

organoids, using primary smooth muscle cells (SMCs) embedded in collagen I (Col I) 

hydrogel, which produce aligned and parallel fiber topography similar to those found in 

vivo. The fiber organization in the submucosal organoids induced an epithelial phenotype 

in spheroids of colorectal carcinoma cells (HCT-116), which were embedded within the 

organoids. Conversely, unorganized fibers drove a mesenchymal phenotype in the tumor 

cells. HCT-116 cells in organoids with aligned fibers showed no WNT signaling activation 

and conversely, WNT signaling activation was observed in organoids with disrupted fibers. 

Consequently, HCT116 cells in the aligned condition exhibited decreased cellular 

proliferation and reduced sensitivity to 5-Fluoruracil chemotherapeutic treatment 

compared to cells in the unorganized construct. Collectively, the results establish a unique 

colorectal tumor organoid model to study the effects of stromal topography on cancer cell 

phenotype, proliferation, and ultimately, chemotherapeutic susceptibility. In the future, 

such organoids can utilize patient-derived cells for precision medicine applications. 
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INTRODUCTION  

For many years, basic cancer research and anti-cancer drug development utilized primary 

cancer cells and cell lines cultured in vitro on tissue culture plastic dishes. Although the 

field of cancer research owes much to this style of experimentation, recent investigation 

has found it a poor analogue of tumor growth in vivo. For the most part, two-dimensional 

(2D) culture, like that in culture dishes, does not replicate the microenvironment of a tumor, 

a complex space typified by stromal cells, extracellular matrix (ECM) components, and a 

cocktail of signaling factors. These elements together drive cancer cells in a specific 

manner, and eliminating just one element might elicit a significantly different output from 

cancer cells. Furthermore, many in vitro cancer models focus on the cancer cell without its 

surrounding stroma despite the growing body of literature that expounds the importance of 

tumor-stroma related effects.1-4 To fully replicate a tumor system in vitro, models must 

strive to integrate as many aspects of the microenvironment as possible. 

The tumor stroma can activate or inactivate cancer-related pathways, alter ECM 

components, thereby making migration more or less difficult, as well as secrete signaling 

factors that guide cancer cells in a multitude of ways. Studies have demonstrated that 

placing normal epithelial cells into an activated stroma can produce cancerous growth from 

these healthy cells; and conversely, placing malignant cancer cells in a healthy stroma can 

cause a reversion from a cancerous state towards a normal phenotype.5,6 These studies 

present the stroma as an important part of the cancer equation and perhaps as important as 

the cancer cell itself. As such, recapitulating the stroma and the complex environment 

there-in is a crucial step in both understanding cancer and developing novel, targeted 

therapies. 
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In colorectal cancer (CRC), epithelial cells lining the lumen of the intestine mutate and 

develop into cancer cells. These cells are faced with the luminal space on one side and the 

submucosa on the other representing two different microenvironments. Initially, cancer 

cells proliferate and produce a polyp that protrudes into the luminal space, but as the tumor 

grows and requires a more robust source of nutrients, the cells migrate towards the 

submucosa. The submucosa is a collagen-rich tissue populated primarily with smooth 

muscle cells, which facilitate the peristalsis of the colon. In addition, the collagen found 

here is highly aligned in a manner conducive to smooth muscle function. It is theorized that 

the alignment of submucosal collagen can be altered and disorganized due to injury (such 

as an autoimmune disease like Crohn’s); patients with such injury are often at higher risk 

of developing late-stage CRC and thus stromal topography may play a substantial role in 

cancer development.7-11 Investigation of CRC tissue has also shown a stark difference in 

collagen alignment when compared to healthy tissue.12,13 With these results in mind, we 

hypothesize specific collagen architecture in the microenvironment can drive differences 

in cancer phenotype and response. 

Herein we describe a bioengineered submucosal tissue construct, or a submucosal 

organoid, made with primary colonic smooth muscle cells and Col I that includes fiber 

topography similar to in vivo ECM. The data was supplemented with image segmentation 

to analyze and quantify the collagen fibers in these organoids. We then embedded a tumor 

spheroid into the submucosal organoid and studied the tumor phenotype as well as the 

corresponding drug response. Our results draw a correlation between collagen fiber 

alignment, tumor cell phenotype, and most importantly, the response to a chemotherapeutic 

drug, which corroborates clinical cancer data. 
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RESULTS 

BIOENGINEERED SUBMUCOSAL MICROENVIRONMENTAL CONSTRUCT 

Prior studies have utilized isolated smooth muscle cells to produce functioning analogues 

of colonic structures such as the anal sphincter and the submucosa of the intestine.14-16 

These engineered tissue constructs display functional characteristics of native intestinal 

anatomy and physiology such as cell alignment, tonicity, and contractility, and could serve 

as a model of the native submucosal microenvironment.17 Accordingly, we propose to use 

such submucosal construct (organoid), which is in direct contact with the colonic 

epithelium, the originating site for CRC have, to create an in vitro CRC  model. Briefly, 5 

million rabbit colonic smooth muscle cells (SMCs) were mixed in 1 ml solution of collagen 

I (0.5mg/mL) and then the hydrogel-cell solution was deposited into our microwell system 

(Fig 4). The submucosal organoids are molded as a disc-like structure that facilitates 

repeatable and consistent analysis. We confirmed SMC phenotypic stability in the 

construct using immunohistochemistry for: -smooth muscle actin, a component of the 

SMC contractile machinery18; calponin, a protein that binds to actin proteins and helps to 

regulate actin-myosin interactions19; and desmin, a protein found in abundance in 

terminally differentiated smooth muscle cells20 (Fig 5A-C). All of the SMC markers 

showed positive staining, indicating that the SMCs did not undergo dedifferentiation and 

retained a smooth muscle phenotype throughout the study. 
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Construct morphology and overall SMC organization and localization were followed using 

H&E staining on tissue sections from constructs harvested on days 1, 3, and 5 (Fig 5D-F).  

We observed an apparent concentration of the cellular content to one side of the construct 

by day 3 and the construct had curled around the cellularized side, suggesting that the 

SMCs are generating tensile force on the collagen. (Fig 5E,F respectively).  In addition, 

we measured the overall construct size (diameter) over 7 days, showing that the constructs 

underwent significant contraction from day 1 to 4 (Fig 5G, p=6.41e-10). However, by day 

4, the contraction rate has slowed and there was a less significant size difference between 

days 4 and 7 (p=0.052), suggesting that the SMCs have completed the remodeling of the 

available hydrogel by day 4. Taken together, these results demonstrate that the submucosal 

organoids can reorganize and induce contraction similar to the native submucosa. 

 

 

 

Figure 4: Schematic of organoid fabrication 

A. A CAD program was used to produce a model of a 6-well insert negative mold that was subsequently printed with a 

3D printer. B. PDMS was poured into the mold and allowed to cure. C. After curing, the mold was removed, cleaned, 

and trimmed of any excess of PDMS. D. The mold was placed in a 6-well plate and cell-collagen I solution was 

deposited into the microwells. E. Culture media was added and the construct was allowed to crosslink and contract. F. 

At pre-determined times constructs were harvested for analysis. 
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Figure 5: Physical and histological characterization of submucosal organoids  

A-C. Immunohistochemical staining (red) of submucosal organoids for the indicated smooth muscle markers (nuclei 

stained blue with DAPI) D-F. H&E staining shows cellular organization inside the submucosal organoids at days 1 (A), 

3 (B), and 5 (C). G. Size (diameter) measurements of submucosal organoids over 7 days in culture. (#: p<0.01, *: p<0.1, 

n=3). . A-C. Scale bar = 200μm. E-G. Scale bar = 50μm. 
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SUBMUCOSAL ORGANOIDS DISPLAY SIGNIFICANTLY ALTERED COLLAGEN ALIGNMENT 

AND STRUCTURE 

There is evidence that physical and structural changes associated with alignment of 

collagen fiber in the tumor microenvironment can alter the phenotype of tumor cells.21 

These changes are sensed by the cells through ECM binding membranal proteins that can 

generate intracellular signals to up- or downregulate oncogenic pathways.22,23 To 

determine the changes in collagen fiber alignment, we performed picrosirius red staining 

on submucosal organoids and non-cellularized, bare collagen hydrogel (Fig 6A and E, 

respectively). Picrosirius red stain highlights collagen bundles in orange or red and reticular 

fibers in green. In the submucosal organoid there is an abundance of orange fibers 

indicating that the SMCs have extensively remodeled the collagen to create a large number 

of bundled collagen fibers. These fibers follow parallel patterns, which demonstrates the 

SMCs’ ability to align the collagen fibers during remodeling. In contrast, bare collagen 

showed no orange or red picrosirius staining and instead displayed exclusively green 

signal, indicating unbundled, reticular collagen. We further analyzed the picrosirius red 

images by quantifying the collagen fiber properties using CT-FIRE, a program designed 

by the Lab for Optical and Computational Instrumentation at the University of Wisconsin, 

that quantifies parameters of fiber alignment.24 First, we quantified angular distribution 

across fields of interest in both submucosal and collagen only constructs. Fiber angles in 

the submucosal constructs produce a unimodal distribution, which indicates that the 

majority of fibers are aligned in a single direction or, more simply, parallel fibers (Fig 6B). 

Conversely, collagen-only constructs possess flat, uniform angular distributions indicating 

these constructs have random, unaligned fibers with no preference for direction (Fig 6F). 
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We performed a Komogorov-Smirnov two sample test and found a significant difference 

between the submucosal constructs and bare collagen (p=5.0309e-08). Fiber length 

measurements in the two constructs showed that the submucosal constructs possessed more 

fibers of longer length than bare collagen (Fig 6C and G, respectively, p=7.59e-24). 

Finally, fiber width measurements showed that the submucosal organoids possessed wider 

fibers compared with collagen only constructs (Fig 6D and H, respectively, p=4.52e-212). 

These CT-FIRE results indicate that SMCs remodeled the collagen to produce aligned, 

lengthened, and bundled fibers compared to unorganized, reticular collagen in constructs 

made with bare collagen.  

 

Figure 6: Collagen fiber properties in the submucosal organoids 

 

 

 

Submucosal organoids (A-D) and bare collagen constructs (E-H) were stained with picrosirius red to highlight reticular 

(green) or bundled (red/orange) collagen, and images were analyzed with the CT-FIRE program. B,F. Fiber angles 

(degrees vs frequency). C,G. Fiber length (pixels vs frequency). D,H. Fiber width (pixels vs frequency). *: p < 0.01. #: 

p < 0.01. †: p<0.01. N=3 w/ 1000+ fibers/field. A,E. Scale bar = 100μm. 
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SUBMUCOSAL ORGANOIDS SUPPORT EPITHELIAL ACINI FORMATION 

Since we observed significant remodeling and alterations to the collagen topography in the 

submucosal organoids, we tested if these changes would alter the morphology of epithelial 

cells embedded within these constructs. Previous studies have shown that collagen fiber 

architecture, and especially fiber orientation, has an impact on epithelial cell 

phenotype.12,24 We included CaCO2 cells, a non-aggressive colon carcinoma cell line that 

can differentiate and create polarized structures 25, with SMCs in the submucosal construct. 

In parallel, we cultured CaCO2 cells in bare collagen as well as with SMCs in two separate 

compartments of a Transwell system, in order to test for SMC-mediated paracrine 

induction of changes in epithelial morphology. H&E staining of these constructs showed 

acini formation in the submucosal organoids, but not in either the bare collagen or 

Transwell systems (Fig 7A-C), suggesting the need for direct cell-cell communication or 

healthy aligned submucosal matrix. To confirm the appearance of normal epithelial 

morphology, we stained the constructs with anti-zonula occludens-1 (ZO-1) and anti-

cytokeratin-18 (CK18) antibodies. Both markers ZO-1 and CK18 are absent in SMCs (Fig 

7D,E). Together, these results indicate that the SMC-remodeled collagen induces native-

like epithelial morphology and acini formation in CaCO2 cells, suggesting that collagen 

fiber alignment biases epithelial cells to assume a typical, healthy morphology.  
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Figure 7: Epithelial acini formation occurs in submucosal organoids but not in unorganized collagen 

 

 

 

 

 

 

 

 

 

 

 

A-C. H&E images of CaCO2 cells grown in submucosal organoids (A), bare collagen (B) and in transwell inserts 

(with smooth muscle cells in the bottom well). The epithelial acini structures in the submucosal constructs were 

immunostained (red) for ZO-1 (D) and CK-18 (E). A-C. Scale bar = 100μm. D,E. Scale bar = 25μm. 
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SMOOTH MUSCLE CELLS AND HCT-116 COLON CARCINOMA CELLS PRODUCE DISTINCT 

COLLAGEN FIBER TOPOGRAPHIES 

ECM remodeling around tumors is performed by stromal cells, but some cancer cells are 

known to tailor the ECM to their needs.26,27 Such cancer-cell mediated remodeling can 

facilitate invasion into surrounding ECM, which can lead to invasion and metastasis.28,29 

To assess the contribution of HCT-116 cells to the overall fiber topography in the 

submucosal organoid, we first formed cell spheroids from HCT-116 cells, as this 

morphology more closely mimics foci-like structures observed in metastases,30-33 and 

embedded them into the submucosal organoids during fabrication. Upon inspection after 7 

days, organoids had contracted similarly to those fabricated without HCT-116 spheroids. 

Second harmonic generation (SHG) allowed whole imaging of the organoid collagen 

network (Fig 8A, blue), and cells were visualized by capturing the intrinsic cellular 

autofluorescence (Fig 8A, red). After identifying regions away from the spheroid (Fig 8B) 

largely populated by smooth muscle cells, we observed long, aligned fibers (Fig 8B, white 

arrows). This topography is similar to that found in previously performed picrosirius red 

staining (Fig 6A). Conversely regions near the tumor spheroid (Fig 8C), were populated 

by comparatively short, random collagen fibers resembling those found in bare Col I 

networks. These areas near the HCT-116 spheroid are accessible by SMCs, but the fiber 

topographies do not resemble those remodeled by SMCs. We then used CT-FIRE to 

analyze the fibers found in either location for angular distribution (Fig 8B’,C’) and 

straightness (Fig 8B’’,C’’). We performed a Komogorov-Smirnov two-sample test and 

found a significant difference between the angular distributions of fibers found near and 

away from the HCT-116 spheroid (p=0.0178); the angular distribution shows no dominant 
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angle for fiber orientation near the spheroid (Fig 8C’) with large frequencies of fibers lying 

across the range. Collagen fibers away from the spheroid clustered around a similar angle 

(Fig 8B’) indicating aligned, parallel topography. Fibers away from the spheroid were also 

significantly straighter than fibers near the spheroid (p=1.04e-21). The straightness of 

fibers is determined by the ratio of the distance from fiber end to end and the distance along 

the fiber path, thus a straightness value of 1 is perfectly straight and values decreasing from 

1 indicate increasing waviness or curliness.34 These results indicate the HCT-116 cells, 

although embedded as a spheroid within a smooth muscle cell organized matrix, will 

attempt to remodel the local ECM in the proximity. The balance between stromal cell and 

cancer cell remodeling may represent a crucial aspect of the progression of a tumor towards 

malignancy. 

 

Figure 8: Collagen fiber properties in submucosal organoids with embedded HCT-116 spheroids 

 

A. Submucosal organoids with embedded HCT-116 spheroids and Col I fibers (blue) were imaged using second harmonic 

generation. Cellular autofluorescence (red) indicates cell bodies. Inset: a microscopic image of a 7 days organoid after 

fixation. A 3D reconstruction was generated in ImarisTM (A, bottom) and regions of interest, away from (B) and near (C) 

the tumor spheroid, were used to visualize the Col I fibers (white arrows in B denote elongated and aligned fibers). The 

regions of interest were analyzed with the CTFIRETM program. B’,C’. Fiber angles (degrees vs frequency). B’’,C’’. 

Straightness (straightness vs frequency). A. scale bar = 200 μm. B,C. scale bar = 20 μm. N=3 w/ 1000+ fibers/field. 
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SUBMUCOSAL ORGANOIDS SUPPORT AN EPITHELIAL PHENOTYPE OF METASTATIC 

COLORECTAL HCT-116 CARCINOMA CELLS  

While CaCO2 cells are known to be non-aggressive 25, HCT-116 cells were isolated from 

a colorectal metastasis removed from the liver, they are mesenchymal in nature, and are 

more aggressive than CaCO2 cells.35 To assess the effects of collagen remodeling in the 

submucosal organoids on metastatic cells, we embedded HCT-116 spheroids in the 

submucosal organoids and in bare collagen. H&E staining after 7 days of culture showed 

a more compact structure for HCT-116 spheroids within the submucosal construct 

compared with those in bare collagen construct (Fig 9A, B, respectively).  In the 

submucosal organoid spheroid, SMCs (SM) have contracted around the dense spheroid 

(Sph) and the HCT-116 cells migrated towards the SMCs. The spheroids in bare collagen 

showed a necrotic core probably due to their larger size and cell compactness compared 

with spheroids in the submucosal organoids. The cells of spheroids in the bare collagen 

had more migratory projections compared with those in the submucosal organoids, 

suggesting a more proliferative or motile phenotype. These results suggest that changes in 

matrix topography, as a result of collagen remodeling by the SMCs, affect spheroid 

morphology and possibly tumor cell epithelial-to-mesenchymal transition (EMT). To 

verify this hypothesis, we immunostained the different constructs with known EMT 

markers including N-cadherin, E-cadherin and ZO-1 (Fig 9C-J). N-cadherin is typically 

found in mesenchymal phenotype cells while E-cadherin is more regularly located on the 

membranes of epithelial phenotype cells, and ZO-1 is a tight-junction protein found in 

epithelial cells of the colon.36-38 CK-18 staining was used for identification of HCT-116 

cells within the constructs. We observed a higher expression of N-cadherin in HCT-116 
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spheroids in bare collagen (Figure 9C,D) and conversely, a higher expression of E-

cadherin in HCT-116 spheroids in the submucosal organoids (Figure 9E,F). ZO-1 staining 

was abundant in HCT-116 in spheroids in the submucosal construct, but was mostly absent 

in spheroids in bare collagen (Fig 9G,H). Finally, we examined  the expression of matrix 

metalloproteinase 9 (MMP9), a proteolytic enzyme that degrades the ECM and facilitates 

cell migration and invasion of cancer cells to neighboring tissues.29 MMP9 expression was 

much higher in HCT-116 in spheroids in bare collagen compared with cells in spheroids in 

the submucosal organoids (Figure 9I,J). Altogether, these results clearly indicate a clear 

difference in phenotype between the two configurations: HCT-116 cells in remodeled and 

organized submucosal organoids possess a more native/benign epithelial phenotype 

whereas in the unorganized bare collagen constructs they show a more 

mesenchymal/tumorigenic phenotype. 
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Figure 9: EMT phenotype of HCT116 in the submucosal tumor organoid 

HCT116 spheroids in submucosal organoids (A, C, E, G, and I) and bare collagen (B, D, E, H, and J) were harvested 

after 7 days in culture and stained for H&E (A,B), the indicated cell membrane associated proteins (C-H) and MMP (I-

J). CK-18 staining was used to identify the HCT116 cells inside the organoids.  For each stain, .1 image is triple staining 

and .2 image is the specific protein stain. A,B. Scale bar = 100μm. C-J. Scale bar = 25μm. 
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WNT PATHWAY ACTIVATION IN HCT-116 SUBMUCOSAL TUMOR ORGANOIDS 

WNT activation is a hallmark of aggressive CRC and can be associated with lower rates of 

patient survival.39,40 The canonical WNT pathway acts through the translocation of -

catenin from the cell membrane into the cell nucleus where it forms a transcription complex 

to upregulate several EMT related genes.22,41-43 Immunostaining for -Catenin on HCT-

116 spheroids in submucosal organoids showed distinct membrane-localized staining 

patterns of -Catenin in the HCT-116 spheroids from the submucosal construct (Fig 10A). 

In contrast, HCT-116 spheroids in bare collagen display nuclear expression in some cells 

(Fig 10B, white arrows), suggesting activation of WNT signaling in HCT-116 cells in the 

bare collagen. To validate this hypothesis, HCT-116 cells were engineered to express GFP 

under control of the TCF/LEF promoter cassette, activated by the translocation of -

Catenin from the membrane to the nucleus, along with constitutively active nuclear 

mCherry fluorescence.44 Green fluorescent signal was only observed in HCT-116 

spheroids in bare collagen but not in HCT-116 spheroids in submucosal organoids (Fig 

10C-E, p=5.04e-4). However, when HCT-116 spheroids in submucosal organoids were 

incubated with a WNT agonist, BIO 45,46, some cells began to show GFP expression (Fig 

10F). Conversely, incubation of tumor organoids in bare collagen with a WNT antagonist, 

XAV939 47, completely eliminated the green fluorescent signal (Fig 10G). GFP 

fluorescence quantification indicated approximately 7-fold increase with BIO and 9-fold 

decrease with XAV939 (Fig 10H, p=0.035). Together, these results indicate that -

Catenin-mediated WNT signaling is active in HCT-116 spheroids in bare collagen but not 

in spheroids in submucosal organoids. However, WNT signaling of spheroids is responsive 

to stimulus such as pharmacological activation by WNT pathway agonists/antagonists. 
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Figure 10: The effects of collagen fiber organization on WNT pathway activation in HCT116 submucosal tumor 

organoid 
HCT116 spheroids in submucosal organoids (A) and bare collagen (B) were harvested after 7 days in culture and stained 

for -catenin, CK18 (to identify HCT116 cells) and DAPI. For each stain, A1 and B1 images are triple staining and A2 and 

B2 images are -catenin stain. C-D. Spheroids of HCT116 expressing GFP under control of WNT-activated promoter 

sequence (TOP-GFP) and constitutive nuclear mCherry were embedded in submucosal organoids (C) and bare collagen 

(D) and the ration of signal intensity of GFP (green) and mCherry (red) was calculated after 7 days in culture (E, SMC - 

submucosal organoids; ColI - bare collagen).  In parallel, these fluorescently labeled HCT116 spheroids in submucosal 

organoids were incubated with WNT agonist, BIO (F), and WNT antagonist, XAV939 (G), as indicated, and signal 

intensity of GFP (green) and mCherry (red) was calculated after 7 days in culture (H). #: p<0.01, *: p<0.05. n=3. A,B. 

Scale bar = 25μm. C,D,F,G. Scale bar = 150μm.  
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CHEMORESISTANCE OF HCT-116 SUBMUCOSAL TUMOR ORGANOIDS  

The results in Fig 10, demonstrating minimal WNT signaling in HCT-116 spheroids in 

submucosal organoids compared with spheroids in bare collagen, suggested that there 

could also be a difference in HCT-116 cell proliferation between these configurations and 

thus, a difference in their chemosusceptibility.48 To test these hypotheses, we first stained 

HCT-116 spheroids in submucosal organoids and in bare collagen for Ki-67 in order to 

identify proliferating cells (Figure 11A and B, respectively). There were significantly 

more Ki-67-positive HCT-116 cells in spheroids in bare collagen compared with spheroids 

in submucosal organoids (Fig 11C, p=0.0055).  We then treated HCT-116 spheroids in 

submucosal organoids and bare collagen for 3 days with 10mM 5-Fluorouracil (5-FU), a 

pyrimidine analog targeting proliferating cells, and stained them with a live/dead assay kit 

(Fig 11D and E, respectively). We observed marked differences between the 2 

configurations: the majority (~260% more green than red signal) of HCT-116 cells in the 

submucosal organoids were alive (green) whereas, fewer HCT-116 cells were alive in the 

bare collagen constructs (approximately equivalent green and red signal) (Fig 11F, 

p=0.013). CaCO2 spheroids cultured in these 2 configurations and subjected to the same 

5-FU treatment showed very few dead cells in both configurations (Fig 11G-I, p=0.33). 

Studies of CaCO2 sensitivity are inconsistent however our experiments confirm prior 

studies that indicated lower 5-FU sensitivity of CaCO2 cells in 2D compared to more 

aggressive lines.49 Together, these results connect WNT signaling activation, tumor cell 

proliferation, and 5-FU sensitivity in HCT-116 tumor spheroids and suggest that in the 

remodeled and highly organized submucosal organoids WNT signaling is less active, 
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leading to slower cell proliferation and higher resistance to chemotherapy, compared with 

spheroids from the non-remodeled bare collagen.  

 

Figure 11: The effects of collagen fiber organization on 5-FU response on HCT116 and CaCO2 submucosal tumor 

organoids 

A, B. HCT116 spheroids in submucosal organoids (A) and bare collagen (B) were harvested after 7 days in culture and 

stained for Ki-67 for proliferating cells CK18 to identify HCT116 cells.  C.  The proportion of Ki-67-positive cells in 

submucosal organoids (SMC) and bare collagen (ColI) was calculated and graphed. Spheroids of HCT116 (D,E) and 

CaCO2 (G,H) were embedded in submucosal organoids (D,G) and bare collagen (E,H) and cultured for 3 days and then 

exposed to 10mM 5-FU for 3 days. The organoids were stained with a live/dead assay kit and the green to red 

fluorescence signal was calculated for HCT-116 (F) and CaCO2 (I). *: p<0.05. n=3. A,B. Scale bar = 50μm. D,F,G,H. 

Scale bar = 150μm. 
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DISCUSSION 

Cancer research, aiming to study the mechanisms that govern tumor growth and metastasis, 

has been historically carried out in cancer cells in isolation, such as in vitro cultures of 

cancer cell lines in plastic dishes or suspension cultures.50 Although many breakthroughs 

were discovered with these techniques, tissue culture plastic and single cell systems are 

poor recapitulations of the physiologic microenvironment of cancers.3,4,51 In recent years, 

there has been a shift towards incorporating the tumor microenvironment (stroma) into the 

design of innovative experimental platforms to study the dynamics of cell-ECM and cell-

stroma interactions in vitro.33,52,53 The microenvironmental space is complex and dynamic; 

there is constant ECM remodeling, interactions between the tumor and stromal cells, and a 

multitude of signaling factors that all drive cancer cell phenotype in one direction or the 

other.30,54 It is now clear that the microenvironment has a profound effect on cancer cells, 

but it is currently difficult to precisely recapitulate its complex nature in vitro. To better 

approach this problem, one needs to develop an experimental model that will allow study 

of specific variables of the microenvironment, in order to develop an understanding of each 

aspect individually before adding further complexity. The current study was aimed at 

creating an in vitro tumor surrogate that includes components of the tumor 

microenvironment such as the host tissue cells and the ECM with its unique topography, 

in addition to human tumor cells. In order to better model and study the effects of ECM 

fiber arrangement on cancer cell progression, we bioengineered physiologically functional 

submucosal tissue constructs (organoids), containing primary colonic SMCs in collagen I 

hydrogels that represent the stromal layer of colorectal cancers.  
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The submucosal organoid expressed typical SMC markers, indicating the environment is 

sufficient for maintaining their differentiated phenotype, unlike some conditions which can 

cause SMC dedifferentiation into a fibroblast-like phenotype.55-57 Furthermore, the 

organoids display rapid contraction over 4-5 days suggesting the SMCs are actively 

remodeling the surrounding collagen I hydrogel. Indeed, we found a significant difference 

in fiber alignment and bundling between the submucosal organoid and bare collagen 

hydrogels. Furthermore, the fiber arrangements found in the submucosal organoid match 

the parallel, aligned patterning found in healthy, in vivo tissue; these aligned collagen fibers 

are necessary to retain strength and compliance and may help maintain an epithelial 

phenotype in mucosal cells.58 Conversely, the bare collagen topography was disordered 

and random as found in dysplastic tissue.12,24 Clinically, colorectal tumors are often 

disordered and autoimmune diseases (like Crohn’s) which cause remodeling of the 

submucosal stroma are associated with low survival and poor patient prognosis due to high 

rates of migratory and metastatic cells.7,10 Mucosal cells can sense varied stromal 

topography through integrin binding which then leads to signaling cascades through FAK 

to direct cell phenotype; these cascades can then lead to oncogenesis.59  

Since these submucosal organoids seemed to recapitulate the colonic submucosa 

phenotype and stromal topography, we tested if they would promote and support normal 

epithelial morphology. By integrating CaCO2 cells into the organoid, we observed the 

formation of epithelial acini. Acini formation in vitro is driven by the ECM and is 

maintained through interactions between epithelial cells and stromal ECM and cells.60-62 In 

contrast, no acini were formed in bare collagen or in a trans-well culture system, indicating 

that collagen I remodeling by the SMCs creates a native-like environment necessary for 
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acini formation and epithelial phenotype maintenance. Although our main interest is cancer 

research, the technology presented here may have implications beyond cancer: the 

generation of acini presents the basis for a “gut-on-a-chip” type organoid which could be 

used for drug or toxicology testing. 

Colon cancer usually begins with an oncogenic transformation of the colon epithelium.63 

After demonstrating that the submucosal organoids appeared to closely mimic the colonic 

submucosal layer, we proceeded to integrate colorectal tumor foci, made of HCT-116 

spheroids, with the submucosal organoid, as a multi-tissue platform to study the impact of 

the ECM organization on colorectal cancer phenotype. First, we observed, through SHG 

imaging, the HCT-116 spheroids produced random, unaligned ECM near the spheroid 

boundary. Away from the spheroid, SMCs aligned and bundled collagen, as expected. 

Although the majority of the organoid is well organized by the SMCs, the HCT-116 cells 

disrupted local ECM remodeling; this might indicate that cancer cells inhibit or restrict the 

remodeling of nearby, native stromal cells to aid in oncogenic progression. Next, we 

showed that E-cadherin and N-cadherin staining mirrored one another: both were found in 

either condition, but E-cadherin was predominant in the submucosal organoid while N-

cadherin was predominant in the collagen only construct. This indicates an epithelial 

phenotype of HCT-116 cells in the submucosal organoid and is further evidenced by the 

presence of ZO-1 in this condition. HCT-116 cells cultured in bare collagen also seemed 

more motile with projections spreading from the spheroid; together with the presence of 

N-cadherin, bare collagen appeared to support a mesenchymal phenotype in HCT-116 

cells. We also performed Transwell experiments (not shown) to determine the extent of 

smooth muscle cell paracrine activity on the HCT-116 cancer cells; in these experiments, 
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we saw negligible effect from the smooth muscle cells and the cancer cells retained a 

mesenchymal phenotype. This data indicates that HCT-116 cells take on a more epithelial 

phenotype as a result of interaction with organized collagen.  

In vivo colorectal cancers are heterogeneous with a multitude of cell types but it has been 

shown that many metastatic tumors have undergone epithelial-to-mesenchymal transition 

(EMT).64,65 In fact, in vitro systems have shown that HCT-116 cells, which are derived 

from a metastasis, are mesenchymal in nature.1,66 In addition, when these cells undergo 

mesenchymal-to-epithelial transition (MET), it is associated with decreased tumor 

aggression.67 We observe a similar effect through the complete loss of MMP9 expression 

by HCT-116 cells in remodeled submuoscal organoid, but not in the bare, unorganized 

collagen. MMP9 is used by aggressive cancer cells to degrade ECM to facilitate migration 

29,68, suggesting that the tumor cells in the submucosal organoids were less invasive. This 

result is in agreement with our previous observations that HCT-116 cells assume an 

epithelial phenotype in the submucosal organoids compared with more mesenchymal 

phenotype in bare collagen. Furthermore, MMP9 is known to be regulated by the WNT 

pathway, which is more active in HCT-116 spheroids of the collagen only construct.69,70 

These results indicate that specific fiber topography in the colon could serve as a predictive 

measure for oncogenic risk. 

There is an unmet need to develop better model systems for screening of anti-cancer drugs. 

After observing a stark difference in HCT-116 phenotype in either aligned or unaligned 

collagen, we tested chemosusceptibility to the common therapeutic 5-FU. 5-FU is a 

nucleoside analogue and disrupts the synthesis of thymidine thereby killing rapidly 

proliferative cells and thus has a nominal effect on non-cycling cells. In vitro studies have 
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shown 5-FU has a diminished effect on normal cells compared to cancer cells.71  After 

treating HCT-116 spheroids in both submucosal and bare collagen constructs with 5-FU, 

we found corroborating evidence that cells in the submucosal organoid are reverting to a 

more normal, epithelial phenotype: they are less susceptible to 5-FU due to their greatly 

decreased proliferation rate (as evidenced by Ki-67 staining). Typical epithelial cells do 

not proliferate rapidly and should not be as sensitive to chemotherapeutics: this is exactly 

the response we observed. In fact, when we assayed CaCO2 spheroid chemosusceptibility 

in the same conditions, we saw little difference in 5-FU effect between submucosal 

organoids and bare collagen constructs which follows as CaCO2 cells are naturally more 

epithelial. Conversely, HCT-116 spheroids in the bare collagen construct, which seem to 

be more mesenchymal and proliferative, are more susceptible to 5-FU exposure. The stark 

difference in chemotherapeutic response between these two conditions may also inform 

personalized medicine or precision oncology: the patient’s unique stromal phenotype 

should be taken into consideration when designing the chemotherapeutic treatment. 

The physical properties of the tumor microenvironment, especially ECM structure and its 

fiber topography, has recently been targeted for its significant contribution to cancer 

progression and response to therapy.72 However, the lack of in vitro models that accurately 

mimic how changes in ECM topography impact tumor cells significantly slows the 

translation of basic research data to advanced cancer therapy. Our colorectal cancer 

organoid platform offers a robust and replicative system to study the interactions between 

tumor cells and specific features of the ECM (i.e. collagen fiber organization) and how 

they affect the tumor cell phenotype and, importantly, response to chemotherapy. Our 

organoid platform is modular and tunable and can incorporate patient derived cancer cells, 
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stromal cells, and various features of the ECM. In addition, the basic methodology can be 

adapted to a variety of tissue types. Cancer organoid systems, like ours, provide an 

informative and predictive platform that can be applied to better study cancer progression, 

drug discovery, pharmaceutical diagnostics and ultimately, the generation of patient-

specific cancer organoids for personalized medicine applications. 

MATERIALS AND METHODS 

CELL CULTURE 

Rabbit colon smooth muscle cells (RCSMCs) were provided by Dr. Khalil Bitar at the 

Wake Forest Institute for Regenerative Medicine, Winston-Salem, NC. Briefly, RCSMCs 

were isolated from fresh rabbit colons and purified through attachment and then sorted. 

HCT-116 cells were obtained from ATCC (#CCL-247, ATCC, Manassas, VA). CaCO2 

cells were also obtained from ATCC (#HTB-37, ATCC). Some HCT-116 cells were also 

engineered to express the TOP-GFP.mC plasmid which was a gift from Ramesh Shivdasani 

(Addgene plasmid # 35491). A MatLab script was used to quantify red and green 

fluorescent signal generated by the TOP-GFP.mC plasmid. All cell types were cultured 

and expanded in 2D on tissue culture plastic using 15cm tissue-treated dishes. Cells were 

cultured to 90% confluence before being harvested for use or passaged into new plates. All 

cell types were cultured with Dulbecco’s Minimum Essential Medium (DMEM, Sigma, St. 

Louis, MO) containing 10% fetal bovine serum (FBS, Hyclone, Logan, UT). Cells were 

detached from the substrate with Trypsin/EDTA (Hyclone) and resuspended in media 

before further use in studies. 
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MICROWELL INSERT AND ORGANOID FABRICATION 

Overall scheme of microwell insert and organoid fabrication is outlined and illustrated in 

Figure 4. First, we modeled a well insert mold using SketchUpTM. We then printed the 

model on a Makerbot Replicator 2X. After printing, we mixed polydimethylsiloxane 

(PDMS, Sylgard 184, Dow-Corning, Auburn, MI) in a 10:1 ratio of elastomer to curing 

agent. We then poured the uncured PDMS into the mold, applied vacuum to the PDMS via 

a desiccator chamber to remove all bubbles, and allowed the mold to cure overnight at 

80°C. After curing, we sterilized the inserts with 70% ethanol by immersion for at least 24 

hours. These inserts were then placed into 6-well plate wells using sterile gloves. Inserts 

are then liberally washed with PBS to remove all traces of ethanol, then inserts are allowed 

to air dry under ultra violet light. 

To produce organoids, we first prepared a solution of 0.5mg/mL collagen I (Corning, 

Corning, NY), using a protocol modified from the supplied protocol to produce this 

solution. Briefly, we mixed 600uL of 3.45mg/mL collagen I, 286uL DMEM, 100uL PBS 

10X, and 14uL 1N NaOH. This recipe produced a 2mg/mL collagen I solution which was 

further diluted with DMEM to the required concentration of 0.5mg/mL. After mixing, we 

kept the collagen solution on ice until use. We then harvested RCSMCs using trypsin after 

which we suspended RCSMCs in the collagen I at a density of 5 million cells/mL collagen. 

After fully suspending the cells, we obtained a homogenous cell-gel solution. The cell-gel 

solution is then pipetted into the microwells of the insert, each microwell can accommodate 

approximately 100uL of solution. The well plate was then incubated at 37°C for 30 minutes 

to allow collagen to crosslink. Media was then carefully added to the wells, ensuring the 

hydrogels are not overly disturbed, to cover organoids fully. 
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SPHEROID PRODUCTION AND EMBEDDING 

Spheroids were produced from HCT-116 and CaCO2 colon carcinoma cell lines. Cells 

were harvested and suspended in DMEM at a density of 100,000 cells/mL. 100uL of cell 

suspension was pipetted into each well of a non-adherent, round-bottom, 96-well plates to 

produce spheroids (#7007, Corning) with density of 10,000 cells/spheroid. Well plates 

were incubated and observed daily until spheroid formation, and then immediately used in 

experiments. To embed spheroids into collagen hydrogel, the media was first aspirated 

from the spheroid well, hydrogel solution was added to the well with the spheroid, and the 

whole mixture was then pipetted into the microwell to prepare the submucosal organoids 

as described above. 

IMMUNOHISTOCHEMISTRY 

Organoids were removed from culture at the appropriate time point. Samples were then 

fixed using 4% paraformaldehyde (PFA) for 1 hour. The samples were then processed for 

sectioning. They were dehydrated with graded ethanol washes followed by xylene 

incubation. They were then embedded in paraffin, sectioned at 5μm/section, and mounted 

to slides. 

For immunohistochemistry (IHC), all incubations were carried out at room temperature 

unless otherwise stated. Slides were warmed at 60°C for 1 hour to increase section bonding 

to the slides. Antigen retrieval was performed on all slides and achieved with incubation in 

Proteinase K (Dako, Carpinteria, CA) for 5 min. Sections were permeabilized by 

incubation in 0.05% Triton-X in PBS for 5 min. Non-specific antibody binding was 

blocked by incubation in Protein Block Solution (#ab156024, Abcam, Cambridge, MA) 
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for 15 min. Sections were incubated for 60 min in a humidified chamber with the 

appropriate antibody from the following: Desmin (#ab32362, Abcam), alpha-Smooth 

Muscle Actin (#ab5694, Abcam), Calponin (#ab216651, Abcam), CK-18 (#ab82254, 

Abcam), E-cadherin (#ab40772, Abcam), N-cadherin (#ab207608, Abcam), ZO-1 

(#ab59720, Abcam), matrix metalloproteinase 9 (#ab38898, Abcam), B-catenin (#712700, 

Invitrogen, Carlsbad, CA), or Ki-67 (#ab16667, Abcam). All antibodies are used at 1:200 

dilution in antibody diluent (#ab64211, Abcam). 

Following primary incubation, slides were washed 3 times in PBS for 5 min/wash.  

Samples were then incubated for 1 hour with anti-rabbit Alexa Fluor 647 secondary 

(#ab150075, Abcam) and anti-mouse Alexa Fluor 594 antibodies (#ab150116, Abcam) as 

appropriate in antibody diluent (1:200 dilution). Cells were counterstained with DAPI for 

5 minutes, and washed 3 times with 1X PBS prior to fluorescent imaging. Negative controls 

were performed in parallel with the primary antibody incubations and included incubation 

with blocking solution in place of the primary antibody. No immunoreactivity was 

observed in the negative control sections.  Samples were imaged with fluorescence at 647 

nm, 594 nm, and 380 nm with a Leica DM 4000B upright microscope. 

FIBER IMAGING AND QUANTIFICATION 

Organoids’ sections were obtained as previously described and stained using a picrosirius 

red stain kit (#ab150681, Abcam). Briefly, slides are deparaffinized, hydrated to deionized 

water, and stained with hematoxylin to visualize nuclei. Slides were then stained with 

picrosirius red solution for 60 minutes at room temperature, rinsed in acetic acid and 

dehydrated, and mounted with a coverslip. Picrosirius red imaging was performed on a 
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Leica DM 4000B upright microscope under brightfield with polarizers in place to visualize 

birefringent signal. Once images were captured, they were analyzed with the CT-FIRE 

program, designed by Laboratory for Optical and Computational Instrumentation, the 

University of Wisconsin Madison. Settings were kept at default and data was input into 

MatLab for analysis and graphing. 

SECOND HARMONIC GENERATION (SHG) IMAGING 

In vitro SHG, and intrinsic (autofluorescent) signal acquisition: submucosal organoids with 

embedded HCT-116 spheroids were prepared as previously described. Organoids were 

sandwiched between glass slides. Samples were equilibrated in 33% TDE(thidioethanol) 

R.I.; 1.038 in a custom printed imaging container. Organoids were imaged on a modified 

Olympus FV1000 using an Olympus XLSLPLN25XSVMP2 objective. The sample was 

excited at 875 nm, and the mean SHG signal was collected at 425-438 nm, the cellular 

intrinsic auto fluorescence was collected at 488 nm, and 545 nm respectively using GaAsP 

detectors. A multi area time lapse (MATL) Z-stack of images were collected (3 μm Z-step) 

encompassing the complete tumor organoids. An average organoid with a 800 μm diameter 

required 20 tiles across the top by 50 Z-steps deep. These MATL Z stacks were stitched 

using custom software and 3D renderings were generated using Imaris (Bitplane, London). 

Psuedocoloring blue represents SHG signal, whereas cellular intrinsic autofluorescence is 

labeled red. Each organoid was imaged 3 times using identical conditions (equal laser 

power, photomultipler tube voltage, etc) to ensure consistency. 
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DRUG TREATMENTS AND ANALYSIS 

For chemotherapy treatment experiments, we used 5-Fluoruracil (5-FU, #F6627, Sigma-

Aldrich), solubilized in DMSO and added to DMEM, as prepared for cell culture, at a 

concentration of 100mM. The drug-media solution was sterilized by passing it through 

syringe filter. Organoids were allowed to form for 5 days and 5-FU, diluted to the desired 

concentration, was added directly to the well. Live-dead assay was performed by removing 

organoids and suspending them in Live/Dead viability/cytotoxicity kit for mammalian cells 

(#L3224, ThermoFisher, Waltham, MA).  Live-dead staining was performed as instructed 

in the manufacturer’s protocol. Briefly, we prepared a solution of 2 μM calcein AM and 4 

μM EthD-1 in a 1:1 solution of DMEM and PBS. Organoids were incubated in live-dead 

solution for 1 hour at 37°C then imaged immediately. Imaging was performed on a Leica 

TCS LSI macroconfocal microscope using a 5x objective. Confocal z-stacks were obtained 

with parameters of 10 μm/stack through the entirety of the visible sample; the maximum 

projection of each z-stack was then generated for presentation or analysis. Quantification 

of live-dead signal was performed with a MatLab script – This could potentially turn be a 

new IP, so I won’t disclose. For WNT modulation experiments, we used BIO (#B1686, 

Sigma Aldrich) and XAV939 (#X3004, Sigma Aldrich). BIO and XAV939 were 

solubilized in DMSO to produce stock solutions of 10mM of each drug. Stock solutions of 

BIO and XAV939 were added to DMEM to produce final concentrations of 5 μM and 3.3 

μM respectively. These final solutions were added directly to organoids after gelation. 
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STATISTICAL ANALYSIS 

All experiments were performed in triplicate or greater. Histograms were constructed from 

1000 data points or more. Other quantitative results are presented as mean ± standard 

deviation (SD). Significance of data values that approximate a normal distribution was 

evaluated using a Student’s t-test (2-tailed) with two sample unequal variance. Student’s t-

tests were performed in Excel. A Komogorov-Smirnov test was used to assess differences 

between non-normal distributions. Significance values are denoted in figure legends. P 

values are listed with 2, or greater, significant digits within results text. 

 

 

 

 

 

  



69 

 

 

FIBER ALIGNMENT INDUCED CHEMORESISTANCE OR 

CHEMOSUSCEPTIBILITY OF COLORECTAL CANCER CELLS IS 

MEDIATED BY FAK AND WNT ACTIVITY 

Note: The following chapter is currently being edited for submission as a standalone publication. 

ABSTRACT 

The tumor microenvironment is a complex space consisting of a number of stimuli such 

as: stromal cells, signaling and paracrine factors, as well as extracellular matrix (ECM) 

components. Each of these factors push and pull cancer cells in different directions and the 

sum of the interactions defines a cancer cell’s final disposition. Much has been made of the 

microenvironment in recent years; one hotly researched aspect is ECM mechanics. In terms 

of the mechanical interaction of the ECM and the cancer cell, a number of observations 

have been made, such as: stiffer environments produce more aggressive cancer cells and 

facilitate migration and invasion, and aligned matrices are associated with healthy tissues 

while unaligned matrices are associated with poor prognosis. Although there is a wealth of 

literature describing both stiffness and alignment in vivo, there are few studies that 

determine the extent of these factors in vitro. In this study, we produce submucosal 

organoids with varying matrix alignment and embed an HCT-116, colon carcinoma cell 

line, spheroid into our organoids to simulate an integrated tumor compartment. Through 

the modulation of our submucosal model, we determine the effects of varying alignment 

and stiffness on colorectal cancer cell phenotype. After identifying a possible pathway, 
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from matrix mechanics transduction to oncogenic transcription, we modulate the cancer 

cells in a manner to induce or reduce chemosusceptibility to 5-fluoruracil. 

INTRODUCTION 

There are several varieties of mechanical interactions between stromal extracellular matrix 

(ECM) and nearby cells, but research in this field has been dominated by the study of 

stromal stiffness or elasticity related effects.[20, 37, 97] In the field of cancer, tissue 

mechanics are an area of interest as they can be used as predictive measures and there is 

evidence mechanics can be transduced into intracellular effects. For instance in breast 

cancer, high mammographic density, which corresponds to stiffness, is associated with 

higher risk of cancer development and poor prognosis later.[49, 50] In colorectal cancer 

(CRC), patients with scarring or damage of the colon, which can also increase stiffness, 

due to autoimmune disease or other causes are also met with low survival rates.[98, 99] 

However, in these two cases, the observed increases in tissue stiffness can be attributed to 

matrix remodeling or ECM deposition that disrupt the native, healthy stroma. Indeed, 

stromal topography and makeup has been linked to cancer progression; for instance, 

colorectal tumors have unorganized, random collagen fibers.[22] In pancreatic cancer, 

stromal collagen alignment can be linked to a negative prognosis as well.[23] 

Models that capture the varying stiffness associated with tumors have been developed and 

utilized over the years,[97, 100-102] but few platforms replicate the stromal topography 

associated with cancer. Much of our understanding of how topography influences a cancer 

cell is gleaned from clinical data or patient derived biopsies. The variability inherent in this 

data makes it hard to gather conclusions about mechanisms involved in transducing signals 
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from stromal ECM, and furthermore, it is difficult to develop treatments targeting those 

mechanisms. 

In the colon, cancer arises from epithelial cells that line the intestinal lumen. These cells 

undergo rapid proliferation to maintain a patent barrier. When these cells mutate, they 

produce a polyp which protrudes into the luminal space. Eventually, when the polyp is 

starved of nutrients, it pushes towards the submucosa, a layer of smooth muscle that lines 

the epithelium to promote peristalsis, to find access to vasculature. The submucosa is 

typified by a microenvironment rich in collagen which is highly aligned, to facilitate the 

movement of waste by peristalsis. It is theorized when this collagen matrix is disrupted, 

the new topography that develops can be conducive to cancer development. In fact, 

investigation of submucosal collagen alignment in colorectal cancer patients found 

significant disorganization compared to healthy tissue.[22] 

Our lab, and many others, have adopted a three dimensional (3D) approach to modeling 

tissue systems. 3D systems, although more difficult to design and maintain, closely mimic 

the cell-cell and cell-stroma interactions, diffusion kinetics, and overall morphology of in 

vivo systems. 3D culture systems come in a variety of shapes and can be tailored to a 

specific application through the use of different hydrogels, cells, ECM components, 

microfluidics, embedded membranes, or a complex combination of these elements. Using 

3D techniques, we have developed a submucosal construct with primary colonic smooth 

muscle cells that reorganize and align a collagen based organoid. We then embedded a 

HCT-116, colon carcinoma cell line, spheroid into the organoid to recapitulate the 

colorectal tumor interface between epithelium and submucosa. 
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In this study, we exercise our submucosal organoid model in a variety of conditions to 

discern the effects of varied alignment, produced by different stromal cells, on CRC 

spheroids. We then probe if varied stiffness can elicit the same or similar response. As the 

mechanisms involved in cellular sensing of the microenvironment is one path towards 

novel drug discovery, we identify pathways associated with mechanical sensing and link 

them to known cancer related mechanisms. Finally, we treat a variety of model conditions 

with 5-fluorouracil (a common colorectal cancer chemotherapeutic) to assess induced 

resistance or susceptibility from stromal arrangement. 

RESULTS 

FIBER ORGANIZATION DRIVES DIFFERENTIAL FAK EXPRESSION AND WNT ACTIVATION IN 

HCT116 SPHEROIDS 

There is evidence that different fiber topographies in the native colon can drive cancer 

progression.[22, 23] Aligned, parallel fibers are associated with the normal, native 

submucosa while random, short fibers are associated with poor prognosis in cancer 

patients. In addition, cancer associated fibroblasts have been shown to be a negative 

prognostic factor in cancer diagnosis due to the specific pattern of ECM remodeling they 

produce.[43, 103] To determine the effects of ECM remodeling, specifically collagen I 

topography, we prepared three different collagen based organoids: a bare collagen I 

organoid, one organized by SMCs, and another organized by CCD18-Co fibroblasts. We 

performed picrosirius red staining on these organoids to visualize fiber alignment and 

organization (ColI Fig. 12A, SMC Fig. 12E, Fibroblasts Fig. 12I). ColI constructs had 

short fibers and virtually no bundling (as evidenced by the lack of orange/red signal) (Fig. 
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12A). Conversely, SMC organization produced bright red bundles of collagen which 

tended towards a single direction (Fig. 12E). Fibroblast organization produced little 

lengthening or alignment of collagen fibers, and the nominal bundling was only localized 

near cell boundaries (Fig. 12I). 

Cells tend to sense and transduce signals from the ECM through integrin binding which 

can then initiate signaling cascades through FAK.[104] In addition, aggressive colon 

cancer cells tend to have overactive FAK expression and activity.[105] FAK activity can 

drive metastasis, survival, and regulate several downstream pathways such as WNT.[106, 

107] To determine if fiber organization can alter FAK expression, we embedded HCT116 

spheroids into our organoids then immunostained for FAK (ColI Fig. 12B, SMC Fig. 12F, 

Fibroblasts Fig. 12J). In both ColI and Fibroblast organoids, there was prominent FAK 

staining present in most cancer cells (Fig. 12B,J). Conversely, in the SMC organized 

organoid, there was little FAK staining present in the HCT116 cells (Fig. 12F). We then 

probed whether this differential FAK expression was correlated with downstream WNT 

activation by imaging spheroids tagged with the TOPGFP.mC plasmid which emits GFP 

signal under TCF/LEF promoter (the same promoter is found in downstream WNT 

activity) activation and constitutively active mCherry fluorescence (ColI Fig. 12C, SMC 

Fig. 12G, Fibroblasts Fig. 12K). Indeed, we found the spheroids with higher FAK 

expression also displayed higher WNT activation as evidenced by GFP signal in ColI and 

Fibroblast organoids (Fig. 12C,K). Both FAK expression and WNT activation are 

associated with higher rates of proliferation in cancer cells, so we immunostained HCT116 

cells for Ki-67 expression (ColI Fig. 12D, SMC Fig. 12H, Fibroblasts Fig. 12L). Ki-67 

expression increased in cells with higher FAK expression and WNT activity – again the 
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ColI and Fibroblast conditions. Quantification of Ki-67 positive ratios corroborated our 

visual observations (Fig. 12Q) that ColI and Fibroblast organoids induce significantly 

higher levels of proliferation in HCT116 spheroids than an SMC organized system. These 

results suggest fiber topography, as produced by different cells (SMCs or fibroblasts), can 

significantly alter downstream pathways and cellular output. 

To further assess the role of fiber topography on cancer cell phenotype, we prepared a SMC 

organized organoid, but inhibited the expression of lysyl oxidase (LOX) with beta-

aminopropionitrile (BAPN). LOX is an enzyme used by remodeling cells to crosslink 

collagen I and by inhibiting it, cells will have diminished propensity for remodeling.[51, 

108] In fact, when we stained these BAPN treated organoids with picrosirius red (Fig. 

12M), we noticed far less bundling and lengthening of collagen fibers. However, there 

remained some amount of fiber alignment in a singular direction. We then embedded 

HCT116 spheroids within this organoid, and stained for FAK (Fig. 12N), assessed WNT 

activity (Fig. 12O), and tracked proliferation through Ki-67 staining (Fig. 12P). We found 

a reversion from the response found in normal SMC (Fig. 12E-H) towards one more 

closely resembling the phenotype found in bare ColI (Fig. 12A-D) or the fibroblast 

organized organoid (Fig. 12I-L). HCT116 cells in the BAPN treated organoid highly 

expressed FAK, had an active WNT pathway, and demonstrated significantly higher levels 

of Ki-67 staining than non-BAPN treated samples.  
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Figure 12: Fiber organization modulates FAK expression and WNT activation 

 

Organoids were produced using collagen I alone or one of several different cell types and then stained for picrosirius red 

(Col1 A, SMC E, Fibroblast I, SMC with BAPN (10mM) M) to visualize fiber organization. HCT116 spheroids were 

cultured in these organoids and stained for FAK, CK18 (to identify HCT116 cells), and DAPI (B, F, J, N). For each 

stain, .1 images are triple stain images and .2 images are FAK staining alone. Spheroids of HCT116 expressing GFP 

under control of WNT-activated promoter sequence (TOP-GFP) and constitutive nuclear mCherry were embedded in 

each organoid type (C, G, K, O). Spheroids were then stained for Ki-67 to determine proliferative components along 

with CK18 and DAPI (D, H, L, P). Ratio of Ki-67 positive cells were then quantified for each condition (Q, p<0.05, 

n=3). A,B,D,E,F,H,I,J,L,M,N,P Scale bar = 100μm. C,G,K,O Scale bar = 150μm. 
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STIFFNESS OF COLLAGEN I HYDROGEL HAS LITTLE EFFECT ON HCT116 SPHEROID 

PHENOTYPE  

Stiffness has been the major area of study when it comes to the mechanical aspects of the 

tumor microenvironment. Stiffer environments have been found to associate with poor 

prognosis in vivo [39, 49] and these results have been replicated in vitro through a number 

of studies.[97, 109] However, many studies do not delve into the area of 

microenvironmental topography, and how that topography can alter both bulk stiffness and 

cellular progression. Our previous results indicate matrix topography of our collagen 

constructs contributes significantly to cancer cell phenotype; to test the effect of stiffness 

within this same system, we prepared collagen I constructs of varying stiffness (Fig. 13A). 

Using three initial Col I concentrations (0.5, 1, and 2mg/mL), we produced three hydrogels 

of significantly different stiffness, ranging from 427 to 1038 Pa. We then assessed the fiber 

topography of these hydrogels using picrosirius red imaging (0.5mg/mL Fig. 13B, 1mg/mL 

Fig. 13F, 2mg/mL Fig. 13J). Imaging from 0.5mg/mL and 1mg/mL constructs show little 

difference: short fibers with minimal bundling. 2mg/mL constructs displayed some fiber 

elongation while showing low levels of bundling. We then embedded HCT116 spheroids 

into these constructs to assay cancer cell phenotype. As previously performed, we 

immunostained for FAK (0.5mg/mL Fig. 13C, 1mg/mL Fig. 13G, 2mg/mL Fig. 13K). All 

constructs produced HCT116 cells with abundant FAK expression, a sign of aggressive 

cancer cells. We then imaged spheroids with the TOPGFP.mC element to measure relative 

WNT activity (0.5mg/mL Fig. 13D, 1mg/mL Fig. 13H, 2mg/mL Fig. 13L). All three 

stiffnesses displayed WNT activated cells throughout the spheroid although activation 

seemed to increase with stiffness. We then measured Ki-67 expression with IHC to 
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measure relative proliferation (0.5mg/mL Fig. 13E, 1mg/mL Fig. 13I, 2mg/mL Fig. 13M) 

and quantified the Ki-67 positive ratio of cells (Fig. 13N) finding values between 70% and 

80% for all stiffnesses. There were no significant differences in Ki-67 staining ratios. 

Together these results indicate stiffness, along this range, has little effect on cancer cell 

FAK expression or WNT activity. In addition, topography based effects in our organoid 

system tend to dominate. 
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Figure 13: Effects of collagen stiffness on HCT116 spheroids 

Collagen I hydrogels were prepared with varying stiffness. Stiffness was quantified using a rheometer (A, n=3). 

Hydrogels were stained with picrosirius red to visualize fiber organization in relation to stiffness (B, F, J). HCT116 

spheroids cultured in these hydrogels were then stained for FAK, CK18, and DAPI (C, G, K). For each stain, .1 images 

are triple stain images and .2 images are FAK staining alone. To assess WNT activation, HCT116 spheroids expressing 

the TOPGFP.mC element were imaged (D, H, L). Spheroids were then stained for Ki-67 to determine proliferative 

components along with CK18 and DAPI (E, I, M). Ratio of Ki-67 positive cells were then quantified for each condition 

(N, n=3). B,C,E,F,G,I,J,K,M Scale bar = 100μm. D,H,L Scale bar = 150μm. 
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WNT AND FAK MODULATORS CAN REVERSE TOPOGRAPHY INDUCED PHENOTYPE 

Depending on organization of the surrounding space, HCT116 spheroids display differing 

FAK and WNT profiles. Some literature links the two pathways, WNT and FAK, and 

implicates the interaction in oncogenesis.[106, 107, 110] We then hypothesized that the 

activity of these two pathways may be the crux of transducing ECM mechanics into 

intracellular effects. To assess whether WNT and FAK contribution could be modulated 

within our organoids, we treated our organoids with three different small molecules: BIO, 

a WNT agonist; XAV939, a WNT antagonist; and Defactinib, a FAK phosphorylation 

inhibitor. 

First, we treated a SMC organized organoid with BIO (5μM). We performed picrosirius 

red staining on these organoids to confirm SMC organization remained the same with the 

addition of BIO (Fig. 14A). Picrosirius red staining showed high degrees of bundling and 

alignment with similar patterning found in the SMC only organoid. HCT116 spheroids 

cultured in this environment displayed low FAK expression, and low WNT activity (Fig. 

1E-H). With the addition of BIO, HCT116 spheroids showed high WNT activity as 

measured by imaging of TOPGFP.mC signal (Fig. 14B). FAK expression appeared to 

increase slightly from the non-treated condition (Fig. 14C). In addition, Ki-67 staining 

showed higher levels of expression (Fig. 14D), quantification of Ki-67 positive ratio 

showed marked increase as well (Fig. 14M). Treatment with BIO was sufficient to cause 

a marked increase in WNT activity. 

Next, we added XAV939 (3.3μM) to the collagen only construct. Initially, we performed 

picrosirius red imaging to ensure organization was unaffected (Fig. 14E) which was 

confirmed upon visualization. Spheroids cultured in the non-XAV939 treated ColI 
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organoid highly expressed both FAK and WNT (Fig. 12A-D). We then assayed WNT 

activity of XAV939 treated samples (Fig. 14F) and found no WNT activation in the 

HCT116 cells. FAK expression remained similar to the untreated condition (Fig. 14G). 

The presence of FAK indicates the activation of WNT occurs downstream of FAK 

expression and thus is unaffected by WNT pathway inhibition, which is corroborated by 

several other studies.[106, 110] Ki-67 expression was low, similar to spheroids cultured in 

SMC organized matrix (Fig. 14H). These results indicate XAV939 can downregulate WNT 

activity even in the highly WNT active collagen only condition. 

Lastly, we incubated collagen only constructs with the FAK-phosphorylation inhibitor 

Defactinib (100nM). Again, we performed picrosirius red imaging to confirm negligible 

effect on organization (Fig. 14I). We observed little organization in the construct with 

short, unbundled fibers predominating the construct similar to untreated collagen (Fig. 1A). 

We found no WNT activation when probing TOPGFP.mC signal of an embedded HCT116 

spheroid (Fig. 14J). We also observed a retention of high FAK expression (Fig. 14K). 

These results indicate that Defactinib inhibits the phosphorylation of FAK, as expected, 

while having little effect on the total expression of FAK. Ki-67 expression was low in this 

condition as well, showing no significant difference from the XAV939 condition (Fig. 

14L). The inhibition of FAK phosphorylation agrees with previous findings that WNT 

activity might be regulated by FAK related signaling. 
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Figure 14: WNT pathway modulation of HCT116 spheroids in organoids 

 

 

 

 

Organoids were produced under the treatment of several pathway modulating drugs then stained with picrosirius red: 

SMC with BIO (5μM) (A), Col1 with XAV939 (3.3μM) (E), and Col1 with Defactinib (100nM) (I). HCT116 spheroids 

expressing TOPGFP were cultured in these organoids and imaged to measure WNT activity (B, F, J). Then unlabeled 

HCT116 spheroids from organoids were stained for FAK, CK18, and DAPI (C, G, K) - .1 images are triple stains and 

.2 images are FAK staining alone. Spheroids were then stained for Ki-67 to determine proliferative components along 

with CK18 and DAPI (D, H, L). Ratio of Ki-67 positive cells were then quantified for each condition (M, p<0.05, n=3). 

A,C,D,E,G,H,I,K,L Scale bar = 100μm. B,F,J Scale bar = 150μm. 
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GRB2 MEDIATES FAK INDUCTION OF WNT ACTIVITY 

Thus far, we have assessed the expression and activity of FAK and WNT with respect to 

varied stromal topographies and mechanics. Although we are confident these two pathways 

are linked in some fashion, we were unsure where the connection occurred. Some literature 

links FAK induction of the WNT pathway through the mediator growth factor receptor-

bound protein 2 (Grb2) as outlined in the diagram of Fig. 15A.[106] Grb2 is a signal 

transduction adaptor protein implicated in a number of pathways. We hypothesized that 

inhibiting the activity of Grb2 would disconnect FAK and WNT in HCT-116 cells 

embedded in our system, thus making them unresponsive to the stromal topography around 

them. We treated HCT-116 spheroids embedded in bare collagen hydrogels with the SH3 

binding motif of SOS-1 (referred to as SOS-1 here) which will bind to the SH3 domain of 

Grb2 thereby inhibiting Grb2 activity. 

First, we measured Ki-67 expression using IHC (Fig. 15B) and found low Ki-67 expression 

indicating these cells are not actively proliferating. Next, we also measured FAK 

expression with IHC (Fig. 15C), and, as expected, found similar expression of FAK to 

untreated, bare collagen embedded spheroids – this result is expected as the SOS-1 acts 

downstream of FAK activity. We then imaged TOP-GFP.mC labeled spheroids for WNT 

activity (Fig. 15D), and found low GFP signal corresponding to low WNT activity. The 

GFP signal appears similar to spheroids embedded in SMC organized matrix (Fig. 12G) 

or ColI organoids treated with XAV939 (Fig. 14F) or Defactinib (Fig. 14J). Spheroids 

treated with SOS-1 demonstrate low proliferation levels, are not WNT activated, and 

appear overall similar to spheroids cultured in a SMC organized matrix, suggesting Grb2 

mediates topography driven FAK induction of WNT activity. 
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Figure 15: Grb2 inhibition through SOS-1 treatment 

A, Pathway diagram of a connection between FAK activation and the WNT pathway. HCT116 spheroids were cultured 

in Col1 organoids and treated with 10μM SOS-1 then stained for Ki-67 (B) and FAK (C). HCT116 spheroids expressing 

TOPGFP were cultured in these organoids and imaged to measure WNT activity (D). B,C Scale bar = 100μm. D Scale 

bar = 150μm.  
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STROMAL ORGANIZATION EFFECTS CHEMOTHERAPEUTIC RESPONSE 

One of our major motivations for this system is its use in drug testing environments. After 

observing distinct cancer cell phenotypes stemming from varied stromal organization, we 

hypothesized the HCT116 cells would demonstrate differing sensitivity to 

chemotherapeutics. To test this hypothesis, we treated HCT116 spheroids, embedded in 

differentially organized collagen organoids, with 10mM 5-Fluorouracil (5-FU). 5-FU is a 

nucleoside analogue that targets rapidly proliferating cells and is a common 

chemotherapeutic used for treating colorectal cancers. 

First, before treatment of 5-FU, we imaged each HCT116 spheroid using live-dead assay 

to discriminate relative proportions of live and dead cells. These images also serve to 

ensure compact, spheroidal morphology which was present in all conditions indicating 

healthy spheroids with robust cell-cell contacts. We observed retention of spheroid 

morphology overall, and a predominance of live cells (SMC Fig. 16A, ColI 16B, 

Fibroblasts 16C, and SMC w/ BAPN 16D). After treatment of 5-FU, we repeated the live-

dead imaging (Fig. 16E-H). This time we saw distinctive differences between the different 

organoid compositions. All spheroids showed a portion of dead cells, but the SMC 

condition (Fig. 16E) appeared to possess a much lower portion of dead cells. We also 

observed clusters of live cells in the BAPN treated condition (Fig. 16H) although the 

overall spheroid contained a large number of dead cells. In the ColI and Fibroblast 

conditions (Fig. 15F,G respectively) we saw higher proportions of dead cell content. The 

Fibroblast condition spheroids also appeared to have lost compactness. We then quantified 

the ratio of red signal to green signal, in effort to objectively assess whether each condition 

imparted sensitivity or resistance to the embedded HCT116 spheroid (Fig. 15I). 
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Quantification largely corroborated visual observations with significant differences found 

in the ColI and Fibroblast conditions (p<0.05). Although the BAPN treated condition did 

not show significance, there is a large difference in red cell content (p<0.1). The conditions 

with high levels of dead cells all have low levels of alignment. In addition, cells in 

unaligned conditions had high levels of proliferation. 

 

Figure 16: 5-Fluorouracil response of HCT116 spheroids cultured in variably organized organoids 

 

HCT116 spheroids were cultured in organoids of varying topography and stained with a Live/Dead assay kit (SMC A, 

Col1 only B, CCD-18Co fibroblasts C, and SMC with BAPN (1mM) D). Organoids were then treated with 10mM 5-FU 

for 3 days and visualized with a Live/Dead assay kit (SMC H, Col1 only I, CCD-18Co fibroblasts J, and SMC with 

BAPN (10mM)). Live/dead ratios were calculated using a MatLab script and collated in I, higher bars denote more death. 

*: p<0.05. n=3. Scale bar = 150μm. 

 



86 

 

WNT AND FAK MODULATION EFFECTS CHEMOTHERAPEUTIC RESPONSE 

Given that alignment modulates WNT activity, possibly through FAK/Grb2 mediation, and 

alignment appears to impart chemoresistance on HCT-116 cells, we hypothesized that 

WNT or FAK activity could be modulated to alter HCT116 chemosusceptibility. Following 

the scheme from the previous section, we performed 5-FU treatment of four different 

combinations of stromal arrangement and WNT/FAK modulation: SMC with BIO, ColI 

with XAV939, ColI with Defactinib, and ColI with SOS-1. These conditions were those 

which we were able to reverse WNT phenotype from the untreated condition. 

As before, we imaged each HCT116 spheroid using a live-dead assay before 5-FU 

treatment to assess the viability and overall spheroid morphology (Fig. 17A-D). Since these 

spheroids are only treated with WNT or FAK modulating small molecules, we expected to 

observe high viability and retention of the compact, robust spheroid morphology of the 

base SMC or ColI conditions. Indeed, all spheroids appeared to have high viability and low 

levels of dead cell content. After 5-FU treatment, we performed another live-dead assay 

and imaged the spheroids (Fig. 17E-H). In these images we observed significant 

differences between conditions. The BIO treated organoid (Fig. 17E) showed extreme cell 

death, a majority of the spheroid appeared red with interspersed green signal. Conversely, 

the XAV939 and Defactinib treated spheroids (Fig. 17F,G, respectively) had high levels 

of live cells although these spheroids appeared to spread out, losing the compactness they 

possessed before 5-FU treatment. This spreading is likely due to toxicity from the 5-FU 

that does not outright kill the cell. SOS-1 treated organoids (Fig. 17H) also appeared to 

have high levels of viable cells, but they demonstrated even more spreading than the 

Defactinib condition. We then quantified the ratio of dead to live cells in these conditions 
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(Fig. 17I) and found significant differences in the viability of BIO and SOS-1 treated 

organoids before and after 5-FU incubation (p<0.05). Although SOS-1 showed significant 

difference, the overall sensitivity to 5-FU was low – evidenced by the short bar in Fig. 17I. 

These results indicate that modulation resulting in WNT activation increases sensitivity to 

5-FU while decreasing WNT activation imparts a level of resistance. 

 

Figure 17: 5-Fluorouracil response of HCT116 spheroids cultured with WNT/FAK pathway modulation 

 

HCT116 spheroids were cultured in organoids of varying topography and stained with a Live/Dead assay kit (SMC with 

BIO (5μM) A, Col1 with XAV939 (3.3μM) B, Col1 with Defactinib (100nM) C, and Col1 with SOS-1 (10μM) D). 

Organoids were then treated with 10mM 5-FU for 3 days and visualized with a Live/Dead assay kit (SMC with BIO 

(5μM) E, Col1 with XAV939 (3.3μM) F, Col1 with Defactinib (100nM) G, and Col1 with SOS-1 (10μM) H). Live/dead 

ratios were calculated using a MatLab script and collated in I, higher bars denote more death. *: p<0.05. n=3. Scale bar 

= 150μm. 
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DISCUSSION 

Stromal mechanics have been an oft-researched topic over recent years. With the advent of 

easy to implement hydrogel techniques, researchers have been able to produce extracellular 

matrix of varying stiffness to study changes in stem cell differentiation[20, 111], muscle 

cell striation[112], endothelial cell tube formation[113, 114], and cancer cell 

proliferation[115], phenotype[102, 116, 117], and invasiveness[51, 109]. In terms of 

cancer, there is also a plethora of literature that describes mechanical differences in vivo 

that can lead to poor prognosis or low patient survival.[49, 50, 118, 119] However, many 

aspects of the tissue microenvironment can affect stiffness including: density, strain[120], 

composition, and fiber topography. Any or all of these factors might be altered in the tumor 

microenvironment ultimately resulting in increased malignancy of the cancer. In this study, 

we focus on the topography, or the alignment, of collagen fibers in the ECM by culturing 

HCT116 spheroids in a variety of differentially organized matrices to produce submucosal-

tumor organoids. We then identify a possible transduction pathway of ECM topography 

through FAK, then mediation by Grb2, and finally activation of WNT activity – a known 

oncogenic pathway.[121, 122] 

Initially, we focused on differentially organized matrices as produced by: a bare collagen 

hydrogel, SMC, or fibroblast organization. Bare collagen represents an extremely random 

distribution of collagen fibers which are a variety of lengths although they tend towards 

small, unbundled, unlengthened fibers. Conversely, SMC organized matrices are inundated 

with bundled fibers that align in one general direction; fibroblasts are able to organize 

collagen, but do so without the alignment evident in SMCs. Between these three conditions, 

there was a clear difference in the resultant embedded HCT116 spheroid phenotype. SMCs 
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induced a low proliferation, low WNT activity phenotype, reminiscent of healthy cells 

found in vivo. In vivo the submucosa is developed and maintained by SMCs, so it follows 

that in vitro these cells induce the most normal phenotype from the HCT116 cells. 

Conversely, fibroblasts are known to aid in oncogenesis through the remodeling of 

stroma.[12, 123] As expected, fibroblasts produced a matrix that induced WNT activity 

and high proliferation from cancer cells. The fibroblast matrix also resembled the bare 

collagen matrix where we observed the same response from the HCT116 cells. We also 

attempted to decouple the effects of paracrine activity by inhibiting the SMCs from 

remodeling collagen through LOX inhibition with BAPN. With this treatment, we 

observed lower levels of alignment and bundling, but a significant reversion in phenotype: 

HCT116 cells demonstrated high WNT activity and high proliferation. This experiment 

suggests stromal cell paracrine activity is not the culprit for the phenotypic shift we 

observe. From these results, it seems that collagen makeup can alter cancer cell response, 

and the specific collagen organization of normal submucosal cells (SMCs) or cancerous 

submucosal cells (fibroblasts) generate the appropriate phenotype. 

Further, we were interested in the effects of stiffness in our model. As described, stiffness 

can have profound effects on cellular output. However, in our model, and along our 

stiffness range, we saw little effect on the HCT116 cells. Following our previous results, 

the bare collagen hydrogels used for these experiments had very similar collagen 

organizations: unaligned and unbundled. This supports the notion that stiffness, on its own, 

may not be enough to elicit a change in cancer progression. Clinically, this may be relevant 

as merely taking tissue stiffness as a prognostic factor may be deceptive, the ultrastructure 

of the tissue as well as the stromal composition play an important role. 
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We had identified the activity of FAK and WNT as differential between differentially 

organized matrices. To test the response of HCT116 spheroids to FAK and WNT 

modulation, we treated organoids with a variety of small molecule drugs. With these 

experiments we found it possible to reverse the effects of matrix organization. SMC 

organized matrices interaction, which induced low WNT activity in cancer cells, could be 

reversed with BIO, a WNT agonist. The same was true for the reverse: ColI matrix 

interaction, which induced high WNT activity of HCT116 cells, could be reversed with 

XAV939, a WNT antagonist. This means that in vivo, a cell producing WNT agonizing or 

antagonizing compounds may override topography based contribution. Interestingly, 

Defactinib, an inhibitor of FAK phosphorylation exhibited a similar effect as XAV939. 

This led us to hypothesize that FAK transduction was responsible for the downstream WNT 

activity we observed. In fact, FAK activity is well documented in colorectal cancer, and 

higher expression is associated with aggressive cancers.[51, 105, 110] To assess whether 

FAK activation was connected to the WNT pathway, we identified the mediator Grb2[106] 

and inhibited its activity. Grb2 inhibition of normally FAK expressing and WNT active 

cells produced a FAK expressing and WNT inactive HCT116 cell suggesting Grb2 is 

indeed a mediating protein between these two pathways. Although Grb2 may not be the 

only protein mediating activity between FAK and WNT, it represents an interesting 

therapeutic target for drug development. 

Lastly, we exercised our model under the effects of the chemotherapeutic 5-FU. 5-FU is a 

nucleoside analogue that ultimately disrupts the production of thymidine and thus has a 

pronounced ability to kill rapidly dividing cells. We expected to observe the largest 5-FU 

response in conditions where HCT116 cells demonstrated high levels of proliferation, and 
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this is largely the effect we found. Interestingly, both alignment of stromal collagen and 

WNT activity were highly predictive of drug response; together, these might be targets for 

predictive analysis of chemo-outcomes. Furthermore, the design of our system allows 

trivial incorporation of patient derived cells from biopsies or explants which makes it an 

ideal method for personalized medicine applications.  

Stromal mechanics are clearly a powerful prognostic factor for colorectal cancer however 

tissue mechanics can be dynamic and complex. Overall bulk measurements like stiffness 

or density are too broad to be considered catch-all parameters and dissecting the origins of 

mechanical differences, like topography or composition, is imperative in generating 

predictive technologies. Our system demonstrates that topography specifically can 

generate widely different phenotypes from the exact same cells. Developing new therapies 

and treatments that target stromal topography, and the cells that produce it, may be a 

powerful, complimentary angle for attacking cancer. 

MATERIALS AND METHODS 

CELL CULTURE 

Rabbit colon smooth muscle cells (RCSMCs) were provided by Dr. Khalil Bitar at the 

Wake Forest Institute for Regenerative Medicine, Winston-Salem, NC. Briefly, RCSMCs 

were isolated from fresh rabbit colons and purified through attachment and then sorted. 

CCD-16Co colonic fibroblast cells were obtained from ATCC (#CRL-1459, ATCC, 

Manassas, VA). HCT-116 cells were obtained from ATCC (#CCL-247, ATCC). Some 

HCT-116 cells were also engineered to express the TOP-GFP.mC plasmid which was a 
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gift from Ramesh Shivdasani (Addgene plasmid # 35491). A MATLAB® script was used 

to quantify red and green fluorescent signal generated by the TOP-GFP.mC plasmid. All 

cell types were cultured and expanded in 2D on tissue culture plastic using 15cm tissue-

treated dishes. Cells were cultured to 90% confluence before being harvested for use or 

passaged into new plates. All cell types were cultured with Dulbecco’s Minimum Essential 

Medium (DMEM, Sigma, St. Louis, MO) containing 10% fetal bovine serum (FBS, 

Hyclone, Logan, UT). Cells were detached from the substrate with Trypsin/EDTA 

(Hyclone) and resuspended in media before further use in studies. 

ORGANOID FABRICATION 

To produce organoids, we first prepared a solution of 0.5mg/mL collagen I (Corning, 

Corning, NY). We lightly modified the manufacturer’s supplied protocol for collagen 

hydrogel to produce this solution. Briefly, we mixed 600uL of 3.45mg/mL collagen I, 

286uL DMEM, 100uL PBS 10X, and 14uL 1N NaOH. This recipe produced a 2mg/mL 

collagen I solution which can be further diluted with DMEM to the required concentration. 

After mixing, we kept the collagen solution on ice until use. We then harvested RCSMCs 

or CCD-18Co cells using Trypsin after which we suspended the cells in the collagen I at a 

density of 5 million cells/mL collagen. After fully suspending the cells, we obtained a 

homogenous cell-gel solution. The solution was then pipetted into custom made microwell 

inserts which accommodate approximately 100uL of solution. The microwell inserts are 

then incubated at 37°C for 30 minutes to allow collagen to crosslink. Media was then 

carefully added to the wells, ensuring the hydrogels are not overly disturbed, to cover 

organoids fully. 
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SPHEROID PRODUCTION AND EMBEDDING 

Spheroids were produced from HCT-116 colon carcinoma cell lines. Cells were harvested 

and suspended in DMEM at a density of 100,000 cells/mL. 100uL of cell solution was 

pipetted into each well of a non-adherent, round-bottom, 96-well plates to produce 

spheroids (#7007, Corning) to result in 10,000 cells/spheroid. Well plates were incubated 

and observed daily until spheroid formation, and then immediately used in experiments. 

To embed spheroids into collagen hydrogel, the media was first aspirated from the spheroid 

well, hydrogel solution was added to the well with the spheroid and the whole mixture was 

then pipetted into the microwell to prepare the submucosal organoids as described above. 

IMMUNOHISTOCHEMISTRY 

Organoids are removed from culture at the appropriate time point. Samples are then fixed 

using 4% paraformaldehyde (PFA) for 1 hour. The samples are then processed for 

sectioning. They are dehydrated with graded ethanol washes followed by xylene 

incubation. They are then embedded in paraffin, sectioned at 5um/section, and mounted to 

slides. 

For immunohistochemistry (IHC), all incubations were carried out at room temperature 

unless otherwise stated. Slides were warmed at 60°C for 1 hour to increase section bonding 

to the slides.  Antigen retrieval was performed on all slides and achieved with incubation 

in Proteinase K (Dako, Carpinteria, CA) for 5 min. Sections were permeabilized by 

incubation in 0.05% Triton-X in PBS for 5 min. Non-specific antibody binding was 

blocked by incubation in Protein Block Solution (#ab156024, Abcam, Cambridge, MA) 

for 15 min. Sections were incubated for 60 min in a humidified chamber with the 
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appropriate antibody from the following: CK-18 (#ab82254, Abcam), FAK (#ab40794, 

Abcam), or Ki-67 (#ab16667, Abcam). All antibodies are used at 1:200 dilution in antibody 

diluent (#ab64211, Abcam). Ki-67 positive ratios were calculated using a custom 

MATLAB® script. 

Following primary incubation, slides were washed 3 times in PBS for 5 min.  Samples were 

then incubated for 1 hour with anti-rabbit Alexa Fluor 647 secondary (#ab150075, Abcam) 

and anti-mouse Alexa Fluor 594 antibodies (#ab150116, Abcam) as appropriate in 

antibody diluent (1:200 dilution). Cells were counterstained with DAPI for 5 minutes, and 

washed 3 times with 1X PBS prior to fluorescent imaging. Negative controls were 

performed in parallel with the primary antibody incubations and included incubation with 

blocking solution in place of the primary antibody. No immunoreactivity was observed in 

the negative control sections.  Samples were imaged with fluorescence at 647nm, 594nm, 

and 380nm with a Leica DM 4000B upright microscope. 

PICROSIRIUS RED STAINING 

Organoids’ sections were obtained as previously described and stained using a picrosirius 

red stain kit (#ab150681, Abcam). Briefly, slides are deparaffinized, hydrated to deionized 

water, and stained with hematoxylin to visualize nuclei. Slides were then stained with 

picrosirius red solution for 60 minutes at room temperature, rinsed in acetic acid and 

dehydrated, and mounted with a coverslip. Picrosirius imaging was performed on a Leica 

DM 400B upright microscope under brightfield with polarizers in place. 
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DRUG TREATMENTS AND ANALYSIS 

For chemotherapy treatment experiments, we used 5-Fluoruracil (5-FU, #F6627, Sigma-

Aldrich), solubilized in DMSO and added to DMEM, as prepared for cell culture, at a 

concentration of 100mM. The drug-media solution was sterilized by passing it through 

syringe filter. Organoids were allowed to form for 5 days and 5-FU diluted to the desired 

concentration was added directly to the well. Live-dead assay was performed by removing 

organoids and suspending them in Live/Dead viability/cytotoxicity kit for mammalian cells 

(#L3224, ThermoFisher, Waltham, MA).  Live/dead staining was performed as instructed 

in the manufacturer’s protocol. Briefly, we prepared a solution of 2μM calcein AM and 

4μM EthD-1 in a 1:1 solution of DMEM and PBS. Organoids were incubated in live/dead 

solution for 1 hour at 37°C then imaged immediately. Quantification of Live/dead signal 

was performed with a MATLAB® script. For WNT modulation experiments, we used BIO 

(#B1686, Sigma Aldrich) and XAV939 (#X3004, Sigma Aldrich). BIO and XAV939 were 

solubilized in DMSO to produce stock solutions of 10mM of each drug. Stock solution was 

added to DMEM to produce final concentrations of 5uM and 3.3uM respectively. For FAK 

phosphorylation inhibition, we used defactinib (#S7654, Sellekchem, Houston, TX) 

solubilized in DMSO to produce a stock solution of 1mM. Stock solution was added to 

DMEM to produce a final concentration of 100nM. To inhibit collagen reorganization 

through lysyl oxidase inhibition, we used β-aminopropionitrile (#CDS007521, Sigma 

Aldrich) solubilized in XXX to produce a stock solution of XXXX. Stock solution was 

added to DMEM to produce a final concentration of 10mM. Finally, to inhibit Grb2 

activity, we used SOS-1 solubilized in water at a concentration of 1mM to produce a stock 
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solution. Stock solution was then added to DMEM to create a final concentration of 10μM. 

These final solutions were added directly to organoids after gelation. 

CONFOCAL IMAGING 

 Confocal imaging was performed on a Leica TCS LSI macroconfocal microscope 

equipped with a 5X magnification objective. 405, 488, and 594nm lasers were used and set 

to 30% laser power. Signal was set to below the sensor saturation point. Z-stacks were 

captured with step size of 10μm and a range that included the entire sample. Z-stacks 

were then compressed to produce 2D projection images that are presented in this study. 

STATISTICAL ANALYSIS 

 All experiments were performed in triplicate or greater. Quantitative results are 

presented as mean ± standard deviation (SD). Significance of data values that approximate 

a normal distribution was evaluated using a Student’s t-test (2-tailed) with two sample 

unequal variance. Student’s t-tests were performed in Excel. Significance values are 

denoted in figure legends. P values are listed with 2, or greater, significant digits within 

results text. 
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DISCUSSION 

In this dissertation, I’ve described the work and results of our bioengineered submucosal 

model that we utilized for exploring and analyzing microenvironmental effects on cancer 

cells. As has been described numerous times previous in this document, the 

microenvironment is a complex, dynamic space that can produce a profound impact on 

cancer cell progression and phenotype. In the clinic, patients with stiff tumors are typically 

at a higher risk for malignant cancer development. This is evidenced by breast cancer 

patients with high mammographic density who are met with poor prognosis and lower 

survival rates. Colon cancer patients with history of irritable bowel syndrome or Crohn’s 

are also at increased risk with poor prognosis. The correlation is clear, but the cause is 

murky. Literature has cited pure stiffness as a direct effector on cancer[37, 100] but, again, 

stiffness can be the result of different aspects of the microenvironment. Newer literature 

describes the effects of fiber alignment and topography on cancer cell progression,[22, 52] 

and these parameters might be the origin of altered stiffness. Given the dearth of models 

seeking to replicate alignment based effects, we devised a model based on smooth muscle 

cells and hypothesized that cellular remodeling could replicate in vivo conditions. We 

found a clear correlation between matrix topography and cancer cell phenotype and drug 

response. In addition, different stromal cells produce different topographies that can lead 

to different phenotypic fates. Finally, we identified two pathways, WNT and FAK, which 

integrate to possibly produce the effects we observe. 
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SIGNIFICANCE OF FINDINGS 

There has been an explosion of 3D based tissue model development recently. Our model 

takes many tried and true techniques and applies them to a single model, with a single 

disease in mind. Beyond the significance of our overt finding of a possible link between 

topography, FAK, and WNT, we also present a novel system that is highly relevant and 

can be considered a platform technology for other tissue types. Our linking of topography 

to cellular processes is not well trodden, and our studies represent some of the only 

examples of complex in vitro modeling of topographical effects on cancer cells. This 

elucidation, especially with a specific pathway outlined, represents a new angle of thinking 

about cancer therapeutics. It is difficult to change the actual topography of a cancer 

microenvironment, but it is certainly feasible to target the pathways and proteins that 

transduce those signals. Our submucosal model allows specific exploration and study, it is 

highly relevant and modular, and easy to produce in a consistent manner. These aspects 

position it as a strong candidate as the basis for future studies and applications. 

FUTURE DIRECTIONS 

There are many possible paths for extending this work. One possible avenue is as a drug 

testing vehicle. Since the model is replicable and reproducible, it could be applied to high 

throughput testing. Although the fabrication of the organoids is somewhat involved, it can 

be modified to work with an automated liquid handler with minimal human interaction. In 

addition, collagen is liquid as long as it is kept either cold or at acidic pH which allows the 

possibility of bioprinting if the environment is controlled. Alternatively, collagen I could 

be functionalized with acrylates or methacrylates to allow photocrosslinking, however this 
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strategy might impact the ability of cellular remodeling. Since our model replicates the 

unique phenotype of cancer cells in vivo, drug testing will be more predictive and accurate. 

In addition, drugs could be tested on a multitude of stromal arrangements which is difficult 

to perform outside of custom in vivo models. 

Our model could also be used in precision or personalized medicine applications. Since 

every aspect of the model is modular, each piece could be replaced by a patient derived 

component. If a clinician believes there is fibroblast recruitment and remodeling that is 

effecting cancer cell development, we can test that hypothesis. Given our results, a clinician 

can make an informed choice about treatment direction and regimes. If there is a tough to 

identify cancer, we can take all constituent components (stromal cells, cancer cells, ECM 

extracts, etc.), integrate them into our model, and test the gamut of chemotherapeutic 

regimes to determine the optimal line. The possibilities along this train of thought are 

tremendous. 

Continuing with benefits of the model’s modularity, cells of different tissue systems could 

be integrated to produce models of those tissue types. For instance, hepatocarcinoma, or 

cancer of the liver, could be produced with hepatic adenocarcinoma spheroids and 

hepatocytes and stellate cells populating the stromal hydrogel. The hydrogel can be 

changed or modified depending on the composition of the target tissue as well. The 

submucosa is largely composed of collagen, but other tissues might be predominately 

hyaluronan or integrate laminin and elastin. We have experience with models of metastasis 

as well[69] and this organoid system could be used for studying metastatic disease as well 

by integrating metastatic cell spheroids into a target tissue hydrogel. There are numerous 

combinations that could be produced from the same overall scheme presented here. 
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Our lab also specializes in body-on-a-chip technology, and the techniques presented here 

to produce a submucosal organoid sans-cancer could be applied to body-on-a-chip systems. 

Although gut-on-a-chip systems do exist,[124] they are often built with the intention of 

replicating the epithelium of the colon and ignore much of the submucosa. Our system 

would complement existing gut-on-a-chip technology by serving as the basis of functioning 

submucosal layer. 

We utilize a number of advanced imaging techniques in the experiments described here. 

The TOPGFP.mC tag allows us real time visualization of pathway activation. Live-dead 

assay allows us robust qualification of viability, and further quantification through 

segmentation. We also developed techniques for histology on micro-fabricated tissues that 

are widely used in our lab now. Imaging analysis on this system can be taken further, more 

fluorescent tags marking different pathways would allow us to follow pathway shifts in 

cancer cells as the stroma develops around them. Clearing the organoids could produce 

even higher resolution second harmonic generation images which would in turn facilitate 

more accurate CT-FIRE analysis. With a high degree of fidelity in CT-FIRE analysis, we 

could tailor an ECM to match a patient’s very closely or experiment with stromal 

arrangements that might inhibit cancer development. 

In all, this project includes many aspects of leading edge tissue engineering. There are a 

plethora of paths to follow for extension and there is massive potential with this model and 

models like it. 
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CURRICULUM VITAE 
Mahesh Devarasetty 

50 W. 4th St, Apt. 305 

Winston-Salem, NC 27101 

mdevaras@gmail.com | 616.901.3397 

Education 
Virginia Tech-Wake Forest, School of Biomedical Engineering and Sciences 

(August 2013 – Present) 

Wake Forest Institute for Regenerative Medicine, Soker Lab 

Graduate Student, Biomedical Engineering: Tissue Engineering 

 

Columbia University, School of Engineering and Applied Sciences (September 

2009 – May 2012) 

B.S. Biomedical Engineering, Cell and Tissue Engineering Track 

 

University of Michigan, School of Engineering (September 2008 – May 2009) 

Biomedical Engineering 

Experience 

Wake Forest Institute for Regenerative Medicine (June 2012 – August 2012; 

February 2013 – July 2013) 

Research Intern 

- Fabricated tissue facsimiles in a variety of 3D modalities including rotating 

bioreactors, spheroids, and hydrogels. Maintained systems for extended growth 

periods, metastasis on a chip, and drug testing 

- Imaged cell samples under fluorescence, and confocal microscopy; image 

processing for fidelity 

- Performed FACS, immunohistochemistry, histological staining, cell culture, and 

hydrogel preparation 

- Collated data and results into formal podium and poster presentations 

Jin Lab – Cornell University (May 2011 – August 2011) 

Research Assistant 

- Researched mechanics of antibody proteins and their function/interference in 

viral binding motifs 

- Mastered relevant lab techniques and machinery (DNA/Protein purification, flow 

cytometry, etc.) 

- Became familiar with proteomics, genomics, directed evolution, and 

experiments for associated research 

- Cultured and maintained large scale yeast populations for antibody production 
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Independent Tutoring (January 2009 – May 2012; August 2013 - Present) 

Middle School Level Remedial Math Tutor 

- Prepared individual lesson plans for three students based on current knowledge 

and aptitude for material 

- Adapted arithmetic, geometry, and basic algebra principles for learning-

impaired students 

College Level Physics/Calculus Tutor 

- Designed student-specific study guides and practice problems founded on 

class-taught material 

- Adapted kinematics, electricity and magnetism, and optics principles for college 

level students 

Rio Grande Botanical Garden (May 2008 – September 2008, May 2009 – July 

2009) 

Apprentice Horticulturalist 

- Cared for over 100 species of plants; including individual nutrient regimens and 

identification of vitamin deficiencies 

- Maintained 10,000 gallon pond: feeding regimen for several dozen koi, 

troubleshot algae and bacteria blooms 

Awards 

Outstanding Poster Award – NCTERMS 2015 

VT-WFU BMES Student Award – Fall Semester 2015 

NIH-NIBIB T32 Studies in Translation Science Fellow – Fall 2015 - Present 

Publications 

Skardal, A., Devarasetty, M., Kang, HW., Seol, YJ., Forsythe, SD., Bishop, C., Shupe, 

T., Soker, S., Atala, A. (2016). “Bioprinting cellularized constructs using tissue-

specific hydrogel bioink.” Journal of Visual Experimentation. 

Skardal, A., Devarasetty, M., Forsythe, S., Atala, A., Soker, S. (2016). “A reductionist 

metastasis-on-a-chip platform for in vitro tumor progression modeling and drug 

screening.” Biotechnology and Bioengineering. 

Konar, D., Devaraseety, M., Yildiz, DV., Atala, A., Murphy, SV. (2016). “Lung-on-a-

Chip technologies for disease modeling and drug development.” Biomedical 

Engineering and Computational Biology. 

Skardal, A., Devarasetty, M., Kang, HW., Mead, I., Bishop, C., Shupe, T., Lee, SJ., 

Jackson, J., Yoo, J., Soker, S., Atala, A. (2015). "A hydrogel bioink toolkit for 

mimicking native tissue biochemical and mechanical properties in bioprinted 

tissue constructs." Acta Biomaterialia. 
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Skardal, A., Devarasetty, M., Rodman, C., Atala, A., Soker, S.. (2015). "Liver-Tumor 

Hybrid Organoids for Modeling Tumor Growth and Drug Response In Vitro." Ann 

Biomed Eng. 

 

Skardal, A., Devarasetty, M., Soker, S., Hall, A. R. et al. (2015). "In situ patterned 

micro 3D liver constructs for parallel toxicology testing in a fluidic device." 

Biofabrication. 

 

Hu, X., Saha, P., Chen, X., Kim, D., Devarasetty, M., Varadarajan, R., Jin, M. M. 

(2012). "Cell surface assembly of HIV gp41 six-helix bundles for facile, 

quantitative measurements of hetero-oligomeric interactions." J Am Chem Soc. 

 

Presentations 
NCTERMS | October 28th, 2013 

Three-dimensional liver organoid systems for modeling colon carcinoma 

metastasis and response to drugs. Aleksander Skardal, Mahesh Devarasetty, Chris 

Rodman, and Shay Soker 

Tissue self-organization within cellularized 3-D liver-specific hydrogel –tissue 

constructs. Mahesh Devarasetty, Aleksander Skardal, and Shay Soker. 

WFIRM Annual Retreat | February 10th, 2014 

Tissue self-organization within cellularized 3-D liver-specific hydrogel –tissue 

constructs. Mahesh Devarasetty, Aleksander Skardal, and Shay Soker. 

Three-dimensional liver organoid systems for modeling colon carcinoma 

metastasis and response to drugs. Aleksander Skardal, Mahesh Devarasetty, Chris 

Rodman, and Shay Soker 

Applied Microfluidic Microreactor Device Technology for Liver-on-a-Chip 

Operation. Aleksander Skardal,  Mahesh Devarasetty, Ivy Mead, Tom Shupe, Colin 

Bishop, Anthony Atala, and Shay Soker 

X.C.E.L. Integrated Organoid Testing System (INGOTS) "Body-on-a-Chip" 

Technology. Aleksander Skardal, Ivy Mead, Mahesh Devarasetty, Hyun-Wook 

Kang, Tom Shupe, Colin Bishop, John Jackson, James Yoo, Shay Soker, and 

Anthony Atala 
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Wake Forest University Graduate Student and Postdoctoral Research Day | 

March 28th, 2014 

Tissue self-organization within cellularized 3-D liver-specific hydrogel –tissue 

constructs. Mahesh Devarasetty, Aleksander Skardal, and Shay Soker. 

WFU-VT SBES Symposium | April 11th, 2014 

Modeling the intestine-tumor microenvironment using multicellular hydrogel 

strata. Mahesh Devarasetty, Aleksander Skardal, and Shay Soker 

NCTERMS | October 13th, 2014 

In Situ Patterned Micro 3-D Liver Constructs for Parallel Toxicology Testing in a 

Fluidic Device. Aleksander Skardal, Mahesh Devarasetty, Shay Soker, and Adam 

Hall 

An In Vitro 3-D Liver-Tumor Hybrid Organoid System for Modeling Metastasis 

and Drug Resistance. Aleksander Skardal, Mahesh Devarasetty, Christopher 

Rodman, Anthony Atala, and Shay Soker 

A Metastasis-on-a-Chip System for Modeling Colon Carcinoma Migration and 

Invasion In Vitro. Mahesh Devarasetty, Anthony Atala, Shay Soker, and Aleksander 

Skardal. 

Modeling the intestine-tumor microenvironment using multicellular hydrogel 

strata. Mahesh Devarasetty, Aleksander Skardal, and Shay Soker 

TERMIS-AM | December 13th, 2014 

An In Vitro 3-D Liver-Tumor Hybrid Organoid System for Modeling Metastasis 

and Drug Resistance. Aleksander Skardal, Mahesh Devarasetty, Christopher 

Rodman, Anthony Atala, and Shay Soker 

A Metastasis-on-a-Chip System for Modeling Colon Carcinoma Migration and 

Invasion In Vitro. Mahesh Devarasetty, Anthony Atala, Shay Soker, and Aleksander 

Skardal. 

Integration of 3-D Organoid Bioprinting and Microfluidic Device Technology for 

Functional Primary Cell-Based Liver-on-a-Chip Operation. Aleksander Skardal, Ivy 

Mead, Mahesh Devarasetty, Hyun-wook Kang, Thomas Shuper, San-jin Lee, John 

Jackson, Colin Bishop, James Yoo, Shay Soker, and Anthony Atala 
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A Microfluidic Platform for Parallel Analysis of In Situ Patterned 3-D Liver 

Organoids. Aleksander Skardal, Mahesh Devarasetty, Anthony Atala, Shay Soker, 

and Adam Hall 

Modeling the intestine-tumor microenvironment using multicellular hydrogel 

strata. Mahesh Devarasetty, Aleksander Skardal, and Shay Soker 

WFIRM Annual Retreat | February 2nd, 2015 

Modeling the intestine-tumor microenvironment using multicellular hydrogel 

strata. Mahesh Devarasetty, Aleksander Skardal, and Shay Soker 

Wake Forest University Graduate Student and Postodoctoral Research Day | 

March 20th, 2015 

Modeling the intestine-tumor microenvironment using multicellular hydrogel 

strata. Mahesh Devarasetty, Aleksander Skardal, and Shay Soker 

In Situ Patterned Micro 3-D Liver Constructs for Parallel Toxicology Testing in a 

Fluidic Device. Aleksander Skardal, Mahesh Devarasetty, Shay Soker, and Adam 

Hall 

A Hydrogel Bioink Toolbox for Mimicking Native Tissue Biochemical and 

Mechanical Properties. Aleksander Skardal, Mahesh Devarasetty, Hyun-Wook 

Kang, Ivy Mead, Colin Bishop, Thomas Shupe, Sang Jin Lee, John Jackson, James 

Yoo, Shay Soker, and Anthony Atala. 

Integration of 3-D Organoid Bioprinting and Microfluidic Device Technology for 

Functional Primary Cell-Based Liver-on-a-Chip Operation. Aleksander Skardal, Ivy 

Mead, Mahesh Devarasetty, Hyun-wook Kang, Thomas Shupe, San-jin Lee, John 

Jackson, Colin Bishop, James Yoo, Shay Soker, and Anthony Atala 

Functionalized Alginate Hydrogels for 3-D Cell Culture and Biofabrication. Steven 

Forsythe, Mahesh Devarasetty, Yuanyuan Zhang, and Aleksander Skardal 

WFU-VT SBES Symposium | May 13th, 2015 

A 3D Stratified Colon Model for Colorectal Cancer Progression. Mahesh 

Devarasetty, Aleksander Skardal, and Shay Soker 

TERMIS-WC | September 9th, 2015 

A 3D Stratified Colon Model for Colorectal Cancer Progression. Mahesh 

Devarasetty, Aleksander Skardal, and Shay Soker 
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A Hydrogel Bioink Toolkit for Bioprinting Tissue Constructs while Mimicking 

Native Tissue Biochemical and Mechanical Properties. Aleksander Skardal, 

Mahesh Devarasetty, Hyun-Wook Kang, Ivy Mead, Colin Bishop, Thomas Shupe, 

Sang Jin Lee, John Jackson, James Yoo, Shay Soker, and Anthony Atala. 

Ultra-thin Tissue-Tumor Organoid Microfluidic Platform for In Vitro Diagnostics. 

Mahesh Devarasetty, Steven Forsythe, Shay Soker, Adam Hall, and Aleksander 

Skardal. 

Physiologically Relevant Drug Testing In Vitro - An Integrated Multiple Organoid-

on-a-Chip Approach. Aleksander Skardal, Andre Kleensang, Mahesh Devarasetty, 

Hyun-Wook Kang, Ivy Mea , Colin Bishop, Thomas Shupe, San Jin Lee, John 

Jackson, James Yoo , Thomas Hartung, Shay Soker, and Anthony Atala. 

BMES Annual Meeting | October 7th, 2015 

A 3D Stratified Colon Model for Colorectal Cancer Progression. Mahesh 

Devarasetty, Aleksander Skardal, and Shay Soker. 

A Metastasis-on-a-Chip System for Modeling Colon Carcinoma Migration and 

Invasion In Vitro. Mahesh Devarasetty, Anthony Atala, Shay Soker, and Aleksander 

Skardal. 

A 3D Primary Hepatocyte and Tumor Organoid Platform for Metastasis Research 

and Drug Screening. Edina Wang, Mahesh Devarasetty, Shay Soker, and 

Aleksander Skardal. 

Physiologically Relevant Drug Testing In Vitro – An Integrated Multiple Organoid-

on-a-Chip Approach. Aleksander Skardal, Andre Kleensang, Mahesh Devarasetty, 

Hyun-wook Kang, Ivy Mead, Colin Bishop, Thomas Shupe, Sang-jin Lee, John 

Jackson, James Yoo, Thomas Hartung, Shay Soker, and Anthony Atala. 

NCTERMS | October 16th, 2015 

Physiologically Relevant Drug Testing In Vitro – An Integrated Multiple Organoid-

on-a-Chip Approach. Aleksander Skardal, Andre Kleensang, Mahesh Devarasetty, 

Hyun-wook Kang, Ivy Mead, Colin Bishop, Thomas Shupe, Sang-jin Lee, John 

Jackson, James Yoo, Thomas Hartung, Shay Soker, and Anthony Atala. 

Modeling the intestine-tumor microenvironment using multicellular hydrogel 

strata. Mahesh Devarasetty, Aleksander Skardal, and Shay Soker 

WFIRM Annual Retreat | February 2nd, 2016 
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An Integrated Multi-Organoid Microphysical Body-on-a-Chip System for 

Advanced Drug and Toxicology Testing. Aleksander Skardal, Ivy Mead, Mahesh 

Devarasetty, Hyun-Wook Kang, Youn-Joon Seol, Sarah Grebennikov, Thomas 

Shupe, Sang Jin Lee, John Jackson, James Yoo, Shay Soker, Colin Bishop, and 

Anthony Atala. 

 

Capturing Toxic Side Effects of FDA-recalled Drugs in 3D Liver and Cardiac 

Organoids. Steven Forsythe, Mahesh Devarasetty, Thomas Shupe, Colin Bishop, 

Anthony Atala, and Aleksander Skardal. 

 

Development of a Functionally Responsive Endothelial Fluidic Module for Body-

on-a-Chip Integration. Mahesh Devarasetty, Sarah Grebennikov, Steven Forsythe, 

Anthony Atala, Thomas Shupe and Aleksander Skardal. 

 

A 3D Submucosal Microenvironment for Investigation of Fiber Alignment Induced 

Epithelial-to-Mesenchymal Transition in Colorectal Cancer Cells. Mahesh 

Devarasetty, Aleksander Skardal, and Shay Soker. 

 

Wake Forest University Graduate Student and Postdoctoral Research Day | 

March 24th, 2016 

 

A 3D Submucosal Microenvironment for Investigation of Fiber Alignment Induced 

Epithelial-to-Mesenchymal Transition in Colorectal Cancer Cells. Mahesh 

Devarasetty, Aleksander Skardal, and Shay Soker. 

 

WFU-VT SBES Symposium | May 11th 2016 

 

A 3D Submucosal Microenvironment for Investigation of Fiber Alignment Induced 

Epithelial-to-Mesenchymal Transition in Colorectal Cancer Cells. Mahesh 

Devarasetty, Aleksander Skardal, and Shay Soker. 

 

NIBIB T32 Trainee Meeting | July 11th 2016 

 

A Microfabricated Submucosa for Assessing the Effects of Matrix Topography on 

Colorectal Cancer. Mahesh Devarasetty, Aleksander Skardal, Shay Soker 

BMES Annual Meeting | Octover 7th, 2016 

 

Fiber Alignment Induced EMT in Colorectal Cancer Cells. Mahesh Devarasetty, 

Aleksander Skardal, Shay Soker 
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An In Vitro Model of Glioblastoma Multiforme. Hemamylammal Sivakumar, 

Mahesh Devarasetty, Aleksander Skardal 

A Bioengineered Multi-Organoid Body-on-a-Chip Platform for Advanced Drug 

Screening. Mahesh Devarasetty, Steven Forsythe, Sean Murphy, Thomas Shupe, 

Sang Jin Lee, John Jackson, James 

Yoo, Shay Soker, Colin Bishop, Anthony Atala, and Aleksander Skardal 

 

NCTERMS | October 27th, 2016 

 

Matrix Topography Drives WNT Pathway Activation in Colorectal Cancer Cells. 

Mahesh Devarasetty, Aleksander Skardal, Shay Soker 

 

A Bioengineered Multi-Organoid Body-on-a-Chip Platform for Advanced Drug 

Screening. Mahesh Devarasetty, Steven Forsythe, Sean Murphy, Thomas Shupe, 

Sang Jin Lee, John Jackson, James 

Yoo, Shay Soker, Colin Bishop, Anthony Atala, and Aleksander Skardal 

An In Vitro Model of Glioblastoma Multiforme. Hemamylammal Sivakumar, 

Mahesh Devarasetty, Aleksander Skardal 

 

TERMIS-AM 2016 | December 13th, 2016 

 

A 3D Submucosal Microenvironment for Investigation of Topography Induced 

Effects in Colorectal Cancer Cells. Mahesh Devarasetty, Aleksander Skardal, Shay 

Soker 

 
 

 

 

 

 

 

 

 


