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Abstract: 

 Glioblastoma (GBM) is one of most aggressive forms of brain cancer with a 

median survival rate of 14.6 months, and the two-year survival rate is 30%, which has not 

seen significant improvement in the last 100 years. This low survival rate could be in part 

attributed to the fact that there is a lack of model systems of this type of cancer which 

faithfully recapitulate the tumor architecture and microenvironment seen in vivo in 

humans, in which therapeutic studies would provide results that could be translated to the 

clinic efficiently. The two aims of this project are a) to create a bioengineered 3D in vitro 

model of GBM that addresses the gap mentioned above, and in turn could be used in the 

future for drug screening and personalized medicine to test drug responsiveness and 

monitor disease progression of the tumor, and b) to assess the role of the tumor 

microenvironment physical parameters on the tumor and its potential use as a biomarker. 

We conducted experiments to assess the sensitivity in different glioblastoma cell lines 

with different mutations to the elastic modulus of the microenvironment.  

We have demonstrated with our models that the four of the five GBM cells tested 

have a predilection for a stiffer environment. We arrived at the conclusion that these cells 

sense their stiff environment through focal adhesion kinase (FAK) phosphorylation by 

demonstrating that FAK phosphorylation increased in stiffer environments, and when it 

was inhibited, the elastic modulus preference was reversed in these cells. Our 3D model 

of GBM with multiple tumor cell populations was used in drug studies, and it was 

observed that certain epidermal growth factor receptor inhibitors were effective against 

cells with certain mutations. 
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Introduction: 

 Glioblastoma 

 Glioblastomas are malignant tumors that arise from astrocytes – the star-shaped 

cells that make up the glue-like or supportive tissue of the brain. These tumors are known 

to be highly malignant and are supported by a substantial network of blood vessels.
1
 

Glioblastoma (GBM) is the most common malignant tumor of the central nervous 

system, and it occurs in every 3.20 per 100,000 people.
1,2

 The survival rate is very low as 

less than 5% of the patients live beyond five years from the time of diagnosis, which is 

the lowest survival rate compared to other malignant brain tumors.
2
 The disease is 

challenging to treat as eliminating the tumor completely through surgery is near to 

impossible and minimal chemotherapeutics reach the tumor due to their inability to 

penetrate the tight junctions of the blood-brain barrier.
3 

These challenges are the primary 

reason for such poor survival rates in glioblastoma patients.
3 

Even with aggressive 

treatment, the median survival is about 14.6 months, and two-year survival is about 

30%.
1
 Men are more susceptible to GBMs (57% of cases) compared with women (43% 

of cases). 95% of GBMs occur in Caucasians, with only 5% being reported in African 

Americans.
1
 



 GBM is a heterogenous tumor composed of different subpopulations of 

genetically and perhaps microenvironmentally distinct regions which may evade tumor 

treatment and drive recurrence and progression.
1
 Glioblastoma is still incurable despite 

combined treatment with radiation, surgery and chemotherapy.
4
 Patients present with 

symptoms of a progressive headache, nausea, vomiting, drowsiness, and visual 

abnormalities, which are due to an increase in the intracranial pressure, Patients can also 

suffer from partial or generalized seizures, progressive focal neurologic deficits, and 

cognitive decline.
5
 

Intratumor and intertumor heterogeneity in glioblastoma: 

Tumor evolution causes tumor heterogeneity. It is a process by which the tumor 

cells evolve to better adapt to surrounding environment. This tumor evolution can be 

caused by chemotherapy, radiation therapy, or deprived nutrition and oxygen.
6
 It can also 

be due to changes in the physical and biochemical nature of the extracellular matrix seen 

in and around the tumor.
6
 

Pleomorphism of tumor cells was first described by Robert Carl Virchow and 

thereby introduced the concept of tumor heterogeneity.
6 

Intertumor heterogeneity is the 

collection of molecular variations seen between similar types of tumors seen in different 

people. Every person’s cancer develops and evolves in its way, and hence there is a 

difference in how patients respond differently to therapies. Furthermore, even within the 

same patient and in the same tumor, the cells might be dramatically different from each 

other genetically; this phenomenon is known as intratumor heterogeneity. For many 

years, differences in protein expression and morphology have been observed between 

cells seen in tumor samples but were often considered as a random event.
7
 Currently, it 

has been wildly accepted that tumor evolution is the driving factor responsible for tumor 

progression, metastatic potential, and relapse in cancers like glioblastoma.
7
 

 Glioblastoma tumors are highly heterogenous and genetically unstable, and this is 

the main reason for treatment failure and varied response seen in different patients.
7
This 

has also been the reason for treatment resistance, and tumor recurrence.
8
 Individual 

tumors have been shown to be comprised of genetically distinct subclones with diverse 



morphologies with different biological behaviors. Hence selecting a therapy based on a 

single biopsy may not be beneficial in the long run as it is not representative of the entire 

tumor. Also, more heterogeneity is introduced in the tumor due to the ongoing treatment 

of using alkylating chemotherapy and radiation therapy.
8
 Hence studying this 

heterogeneity is important to improve personalized treatment options in glioblastoma.
8
 

The 3D in vitro model with multicellular spheroids was designed to address better 

the problem tumor heterogeneity when conducting therapeutic studies. Our model 

comprises five different cancer cell lines, and they have the predominant mutations seen 

in clinical GBM cases. As the cells with different mutations are placed near each other, 

they can influence each other’s behavior and also that of the supporting human astrocytes 

added to the system.
9
 This system aims to create an aggressive tumor profile, and drug 

testing from such models will provide more accurate results than other models of GBM 

available.  

Brain Microenvironment: 

The fact that the brain microenvironment is different from other tissues might 

explain the commonly observed scenario of glioblastoma rarely metastasizing outside the 

brain, but preferring to aggressively to invade the brain.
10

 It has been known for years 

that the extracellular matrix (ECM) in the brain is substantially different compared to 

other tissues in the body. Some major matrix components including the fibrous matrix 

proteins like collagen and fibronectin present in abundance in connective tissues of other 

organs are completely absent or minimally present in the brain.
10

 Instead, hyaluronic acid 

seems to present in abundance in brain ECM. The ECM of the adult brain has a unique 

abundance of lecticans, proteoglycans that contain a lectin and a hyaluronic acid binding 

domain.
10

 The adult brain ECM further differs from the systemic ECM by exhibiting 

limited ultrastructurally defined stromal space. Lecticans like neurocan and brevican are 

specifically expressed in the brain tissues.
10

 The significance of the predominance of 

lecticans in the brain ECM is that it binds hyaluronic acid.
11 

This unique composition 

plays an important role in resisting tumor invasion from elsewhere in the brain, and vice-

versa.
9
 The primary brain tumor cells do not invade the vascular system or the lymphatic 



system as seen in other metastatic cancers but are very closely adapted to the 

microenvironment present in the brain. 
12

 

As described above, one of the major components of brain ECM is hyaluronic 

acid (HA), a non-sulfated glycosaminoglycan.
10

 This is accompanied by several other 

glycosaminoglycans such as heparan sulfate and other chondroitin sulfate proteoglycans 

of the lectican family such as aggrecan, neurocan, versican and proteins such as tenascin 

and thrombospondin.
13,14 

Hyaluronan has been known to play a vital role in the invasion 

of glioblastoma, and it has been shown that the tumor tissue contains more hyaluronan 

than the surrounding normal tissue.
15

 It was also demonstrated that GBM cells secreted 

hyaluronan when cultured in vitro experiments.
14

 

The brain ECM was once considered a simple supporting system is providing 

physical adhesion to the cells, but is now understood to play a vital role in neurological 

development, function, and degeneration. Notably, ECM disruption can lead to a 

neuronal and synaptic loss.
11

 Change in the rigidity of the brain ECM has been implicated 

in other neuropathological diseases like Alzheimer’s, where it has been shown that the 

brain tissue of Alzheimer’s patients is reduced in elastic modulus compared to healthy 

controls.
16 

Research conducted in the past several decades confirms that physical ECM cues 

play an important role in tumor cell proliferation and migration.
17

 The elastic moduli of 

the ECM and its other physical cues have been known to play important roles in 

regulating the structure, motility, and proliferation of glioma cells. As such, ECM rigidity 

provides a transformative and microenvironmental cue to the tumor cells in the brain.
13

 

Mechanical properties differ between normal and diseased tissues, and this has been used 

for diagnostic purposes for centuries through palpation.
18

 The tissue elastic modulus has 

been used in assessing the prognosis of diseases like breast cancer and liver cancer for 

decades.
19,20

 

 

 



Focal Adhesion Kinase (FAK): 

Interaction of cells with ECM proteins generates intracellular signals that regulate 

growth, survival, and migration. The integrin receptors which are transmembrane 

receptors have been recognized for their role in linking the ECM proteins to the cellular 

actin cytoskeleton.
21

 FAK colocalizes with integrin receptors at cell-substratum contact 

sites in the cells, and the kinase signaling activity is controlled by cellular binding to 

ECM proteins.
21

 FAK is activated by ligand binding such as growth factors, mitogenic 

neuropeptide agonists, bioactive lipids or the activation of other cell surface receptors 

such as epidermal growth factor receptor (EGFR) and also by the clustering of integrin 

receptors.
22

  

FAK is a non-receptor cytoplasmic tyrosine kinase, and it is the prototype for the 

kinase protein family mentioned above. FAK has no SRC homology 2 or SRC homology 

three protein interaction domains. The kinase domain is centrally located in the FAK, and 

it is flanked by large N and C-terminal non-catalytic domains. FAK has been 

evolutionarily conserved with 90% amino acid sequence identity.
21

 

FAK has multiple phosphorylation sites on the tyrosine residue and Y397 located 

in the large amino-terminal region is the major autophosphorylation site. The 

phosphorylation of this site is FAK-regulated adhesion function in cells. The 

phosphorylation of the FAK causes it to behave like an adaptor molecule for other 

proteins. Its role in recruiting other proteins becomes its major role. 
21

 

Magnetic Resonance Elastography: 

Magnetic resonance elastography (MRE) is a rapidly developing technology for 

quantitatively assessing the mechanical properties of tissue. MRE is a dynamic elasticity 

imaging technique that is used to measure the elastic modulus of tissues in the body. 
23

 It 

has been widely used in measuring elastic modulus of hepatic tissues and is considered as 

an important tool for staging hepatic fibrosis and is being used in studies determining the 

prognosis of pathologies of organs like brain, breast, blood vessels, heart, kidneys, lungs 

and skeletal muscle.
24

 Recent studies indicate that the elastic modulus of different brain 

tumors was found to be different; the elastic moduli of these tissues were measured using 



intracranial MRE. Importantly, the elastic modulus of normal brain tissue is different 

from the cancerous tumor tissue. 
25

 

2D vs. 3D cell cultures: 

 To date, traditional 2D cell cultures have been the cornerstone of cancer research 

and drug studies for decades.
26

 Despite being integral to many scientific discoveries and a 

vital tool for understanding of biology, 2D cell culture is a limited technology. The main 

disadvantage of the 2D cell culture is that it does not take into account that the cells in 

vivo are in a 3D environment surrounded by other cells and the ECM. Hence the results 

obtained from such drug studies can often be inaccurate and non-predictive.
26

 Typically, 

the drugs that are found to be effective in 2D cell cultures go on to animal studies before 

human clinical trials. Alarmingly, more than 90% of such drugs fail in the clinical phase. 

3D cell culture systems have garnered interest in the recent years in the fields of drug 

discovery and tissue engineering.
26

 3D cell culture systems provide the much needed 3D 

environment to the cells and are far more physiologically relevant than the 2D cell culture 

systems. The 3D cell culture research models have provided more accurate and reliable 

data in drug studies as the cells have improved cell-cell interactions and cell-ECM 

interactions.
26

 3D culture systems are rapidly becoming the bridge between 2D cell 

culture systems and animal models.
26

  

Hydrogels: 

We used hyaluronic acid based hydrogels for our experiments so that the brain 

microenvironment surrounding the tumor could be replicated as faithfully as possible. 

Hydrogels are hydrophilic polymeric networks commonly used for creating 3D in vitro 

model of various cancer models.
27

 Hydrogel-based tumor microenvironments have been 

shown to provide the chemical structural component and mechanical strength similar to 

that of living tissue as required by the cells.
27 

These models have gained more 

prominence as these hydrogel systems often are a tunable platform, allowing increased 

more control of the tumor microenvironment.
 27 

Because of their similarity to the 

extracellular matrix of many tissues, they are also used as scaffolds in various tissue 

engineering models.
28

 Hyaluronic acid, specifically, plays an important role in a variety 



of biological processes and it is inherently biocompatible, biodegradable and non- 

immunogenic.
29

 

Chapter 2: 

Aim 1: Elastic modulus of the glioblastoma tumor microenvironment as a 

biomarker and a potential therapeutic target. 

Introduction and Rationale: 

 Previous studies have described the effect that tissue elasticity can influence 

determination of the lineage of a differentiating cell, thus affecting a wide range of cell 

function and morphology.
30

 It has been shown that the matrix elastic modulus directs the 

lineage specification of adult stem cells.
30

 The manipulation of the tissue elastic modulus 

could also be used to harness the therapeutic properties of adult stem cells.
30,31 

Tissue elastic modulus has been used as a biomarker in diseases like prostate 

cancer and cardiovascular diseases.
32,33

 It has been shown in recent studies that patient-

derived glioblastoma cells respond differently to environment elastic modulus in vitro.
34

 

There is a vast scientific literature stressing the importance of the tumor cell and the 

microenvironment interaction.
35,36

 This premise was instrumental to many advances made 

in the breast tumor research, and it has been increasingly realized that the mechanical 

cues in the microenvironment play a prominent role in invasive capabilities.
37

 Initial 

studies using GBM cells have shown that the cells are rigidity sensitive and both cell 

proliferation and invasion are decreased on a softer matrix and increased in a stiffer 

matrix.
34

 

In glioblastoma, tissue rigidity plays an even more critical role because the tumor 

cells also deposit matrix proteins and as the tumor bulk increases, and more pressure is 

exerted due to the cranium which prevents tissue expansion. This increase in pressure 

causes the natural ECM of the brain tissue, and in particular, ECM secreted by the GBM 

cells to effectively increase in apparent stiffness as a result. Thus a vicious cycle begins 

during increased invasion and proliferation of the tumor, which in turn increases pressure 



and so on. The glial cells do not typically migrate in the soft brain tissue, but the 

stiffening of the ECM can facilitate more migration and invasion.
38,39

 

Even though there are prior experiments testing elastic modulus sensitivity of 

glioblastoma cell lines, these studies have used materials that are not been truly 

representative of the brain tissue. Specifically, these tissues employ polyacrylamide gels 

and collagen gels which are not hyaluronic acid rich matrices.
38,39

 Hence we tried to 

experiment on how these cells react to elastic modulus changes in hyaluronic acid-based 

hydrogels, which are more similar to brain ECM as stated above. 

 

Materials and Methods: 

Reagents used: 

Cell culture media: DMEM -10 (HyClone™ Dulbecco's Modified Eagles 

Medium) modified with 10% Fetal Bovine serum and 0.5% L -glutamine and 0.5% 

penicillin and streptomycin. 

HyClone™ Trypsin - 0.05 % for cell trypsinisation. 

HyClone™ Phosphate buffered saline for washing the plates. 

Promega Cell Titer 96® Aqueous One Solution Cell Proliferation Assay (MTS). 

Irgacure D-2959 photoinitiator from Sigma –Aldrich. 

4% Paraformaldehyde 

Phosphate buffered saline with 0.1% Tween 20 

Protein block from Abcam 

Collagenase/Hyaluronidase from StemCell Technologies 

N-acetyl-L-Cysteine  

 



Materials: 

Corning 96 well plates- flat bottom. 

UV light curing equipment. 

 

Cells used in elastic modulus experiments: 

We used glioblastoma cell lines U-138 MG (ATCC® HTB-16™), U-373 MG 

(ATCC® HTB-16™) U-87 MG (ATCC ® HTB-14™) [obtained from Cell and Viral 

Vector Laboratory Shared Resource of Wake Forest Baptist Medical Center] , U-

87ΔEGFRVIII cell line [gifted by Dr. Webster Cavenee from Ludwig Cancer Research 

Institute, San Diego] and A172 (ATCC
®
 CRL-1620

™
) [obtained from ATCC]. All the 

cancer cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM) - high 

glucose added with 10% FBS, 0.5% L-glutamine and 0.5% penicillin and streptomycin in 

37-degree Celsius incubator with 5% carbon dioxide. 

Hydrogels: 

We used Hystem-HP hydrogels from ESI-BIO to create the tunable tumor 

microenvironment in our system. We chose these hydrogels because they are comprised 

primarily of hyaluronic acid. The components of the hydrogel are thiol-modified 

hyaluronan with heparin pendant chains (Heprasil), thiol-modified gelatin (Gelin-S) and a 

thiol-reactive PEGDA crosslinker (Extralink). Heprasil was reconstituted with distilled 

water to produce a 1% weight by volume solution and both Gelin-S, and Extralink was 

reconstituted with 0.5% photoinitiator to produce 1% weight by volume solution. The 

reconstituted vials were placed in a 37-degree Celsius incubator for 40 minutes for the 

solids to completely dissolve and form a clear solution. A second crosslinker, PEG 4-

ARM acrylate with a molecular weight of 20,000 kDa, was used to manipulate the elastic 

modulus of the hydrogels. 

We created three different elastic modulus realms for this experiment using the 

hydrogels and crosslinker combinations (figure 1). The three elastic moduli of the 



hydrogels that were created were 100 Pa (elastic modulus S1 which is less than the elastic 

modulus of the normal brain), 1000 Pa (elastic modulus S2 which is equivalent to the 

elastic modulus of normal brain) and 2000 Pa (elastic modulus S3 which is higher than 

normal brain tissue elastic modulus and equivalent to glioma tissue elastic modulus).
40,41

 

The different elastic moduli were created by manipulating the crosslinkers. To create the 

S1 gel, Heprasil, Gelin-S, and Extralink were mixed 2:2:1 by volume. To create S2 

elastic modulus hydrogels, Heprasil, Gelin-S, and Extralink, PEG 4 –ARM acrylate were 

mixed 2:2:0.5:0.5 by volume. To create the S3 elastic modulus hydrogels, Heprasil, 

Gelin-S, and PEG 4 –ARM acrylate were mixed 2:2:1 by volume. For use in 

experiments, the mixed hydrogel components were instantaneously photopolymerized 

using UV irradiation at 365 nm.  



 

Figure 1: Hydrogel Description : The three elastic moduli used in our models: S1, S2 and 

S3. Hydrogels gelation process and the components in each formulation are described. 

The elastic modulus corresponding to the normal brain elastic modulus (S2) and the 

elastic modulus corresponding to the elastic modulus of the brain microenvironment 

surrounding the tumor (S3) represented pictorially 

 

2 .5 D model and its design with set up: 

The hydrogels were crosslinked and the cancer cells were seeded on their surfaces 

(figure 2). The cells were cultured for a week in media for a week in the incubator. We 

studied the response of the cells to environments of different elastic modulus using this 

model. The elastic modulus of the hydrogels was modified according to need using the 

crosslinker. We even used this model for some of the immunohistochemistry studies. For 

3D models, we incorporated the cells into the hydrogel precursor solutions before 

crosslinking. 



 

Figure 2: Cross section of the 2.5 D model in a 96 well plate. 

 

Proliferation assays on hydrogels of different elastic modulus experiment setup: 

In a 96 well plate, 10,000 cells of each cell type were placed on 50ul of UV cross-

linked hydrogels. We set up nine wells for each of the elastic modulus realms so that an n 

= 3 for each condition could be sacrificed on day 1, day 4 and day 7 for MTS assays. The 

cells were cultured on the hydrogels with DMEM-10 media for a week in an incubator 

(5% CO2, 37C). On days 1, 4 and 7, we conducted CellTiter 96® Aqueous One Solution 

Cell Proliferation Assay (MTS) with three wells of each of the elastic modulus realms. 

MTS is a colorimetric method for determining the number of viable cells these wells, 

providing absorbance values based on mitochondrial metabolism proportional to cell 

number, allowing proliferation rates to be determined.  

On days 1, 4, and 7, the media was removed from three wells of each elastic 

modulus, and 200 μl of MTS media (170ul of media mixed with 30ul of MTS reagent) 

was placed and incubated for one hour. Then 100ul of the media was removed from these 

wells and then placed in a fresh 96 well plate. The plate was asessed with an optical plate 

reader quantifying absorbance at 490 nm. The MTS assay results were plotted for each 

cell type, on each elastic modulus, and were compared against one another. The 

experiment was conducted for five cell lines: U138-MG, U373-MG, A172, U87-MG, and 

U87 –EGFR VIII. 

 

 



Immunofluorescence staining and FAK phosphorylation: 

The 2.5 model was used in a chamber slide for the staining procedures. 10,000 

cells of each cell line tested (U373, A172, and U87 EGFRVIII) were placed on the 

crosslinked hydrogels in chamber slides. The S1, S2 and S3 hydrogels were used to 

determine whether there was a difference in the expression of FAK phosphorylation of 

the cells based on hydrogel elasticity. The chamber slides were filled with DMEM-10 

media and kept in culture for three days before the cells were fixed. The cells were fixed 

with 4% paraformaldehyde for 1 hour and permeabilized with phosphate buffered saline 

with Tween 20 for one hour. The cells were then blocked with protein block from Abcam 

for four hours. The primary antibody phospho- FAK (Tyr397) (1 in 400; (31H5L17), 

ABfinity Rabbit monoclonal was applied at room temperature for four hours. Next, a 

secondary Alexa Fluor 594-conjugated antibody (1 in 400) was used in U373 and A172 

wells, while a secondary Alexa Fluor 488-conjugated (1 in 400) antibody was used in 

U87 EGFRVIII wells. Secondary antibody incubation was performed for four hours at 

room temperature. Finally, DAPI (1 in 500 dilution) was applied to all the cells for 15 

minutes and the cells were imaged in a Zeiss Axiovert 200M at 10x Magnification. 

FAK inhibition experiment setup and its Rationale: 

We observed through immunofluorescence staining that FAK phosphorylation 

increased as the elastic modulus of the hydrogels increased. We hypothesized that the 

cells were sensing the elastic modulus of their environment using FAK phosphorylation. 

We decided to test this hypothesis by blocking FAK phosphorylation and to see whether 

it caused any change in the elastic modulus preference and proliferation in different 

elastic moduli conditions. 

Defactinib (VS-6063, PF-04554878) was used to inhibit focal adhesion kinase 

phosphorylation. Then drug inhibits the phosphorylation of FAK at Y397 position which 

is upregulated in glioblastoma. Defactinib was added to DMEM media at a concentration 

of 100nm. The same experiment setup for the proliferation assays described above using 

the different elastic moduli was used, but the media was supplemented with the drug on 



Day 1, and the MTS assays were performed on Day 1, 4 and 7. The wells were given a 

media change on day 4.  

 

 

EGFR inhibition experiment setup and its rationale: 

EGFR inhibition studies were designed after analyzing the results obtained from 

the FAK phosphorylation inhibition studies. The data are explained in detail in the results 

and discussion section. We observed that the stiffness sensitive cells shared among them 

the unique feature of either having an EGFR upregulation or EGFR mutation. We 

hypothesized that the cells sensing their environment through FAK phosphorylation and 

increasing their proliferation on a stiffer hydrogel were interlinked through EGFR related 

pathways. We decided to test this hypothesis by inhibiting EGFR and assessing whether 

this would replicate the results that observed in the FAK phosphorylation inhibition 

studies. 

The drugs used were EGFR inhibitors erlotinib (Selleck chem) for U373 cells and 

U87 cells, and dacomitinib (Selleck chem) for A172 cells and U87EGFRVIII cells. 

Erlotinib was known to be active against wild-type EGFR seen in U87 cells and EGFR 

upregulation seen in U373 cells.
42

 The EGFR mutation seen in A172 cells and 

U87EGFRVIIIcells had known to be resistant to erlotinib.
43

 Hence dacomitinib which 

had been known to target the mutations seen in these cell lines was chosen.
44

 The 

concentrations used were ten times their IC 50 concentrations, which were 20nM for 

erlotinib and 60nM for dacomitinib. The experimental set up was same as explained in 

the 2.5D model, and the media was supplemented with the appropriate drug for the entire 

seven days of the experiment. A media change was performed on day 4. 

3D model with the cells: 

With the results we obtained from the 2.5D model, we decided to expand the 

elastic modulus sensitive to 3D models with cells. The 3D model was designed to mimic 

the in vivo conditions of the cancer cells usually experience in the brain. The cells were 



suspended in the hydrogels and had more contact with their environment than the 2.5D 

model. 

We repeated all of the elastic modulus sensitive proliferation assays described 

above by mixing the cells with the hydrogel precursor solutions before they were cross-

linked. We performed elastic modulus proliferation assays and then also performed the 

FAK inhibition studies with Defactinib. We then conducted MTS assays for these cells 

on day 1, 4 and 7 as above. We plotted the graphs for each cell type on each elastic 

modulus and compared them against one another.  

Results: 

 We initially conducted proliferation assay vs elastic modulus in U138 cells. We 

conducted them both under normal culture conditions at S1, S2, and S3 and also with 

FAK phosphorylation inhibition as we had hypothesized that the cells sense their 

environment with the help of focal adhesion kinase systems. It can be observed from 

figure 3, that U138-MG cells have no elastic modulus preference in both 2.5D and 3D 

model.  

 

 



Figure 3 Elastic modulus vs. cell proliferation in U138 cells in the 2.5D model in (A) and 

with FAK phosphorylation inhibitor defactinib in (B). In a 3D model in (C) and with FAK 

phosphorylation inhibitor defactinib in (D). * denotes p-value was less than 0.05 when S1 

and S3 values were compared. & denotes p-value is less than 0.05 when values of S2 and 

S3 were compared, and # denotes when the p-value was less than 0.05 when S1 and S2 

values were compared. 

 

There are numerous studies which had proved that glioblastoma cell lines like 

U373 and U87 showed a difference in proliferation and migration when cultured on a 

stiffer material.
27 

Hence we planned to repeat the elastic modulus proliferation assays 

with four other glioblastoma cell lines such as U87- MG, U87-EGFRVIII (a U87 cell line 

genetically transfected to express the EGFRVIII mutation), U373, and A172 cells. It can 

be observed from figure 4 below, that all the four cells U373, A172, U87, and U87 

EGFRVIII have a strong preference for hydrogels with higher elastic modulus. The four 

cell lines mentioned above also share a common feature of EGFR upregulation (U373) or 

a mutation of EGFR, as seen in the other three cell lines. U87 is the outlier here with the 

preference for stiffer environment without an EGFR upregulation or EGFR mutation. 

 

 

The proliferation assays of the elastic modulus sensitive cells 

& 

A 
B 

D 



Figure 4: Elastic modulus vs. cell proliferation in 2.5 D model with U373 cells (A), A172 

cells (B), U87(C) and U87 EGFRVIII cells (D). * denotes p-value was less than 0.05 when S1 

and S3 values were compared. & denotes p-value is less than 0.05 when values of S2 and 

S3 were compared, and # denotes when the p-value was less than 0.05 when S1 and S2 

values were compared. 

  

Cells sense their surrounding through integrin based-adhesion complexes. These 

complexes are tightly linked with the cell’s actin cytoskeleton system and comprise the 

cellular machinery that help the cells in recognizing the biochemical components of the 

extracellular matrix along with the physical characteristics of the ECM such as its 

mechanical strength and its pliability.
45

 FAK is one of the integral components of the 

adhesion complexes and is a key intermediary in numerous integrin-originated signalling 

pathways.
45

 Based on these observations, we hypothesized that the cells deduce and 

respond to their environment of higher elastic modulus through FAK phosphorylation. 

We queried whether FAK phosphorylation expression depended on elastic modulus of 

the hydrogels through immunofluorescence studies. As can be seen in figure 5A, FAK 

phosphorylation increases as the elastic modulus of the hydrogels is increased. This 

indicates that FAK phosphorylation plays a vital role in the cells ability to sense the 

elastic modulus of their environment. This then led to our hypothesis that blocking FAK 

phosphorylation could influence the stiffness predilection of the cells. We decided to test 

this hypothesis by blocking FAK phosphorylation with defactinib. It can be observed in 

figure 5B-E that when FAK phosphorylation is blocked, all the three cell lines U373, 

A172 and U87EGFRVIII that have an EGFR upregulation or EGFR mutation seem to 

have a reversal of preference, as evidenced by the higher proliferation of cells on 

hydrogels of lower elastic modulus S1. The U87 cells have no such reversal, and they 

also do not have an EGFR upregulation or EGFR mutation. 



 

 

 

Figure 5: A represents immunofluorescence staining for Phospho-FAK seen in U373 cells, 

A172 cells and U87EGFR cells. Elastic modulus vs. cell proliferation in 2.5 D model and 

targeting FAK phosphorylation using defactinib with U373 cells (B), A172 cells (C), U87 (D) 

and U87 EGFRVIII cells (E). * denotes p-value was less than 0.05 when S1 and S3 values 



were compared. & denotes p-value is less than 0.05 when values of S2 and S3 were 

compared, and # denotes when the p-value was less than 0.05 when S1 and S2 values 

were compared. 

 

In vivo, tumor cells, like other cells, exist in a 3D spatial arrangement in tissue. 

Therefore, we next repeated the proliferation assay versus elastic modulus experiments in 

a 3D model, as this would better replicate the conditions that the cells experience inside 

the brain. In Figure 6, which describes elastic modulus vs. proliferation for cells U373, 

A172, U87 and U87-EGFRVIII in a 3D environment, it can be observed that the cells 

seem to have the same stiffer environment preference as seen in the 2.5D model. The 

only exception being A172 cells which seem to lose the stiffness preference in a 3D 

model. In figure7 seen below, which is depicting elastic modulus vs. proliferation for 

cells U373, A172, U87 and U87 EGFRVIII in a 3D environment with defactinib, it can 

be seen there is no stiffness preference reversal as observed in the 2.5 model for these 

cells.  

 

 

 

  



 

Figure 6: Elastic modulus vs. cell proliferation in 3 D model with U373 cells (A), A172 cells 

(B), U87(C) and U87 EGFRVIII cells (D). * denotes p-value was less than 0.05 when S1 and 

S3 values were compared. & denotes p-value is less than 0.05 when values of S2 and S3 

were compared, and # denotes when the p-value is less than 0.05 when S1 and S2 values 

were compared. 



 

Figure 7: Elastic modulus vs. cell proliferation in 3 D models and targeting FAK 

phosphorylation using defactinib with U373 cells (A), A172 cells (B), U87(C) and U87 

EGFRVIII cells (D). * denotes p-value was less than 0.05 when S1 and S3 values were 

compared. & denotes p-value is less than 0.05 when values of S2 and S3 were compared 

and # denotes when the p-value was less than 0.05 when S1 and S2 values were 

compared. 

 

 EGFR inhibition studies were designed after analyzing the results obtained from 

the FAK phosphorylation inhibition assays as mentioned above. We observed that the 

stiffness sensitive cells shared among them the unique feature of either having an EGFR 

upregulation or EGFR mutation. We hypothesized that the cells were sensing their 

environment through FAK phosphorylation and increasing their proliferation rates on the 

stiffer hydrogel through EGFR-related pathways. We decided to test this hypothesis by 

inhibiting EGFR and determining if this could replicate the results that we observed in 

FAK phosphorylation inhibition studies. In figure 8, EGFR inhibition in cells using 

erlotinib in U373 cells and U87 cells, and dacomitinib for U87EGFRVIII and A172 cells 

in proliferation assays on hydrogels of different elastic modulus is demonstrated. The 



cells seem to exhibit the same stiffness reversal as seen in the proliferation assays with 

the FAK phosphorylation inhibitor, defactinib. U87 cells lose their stiffness sensitivity 

which was the same result obtained when FAK phosphorylation was blocked in U87 

cells.  

 

Figure 8: Elastic modulus vs. cell proliferation in 2.5 D model and targeting EGFR 

receptors using EGFR inhibitors with U373 cells with erlotinib (A), A172 cells with 

dacomitinib (B), U87 with erlotinib (C) and U87 EGFRVIII cells with dacomitinib (D). * 

denotes p-value was less than 0.05 when S1 and S3 values were compared. & denotes p-

value is less than 0.05 when values of S2 and S3 were compared, and # denotes when p-

value was less than 0.05 when S1 and S2 values were compared 

 

Stiffness Manipulation for a therapeutic application: 

From the above experiments, we had evidence that the proliferation of the GBM 

populations of certain genotypes shows a substantial sensitivity to the elastic modulus of 



their environment. We hypothesized that this effect and dependence on the environment 

could be harnessed for diagnostics and therapeutics. 

To test this hypothesis, we employed a variation of the hydrogel that is 

crosslinked with a breakable crosslinker, thereby designing a system with crosslinks that 

could be reduced dynamically at a later point in time
46

. In this system, the crosslinker is 

broken through a reduction process where a disulfide bond in the crosslinker can be 

cleaved by the addition of N-acetyl-L-cysteine (figure 9). This cleavage allows the elastic 

modulus of the gel to be decreased on demand by the addition of the compound and then 

the proliferation of the GBM cancer cells on these less stiff hydrogels could be compared 

to stiffer hydrogels. We conducted the experiments with the group of cell lines that were 

identified to have a predilection for hydrogels with higher elastic modulus. 

 

 

  

 



 

 

Figure 9: (A) The pictorial representation of crosslinking of the components of hydrogels 

with the PEGDA crosslinker (B) The integration of a double sulfide bond in the crosslinker 

which can then be broken on demand and thereby decreasing the elastic modulus of the 

hydrogels on demand. (C) Pictorial representation of the hydrogel designed with breakable 

crosslinker. 

 

 

 



Hydrogel reduction through a breakable crosslinker:  

We set up S3 hydrogels in 18 wells (50ul in each) in a 96 well plate; 9 wells for 

control and nine wells that were treated with N-acetyl-L-cysteine. We placed 10,000 of 

each cell line in each of the wells. The S3 hydrogels were crosslinked with PEGSSDA 

(Polyethylene glycol disulfide diacrylate) as mentioned above. The 20ul of Heprasil 

(mixed with Distilled H20), 20ul of Gelin-S (mixed with photoinitiator) were mixed with 

10ul of PEGSSDA crosslinker (mixed with photoinitiator) and then crosslinked with UV 

light. The wells were filled with DMEM high glucose, and then the plates were placed in 

the incubator and cultured for a week. MTS assays were performed on days 1, 4, and 7. 

On day 4, the three wells that would be assayed on day seven were treated with 100mM 

of NAC solution for two hours. The wells were then rinsed well, and then they were 

again filled with media. The control wells were also rinsed with media to correct for 

detaching cells when the media is rinsed in the treated wells. Then MTS assays were 

performed for both the conditions as described above. 

Hydrogel reduction through enzymatic degradation: 

With the analysis of the results of the above experiments, we decided to adapt the 

above experimental design to be compatible to an in vivo environment in which 

bioengineered breakable crosslinkers would not be present. Therefore, we used the stiffer 

S3 hydrogels based on the rationale that there is no breakable cross-linker in the brain. 

Instead, we aimed to replicate the above experiment by using a collagenase/hyaluronidase 

enzyme to decrease the elastic modulus of the hydrogels by partially degrading the 

hyaluronan polymer chains and gelatin proteins in the hydrogels. The same experimental 

design described for the NAC experiments was used, except that normal 4-arm PEG 

acrylate crosslinker was used and collagenase/hyaluronidase was used to decrease the 

elastic modulus on day 4. Collagenase/Hyaluronidase from StemCell Technologies was 

diluted by a factor of 10 in serum protein free media. On day 4, the media from three 

wells were removed and rinsed well with serum free media three times and then exposed 

to 200 ul of 10x diluted collagenase in serum free media for 5 minutes and then quenched 

with normal DMEM media with serum proteins to stop the action of the enzyme. The 

control wells were also given media changes in parallel. MTS assays were again 



performed on days 1, 4 and 7, and the results were analyzed as described for previous 

assays. 

NAC and collagenase biocompatibility studies: 

 We then performed a set of experiments to ensure that any changes in 

proliferation in the stiffness reduction studies were due to the changing elastic moduli, 

and not toxicity from the NAC or collagenase/hyaluronidase. We set up proliferation 

assays with the just the cells on 50ul of S3 hydrogels crosslinked with non-breakable 

PEG crosslinkers in a 96 well plate. We seeded 10,000 cells in each well and set up n of 3 

for each day and each condition – control and NAC treatment – and MTS assays were 

performed on days 1, 4 and 7. On day 4, three wells of the treated group were treated 

with 200ul of 100mM NAC for one hour, and then media change was done. The control 

group wells were also given media changes grouping parallel. On day seven the MTS 

assay was done on both the control and treated wells and compared the proliferation of 

the cells.  

Collagenase biocompatibility was assessed similarly, except cells were seeded 

directly in a 96 well plate. The hydrogel could not be used for this validation study, as it 

would be degraded by the collagenase. We seeded 10,000 cells in each well and set up n 

of 3 for each day and each condition – control and collagenase treatment – and MTS 

assays were performed on days 1, 4 and 7. On day 4, three wells of the treated group 

were treated with 200ul of collagenase 10x diluted with serum-free DMEM for 5 minutes 

followed by serum-containing DMEM. The control group wells were also given media 

changes grouping parallel. On day seven the MTS assay was done on both the control and 

treated wells and compared the proliferation of the cells.  

 

Results: 

It has been thoroughly demonstrated that the behavior of cells can be influenced 

by changing the physical and biochemical properties of their environment.
30

 We decided 

to apply the same logic and investigated whether reducing the elastic modulus of the 



hydrogels would reduce the proliferation of the cells preferring higher elastic modulus 

hydrogels. We conducted proliferation assays with hydrogels designed to fail using a 

breakable disulfide bridge-containing PEGSSDA crosslinker. The elastic modulus of the 

hydrogels can be decreased on demand with N-acetyl-L-cysteine when needed. From 

figure 10, it can be observed that the proliferation rate of U373, A172, U87 and cells 

have decreased once the elastic modulus of the PEGSSDA hydrogels was decreased 

using N-acetyl-L- cysteine. However, there was no notable reduction in the proliferation 

rate of U87 EGFRVIII cells when the elastic modulus was reduced.  

 

Figure 10: Targeting elastic modulus with N- acetyl-L-cysteine in a 2.5 D model in 

PEGSSDA hydrogels seen in (A) U373 cells, (B) A172 cells, (C) U87 cells and (D) U87 

EGFRVIII cells. * Denotes p-value is less than 0.05 

 

 As the brain has no breakable crosslinker, we decided to repeat the matrix stiffness 

reduction assays in a manner that the results would potentially be more applicable 

clinically. We conducted proliferation assays versus elastic modulus in S3 hydrogels and 

then reduced the elastic modulus with the help of a collagenase/hyaluronidase enzyme. 



From figure 11, it can be observed that the proliferation rate of U373, A172, U87 and 

U87 EGFRVIII cells have decreased once the elastic modulus of the S3 hydrogels was 

decreased using collagenase/hyaluronidase.  

  

 

 

Figure 11: Targeting elastic modulus with collagenase in a 2.5 D model in S3 hydrogels 

seen in (A) U373 cells, (B) A172 cells, (C) U87 EGFRVIII cells and (D) U87 cells. * Denotes 

p-value is less than 0.05 

  

Biocompatibility assays: 

We wanted to confirm that the proliferation rates of the cells that decreased in the 

matrix stiffness reduction assays were due to the effect of reduced elastic modulus of the 

hydrogels on the cells and not due to any toxic effects of the NAC and 

collagenase/hyaluronidase on the cells. We conducted NAC biocompatibility tests with 

the cells cultured on S3 hydrogels and then treating the cells with NAC on day 4. We 

* 



conducted collagenase/hyaluronidase biocompatibility tests with cells cultured in a 96 

well plate without hydrogels and then treated the cells with collagenase/hyaluronidase on 

day 4. The results of the biocompatibility assays as observed from figure 12 and figure 

13, state that the cells are biocompatible with NAC and collagenase/hyaluronidase. The 

proliferation assays show that cells that were treated with these reagents show no drop in 

proliferation and have comparable growth rate as seen in the control groups 

 

 

Figure 12: Biocompatibility assays of cells with N-acetyl-L-cysteine (A) U373 cells, (B) 

A172 cells, (C) U87 cells and (D) U87 EGFRVIII cells 



 

Figure 13: Biocompatibility assays of cells with Collagenase (A) U373 cells, (B) A172 cells, 

(C) U87 cells and (D) U87 EGFRVIII cells. 

 

Discussion: 

The effects of the biomechanical cues from the ECM of the brain on the 

proliferation and migration of tumor cells is most poorly understood in GBM.
38

 There is 

scientific literature reporting that there is a difference in the proliferation of glioblastoma 

cell lines when cultured on surfaces of different elastic modulus with the proliferation 

being proportional to the elastic modulus of the substrate.
38

 There is also evidence that 

the migration of the cells can also increase as the elastic modulus of a substrate is 

increased.
33 

Like other solid tumors, GBM responds to mechanical cues. The tumor cells 

secrete matrix proteins, and a rigid skull counteracts the expansion of the tumor, 

increasing the mechanical stress on the tumor.
5,47

We took these results into consideration 

when we began to investigate the elastic modulus sensitivity of these cells and how to 

control this sensitivity to their environment. The cell lines U87-MG, U373-MG, U87 



EGFRVIII, and A172 proliferated at a higher rate in stiffer hydrogels compared to softer 

hydrogels.  

We hypothesized that the cells deduce their environment elastic modulus through 

FAK adhesions. Indeed, FAK levels are increased in tumor samples of GBM, and 

interestingly, FAK protein expression increases after radiotherapy.
48

 It has also been 

demonstrated that the invading edges of the tumor have elevated FAK expression, 

implicating the role of FAK in invasion and migration.
49

 Furthermore, it was shown that 

the predominant phosphorylated proteins in GBM tumor samples were phosphorylated 

FAK.
39

 

The role of FAK in GBM is complex. In normal cells when a cell loses its 

adhesion to the ECM, apoptosis occurs. However, in the case of cancer cells, even when 

the cells detach from the ECM, the cells can survive, and this is where FAK plays a vital 

role. It is thought that FAK is upstream of PI3-kinase/AKT survival pathway in cancer 

cells. Hence, when FAK expression is increased in cancer cells, along with increased 

phosphorylation of FAK, this pathway is activated, which in turn aids in promoting 

survival of the cancer cells.
50,51, 52

 

Our hypothesis that the cells deduce their elastic modulus through the FAK 

phosphorylation has been affirmed from the results presented above. The elastic modulus 

preference of the cells could be manipulated and reversed in certain cases when FAK 

phosphorylation was blocked. Moreover, our immunohistochemical studies also show 

that FAK phosphorylation increases in cells on hydrogels of increased elastic modulus. It 

is important to note that the all of cell lines that displayed this level of sensitivity and a 

reversal in their elastic modulus preference had upregulation of EGFR as observed in 

U373 cells or EGFR mutations as seen in A172 and U-87 EFGR.
43,53

Previous studies 

conducted in this area indicate there is a co-clustering of EGFR and focal adhesion 

complexes when U373 was cultured on a stiff environment.
54

 In the case of U-87 cells, it 

was shown that the downstream of EGFR signaling was activated in the stiffer 

environment.
45

There are various experiments in the past lending credit to the important 

connection between mechanosensing, FAK, and EGFR signaling.
55

 It was demonstrated 

that FAK inhibition in glioblastoma was shown to sensitize the tumor to EGFR 



inhibition.
46

 In the case of U87 EGFRVIII cells; it has also been shown that the FAK 

phosphorylation and EGFRVIII pathway are connected and blocking FAK 

phosphorylation has been shown to decrease proliferation.
56

 The crosstalk between FAK 

phosphorylation and EGFR pathway has also been observed in other cancers. Our 

experiments with EGFR inhibition in the cells having a predilection for higher elastic 

modulus hydrogels show that inhibiting EGFR causes the cells to reverse the stiffness 

preference. It can be appreciated that the cells exhibit identical behavior when FAK 

phosphorylation is blocked strongly hinting that the EGFR pathway and FAK pathway 

are interlinked as suspected. Figure 14 below depicts the relationship between FAK and 

EGFR pathway and how EGFR activation can in turn lead to FAK activation. 

 

Figure 14: Pictorial representation of the relationship between FAK phosphorylation 

pathway signaling and EGFR signaling pathways in a cancer cell
57

. 

 

Our elastic modulus manipulation experiments indicate that the proliferation and 

invasiveness of the tumor cells could be curtailed with the reduction of the elastic 

modulus of the hydrogels. We demonstrated these effects using two methodologies. First, 

we used a crosslinker engineered to contain a disulfide bridge, which serves as a site that 

can be chemically targeted and broken by NAC. This dynamic covalent chemistry allows 

formation of the hydrogel constructs, and subsequent elastic modulus reduction at a later 

time, after cells have been in culture for some time. Second, we utilized 

collagenase/hyaluronidase to directly degrade the HA and gelatin components of the 



hydrogel. In both scenarios, for most of the cell populations tested, this reduction strategy 

succeeded in slowing or completely stopping tumor cell proliferation. As the reagents 

used for reducing the hydrogel elastic moduli are biocompatible, the decrease in tumor 

cell proliferation is solely due to the dynamic decrease of the elastic modulus of the 

hydrogels on which these cells were cultured. In future work we aim to explore this 

concept further with a preclinical/clinical focus, as these results suggest that tumor ECM 

elastic modulus reduction could be potentially used as a therapeutic where the native 

hyaluronic acid of the brain could be targeted and reduced.  

 

Stiffness sensitivity as observed from our 2.5D experiments 

Cell line Proliferation rate 

highest in Normal 

condition 

Proliferation rate 

highest in 

Defactinib 

Proliferation 

rate highest 

in EGFR 

inhibition 

 

U138-MG Not elastic modulus 

sensitive 

Not elastic modulus 

sensitive 

- 

U373-MG S3- Stiffest hydrogel  S1- softest hydrogel S2 

A172 S2 and S3 S1 S1 and S2 

U87-MG S2 S2 No distinct 

preference 

U87-

EGFRVIII 

S3 S1 S1 

  

 Table 1: Results of 2.5 D model elastic modulus proliferation assays. 

 

Table 1 and 2 provides us with the results of the elastic modulus vs proliferation 

in 2.5D model and 3D model. It can be seen appreciated that the elastic modulus 

preference reversal seen in 2.5D model is not seen in a 3D model. We hypothesize this 

might be due to increased EGFR clustering and activation due to increased FAK 



clustering as there is more cell contact in a 3D model than a 2 ½ D model. As we had 

used the same drug concentrations as used in the 2 ½ D model to block FAK 

phosphorylation so that we could compare both the 2.5 D model and 3 model results, the 

drugs were probably used up before eliciting a change in the behavior of the cells.  

 

Stiffness sensitivity as observed from our 3D experiments 

Cell line Proliferation rate 

highest in Normal 

condition 

Proliferation rate 

highest in Defactinib 

U138-MG Not elastic modulus 

sensitive 

Not elastic modulus 

sensitive 

U373-MG S3 and S2 - Stiffest 

hydrogel 

Stiffness sensitivity lost 

A172 Not elastic modulus 

sensitive 

S3 

U87-MG S2 Stiffness sensitivity lost 

U87-EGFRVIII S2 S2 

 Table 2: Results of 3D model elastic modulus proliferation assays. 

 

Conclusion: 

It is very evident from the results that there is a strong correlation between EGFR 

mutation and FAK phosphorylation. The mechanisms of this cross-talk and activation are 

not completely understood and will require additional studies. Interestingly, U138-MG 

cells have EGFR upregulation, but are not elastic modulus sensitive, indicating there 

might be a very complex network at play as in the case of numerous pro-oncogenic 

mechanisms. There is evidence a similar pattern was observed in patient-derived 

glioblastoma cells as in some cells being elastic modulus sensitive and some being elastic 

modulus independent when it came it to their proliferation and migration properties.
34

 So 

while, TME elastic modulus sensitivity may not be relevant to every patient with GBM, 



the interplay between physical parameters and genetic profiles may serve as a type of 

actionable biomarker. This is particularly important as new diagnostic tools emerge. For 

example, with the advances in magnetic resonance elastography, the link between 

mutation identification and elastic modulus parameters could be a relatively 

straightforward diagnostic scenario that could lead to novel and effective therapies. This 

could even take shape as a clinical test where the chemotherapeutics could be selected 

based on the elastic modulus profile of the tumor before surgical removal of the tumor is 

performed. 

Future scope and Experiments to be done: 

The mutation profile of the cell line and the corresponding elastic modulus 

sensitivity and predilection should be worked out with more experiments. The 3D 

proliferation assays versus elastic modulus to be repeated with increased drug 

concentrations. 

Chapter 3 

Aim 2: Design a new in vitro model of glioblastoma with more precise 

replication of in vivo tumor microenvironment and tumor heterogeneity. 

Rationale: 

One of the reasons for GBM being so difficult to treat clinically is the fact that 

within a single GBM tumor, often there are a variety of tumor subtypes that can each 

contain within themselves subpopulations with different mutation profiles. As such, often 

a single cancer drug is unable to successfully target and treat the entire tumor. There does 

not exist an accurate in vitro brain tumor models that replicate this complex multi-

subpopulation make of GBM tumors. Most GBM in vitro models have been created using 

single cell populations, failing to incorporate cells with different mutations in close 

proximity with each other as they exist in the brain tumors in patients.
7
 This tumor 

heterogeneity is a hallmark of glioblastoma tumors, and there is no in vitro model that 

replicates these conditions together with a brain-like ECM tumor microenvironment. 



 The EGFR is overexpressed in a variety of human epithelial tumors which is 

often due to gene amplification and these tumors with EGFR gene amplification have 

EGFR gene rearrangements. The common extracellular domain mutation among these 

EGFR gene rearrangements is EGFRVIII.
9
 The presence of this mutation makes the 

prognosis even worse, and survival rates are much lower in these patients.
58

 In fact, there 

was a recent negative phase III study of what looked like a very promising EGFR VIII 

vaccine
59

 – which postulates that preclinical models that help elucidate the importance of 

this and other mutations could help translation of new therapies. Also, there is evidence 

that EGFR VIII mutation seen in more than 40% of glioblastoma has an effect on wild-

type EGFR receptors in their neighbor cells.
60

 .It can activate the wild-type receptors 

without the ligand by binding with them and keep them constitutively active.
9,60

 

Currently, there is no model that places together cells carrying a wild-type EGFR with 

cells carrying the EGFRVIII mutation which can then be used to observe the effects of 

this interaction between the EGFR mutation and wild type EGFR. To address this 

shortcoming, we have created a multicellular cancer organoid model by co-culturing cells 

with different mutations together. These cell lines encompass all the mutations that are 

observed in different types of GBM molecular subtypes: Proneural, Neural, Classical and 

Mesenchymal.
61 

There is recent research also suggesting that all the molecular subtypes 

can be seen in a tumor at various time points in the evolution of the tumor.
62

 Our model 

helps to recreate this scenario in the lab, which we believe may be able to provide a 

useful tool for drug development and screening. Table 3 lists all the cell lines with their 

corresponding mutations used in our model. 

 Cell lines Mutations 

A172 CDKN2A, PTEN, and EGFR (190 kDa mutation) 

U87 CDKN2A, NF1, and PTEN  

U138 TP53* and EGFR upregulation. 



U373 TP53* and EGFR upregulation. 

U87 (ΔEGFR) EGFR VIII (2-7 Deletion mutation) 

 Table 3: Cell lines and their mutations. 

 

Materials and Methods: 

Reagents used: 

Cell culture media: DMEM -10 (HyClone™ Dulbecco's Modified Eagles 

Medium) modified with 10% Fetal Bovine serum and 0.5% L -glutamine and 0.5% 

penicillin and streptomycin. 

HyClone™ Trypsin - 0.05 % for cell trypsinisation. 

HyClone™ Phosphate buffered saline for washing the plates. 

Irgacure D-2959 photoinitiator from Sigma-Aldrich. 

GIBCO Astrocyte media. 

4% Paraformaldehyde 

Phosphate buffered saline with 0.1% Tween 20 

Qtracker cell labelling kits & Vybrant Dyes from Thermo Fischer 

Materials: 

Corning 96 well plates- flat bottom. 

UV light curing equipment. 

Tissue culture plates 12mm 

CellCarrier
TM

-96 Spheroid ULA/CS from Perkin Elmer. 

Cancer organoid formation: 



We employed glioblastoma cell lines U-138 MG (ATCC® HTB-16™), U-373 

MG (ATCC® HTB-16™) U-87 MG (ATCC ® HTB-14™) [obtained from Cell and Viral 

Vector Laboratory Shared Resource of Wake Forest Baptist Medical Center] , U-

87ΔEGFRVIIIcell line [gifted by Dr. Webster Cavenee from Ludwig Cancer Research 

Institute, San Diego] and A172 (ATCC
®
 CRL-1620

™
) [ obtained from ATCC]. Human 

astrocytes (obtained from ScienCell) were added to the tumor organoid as a supporting 

population to the cancer cells and also to recreate the in vivo interaction observed 

between astrocytes and cancer cells.
63

 All cancer cell lines were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) - high glucose modified with 10% FBS, 0.5% L-

glutamine and 0.5% penicillin and streptomycin, while Astrocytes were cultured in 

Astrocyte media [Thermo Fischer] in an incubator at 37 degrees Celcius with 5% carbon 

dioxide. The cell lines were trypsinized with 0.05% (1x Hyclone
TM

) trypsin, cells counted 

and then suspended in the concentration of 500,000 cells per mL of normal media. 10uL 

of media added from each cell line -5000 cells of each cell line were added to each of the 

wells in a 96 well low adhesion plate [CellCarrier
TM

-96 Spheroid ULA/CS from Perkin 

Elmer] and cultured for two days in an incubator. The organoids were then harvested 

from these plates and embedded in hydrogels for our experiments. The experimental 

setup was done using the 3D model described below. We cultured the spheroids for one 

week and captured confocal images of the spheroids on day 1, 4 and 7. 

• 3D Model – Multicellular cancer organoid setup:  

This model consists of a cancer organoid placed between 2 layers of cross-

linked hydrogels. A cancer organoid could be made of a single GBM cancer cell 

line or a combination of two or more lines with normal human astrocytes. In an 

eight-well chamber slide, 100 ul of the hydrogel precursor solution is placed in a 

well and then cross-linked with UV light. Then the cancer organoid is placed on 

top of the hydrogel, covered with 150 ul of the hydrogel precursor, and cross-

linked again. Then the chamber slide is filled with media. Drugs of choice are 

added to the media when drug testing is performed. 



 

Figure 15: (A) A pictorial representation of the setup of a 3D model of multicellular 

cancer organoid suspended in a hydrogel. (B) Pictorial representation of the cross 

section of our 3D model in an eight-well chamber slide. 

 

Preliminary Drug studies experiment setup: 

 We used cancer organoids made with A172 and U373-MG and astrocytes for our initial 

multi-spheroid experiments. We made A172 and U373 cancer organoids by coculturing 

each cell line with astrocytes (10,000 cells each). The cells were trypsinized and were 

suspended in media with a concentration of 1 million numbers of cells of each cell line 

per ml. The A172 and U373 cancer cells were stained using Vybrant® DiI Cell-Labeling 

Solution (Catalog number: V22885, Thermo Fisher Scientific). The astrocytes were 

trypsinized and then suspended in DMEM solution containing 1 million cells per ml. The 

astrocytes were stained with Vybrant® DiO Cell-Labeling Solution (Catalog number: 

V22886, Thermo Fisher Scientific). Labeling of cells in media suspension was performed 

as per the protocol that follows. Five µL of the cell-labeling solution was added per 1 mL 

of cell suspension. The cell suspension solution was incubated for 20 minutes at 37°C. 

Then the solution was centrifuged at 1500 rpm for 5 minutes. The supernatant was 

removed and gently resuspended in warm (37°C) medium. The last step was repeated 

twice in order to remove any free dye. The cell suspension solutions were then pipetted 



10 µL at a time into a 96 well low adhesion plate [CellCarrierTM-96 Spheroid ULA/CS 

from Perkin Elmer], combining A172 cells and astrocytes or U373 cells and astrocytes, 

and cultured for two days in an incubator. The organoids were then harvested from these 

plates and embedded between two layers of hydrogels; one per chamber in an eight-well 

chamber slide.  

Drug studies were conducted using erlotinib HCl (OSI-744) Catalog No. S1023, 

dacomitinib (PF299804, PF299) Catalog No. S2727, and TP53 activator (NSC59984 

Catalog No.S8106) purchased from Selleck chem. Erlotinib was known to be active 

against wild-type EGFR seen in U87 cells and EGFR upregulation seen in U373 cells.
42

 

However, the EGFR mutation seen in A172 cells and U87EGFRVIII cells has been 

shown to be resistant to erlotinib.
43

 Hence, dacomitinib, which has been shown to target 

the mutations seen in these cells line was chosen.
44

 GBM has been known to exhibit 

TP53 gene alteration, which hs been implicated in disease progression from a low-grade 

tumor to a high-grade tumor.
64

 Hence a TP53 activator was chosen to study its effects on 

our cancer organoids. The concentration of the drugs used in the drug studies was IC50 

(Inhibitory Concentration 50), 5x IC 50, 10x IC50.  

The concentrations used in the preliminary drug studies were 5 nM, 10 nM, and 

20 nM erlotinib, 10 nM, 30 nM and 60 nM dacomitinib, and 40 nM and 80 nM TP53 

activator. The drugs were added to the media, the drug-media solutions were introduced 

to the organoids, and drug treatment was maintained for 7 days in an incubator at 37C. 

The media with drugs was replenished on day 4. Macro-confocal images were taken on 

day 7 and then analyzed using Matlab code to analyze the percentage of tumor cells to 

normal astrocytes. Before imaging, the organoids were fixed with 4% paraformaldehyde 

for one hour followed by permeabilization with PBST (0.1%) for one hour and then 

stained with DAPI (1 in 400 dilution) for 15 minutes. 

Multicellular cancer organoid on hydrogels of different elastic modulus: 

The 3D experimental setup explained above in figure 15 was used to set up the 

multicellular 6 cell type cancer organoid experiments. The cancer organoid was made of 

6 different types of cells including human astrocytes, U-138 MG, U-373 MG, U-87 MG, 



U-87ΔEGFRVIII and A172. Each cell line was made into cell suspension of 1 million 

cells per ml of the media. The cells were labelled with Qtracker cell labeling kits and 

CellTracker™ CM-DiI Dye from Thermo Fischer. For the Qtracker kits, we pre-mixed 

one µL each of Qtracker® Component A and Component B in a 1.5 mL microcentrifuge 

tube and incubated it for 5 minutes at room temperature to make a 10nM labeling 

solution. Then 0.2 mL of fresh complete growth medium added to the tube and vortexed 

for 30 seconds. Then 1 × 10
6
 cells (from a cell suspension at ~1 × 10

7
 cells/mL in growth 

medium) is added to the tube containing the labeling solution and incubated at 37ºC for 

45–60 minutes. As the last step, the cells were washed cells twice with complete growth 

medium. For the CellTracker™ CM-DiI Dye, working concentration of 2 µM of the dye 

in media was used to label the cells. The cells were incubated with the solution for 20 

minutes at 37°C. After labeling, cells washed with phosphate-buffered saline (PBS) and 

resuspended in fresh medium. All the labeled cell suspension media were pipetted into a 

96 well plate; 5 µLof each cell line suspension media into a well totaling 30 µL per well 

[CellCarrierTM-96 Spheroid ULA/CS from Perkin Elmer] for two days in an incubator at 

37°C. The organoids were harvested after two days and then was sandwiched between 

two layers of the hydrogels with one organoid per well in an 8-well chamber slide. 

Hydrogel formulations described in Chapter 2 were employed to generate hydrogel 

environments with elastic moduli conditions S1 (100 Pa), S2 (1000 Pa), and S3 (2000 

Pa). Then media was added to the wells with media change on day 3. On each day point 

(days 1, 3, and 5), before imaging on a confocal, the organoids were fixed with 4% 

paraformaldehyde for one hour followed by permeabilization with PBST (0.1%) for one 

hour and then stained with DAPI stain(1in 400) for 15 minutes. 

Results: 

Figure 16 shows the macro-confocal images of the U373-astrocyte cancer 

organoids and A172-astrocyte cancer organoids in different drug conditions: 5 nM, 10 

nM, and 20 nM erlotinib, 10 nM, 30 nM and 60 nM dacomitinib, and 40 nM and 80 nM 

TP53 activator. The confocal images were then processed with MATLAB to yield the 

ratio of the cancer cells to astrocytes in the different drug conditions analyzed. In the 

U373 cancer organoids, the ratio is lowest in the erlotinib treated organoids. The TP53 



activator and dacomitinib have approximately same effect in the U373 cancer organoids 

as depicted by the nearly equal ratio of cancer cells to astrocytes in both the conditions. 

In the A172 cancer organoids, the ratio is lowest in the TP53 activator-treated organoids. 

Dacomitinib has more effect than erlotinib on the A172 organoids in bringing down the 

ratio of cancer cells to astrocytes, which in turn means more cancer cells were killed than 

astrocytes. 

 

  

Figure 16: (A) Confocal images of U373 drug studies taken on day 7. (B) Confocal images 

of A172 Drug studies taken on day 7. (C) Ratio of U373 cancer cells to astrocytes as 

calculated by the MATLAB program using the confocal images. (D) Ratio of A172 cancer 

cells to astrocytes as calculated by the MATLAB program using the confocal images.  

 

Figure 17 depicts the confocal images of the multicellular spheroids comprising 

of six types of cells including astrocytes. The spheroids were placed in S1, S2 and S3 

hydrogels. It can be seen that different cell populations thrive in different hydrogels at 

different time points. The predominant cell type in each condition is represented in Table 



4 below. The spheroids started out with equal number of cells of each cell line but it can 

be seen that the U87EGFRVIII cells are seen significantly higher in spheroids placed in 

S3 hydrogels as U87EGFRVIII cells prefer stiffer hydrogels. As all the cancer cell lines 

have a predilection for S3 hydrogels, it can be seen that spheroids on day 5 in S1 

hydrogels are devoid of any cells other than astrocytes. In S2 hydrogels, A172 cells are 

the predominant cells on day 3 and 5, A172 cells seem to have a preference for S2 

hydrogels also in the 2.5D model proliferation vs elastic modulus experiments. 

Stiffness Day 1 Day 3 Day 5 

S1 A172 & U87 A172, U87EGFRVIII &U 87  NA 

S2 U87 A172 A172 & U373 

S3 U 373 U87EGFRVIII and A172 A172, U87EGFRVIII & U 373 

 

 

Table 4: The cell line predominant in each condition presented. 



 

Figure 17: Confocal Images of the multicellular spheroids embedded in hydrogels of 

different elastic modulus on day 1, 3 and 5. The nucleus is stained with DAPI. The cells 

were labelled with Q tracker labeling kits. U87 EGFRVIII cells with CellTracker™ CM-DiI Dye, 

A172 cells with Qtracker® 525 Cell Labeling Kit, U373 cells with Qtracker® 655 Cell 

Labeling Kit, U87 cells with Qtracker® 705 Cell Labeling Kit and U138 cells with Qtracker® 

800 Cell Labeling Kit. 

 

 



 Discussion: 

 Glioblastoma has been profiled into four major subtypes with differing mutations 

and clinical profiles for each type.
61

 There are four types as described above: Proneural, 

Neural, Classical and Mesenchymal. Classical tumors are characterized by high levels of 

EGFR, and they did not have TP53 mutations. Patients with the classical tumor 

characterization have usually been known to survive longer with aggressive treatment. 

TP53 is frequently mutated in Proneural tumors, and these tumors also often have 

mutations in the IDH1 gene, as well as the PDGFRA gene (platelet derived growth factor 

receptor, alpha polypeptide. The Mesenchymal subgroup often has frequent mutations in 

the PTEN and TP53 genes. Lastly, the neural subgroup has mutations in a variety of the 

genes described for the other three subtypes; it was also known to have tumor cells 

sharing genetic profiles of non-cancerous nerve cells.
61

Recent research suggests that all 

the subtypes are seen in the same patient with some mutations like EGFR and CDKNA 

seen in the earlier stages of the disease and other mutations like PDGFRA and PTEN 

seen in later stages of cancer progression.
61 

Surprisingly, there have not existed in vitro model systems of GBM that are 

comprised of representative cells from each of these four subtypes. Hence we created a 

model where these different mutations exist together by fabricating spheroids made of 

several cell types that between all of them present with these different mutations. 

Initially, drug testing was done in this model with multicellular spheroids made up of two 

types of cells; one cancer cell line (U373 or A172) paired with human astrocytes. These 

organoids were then assessed for their response to different drugs – specifically, EGFR 

inhibitors and a TP53 activator. erlotinib and dacomitinib are small molecule EGFR 

inhibitors that compete with catalytic domain with the kinase, which in turn inhibits 

EGFR autophosphorylation and the downstream signalling.
65

 Figure 16 shows confocal 

images of U373 cells along with astrocytes spheroids in the hydrogel in different drug 

conditions. It can be clearly seen that the U373 MCS spheroids respond very well to 

erlotinib and the number of astrocytes is increased in this drug condition compared to 

other drug conditions. Research has previously shown that erlotinib is effective against 

cells with EGFR upregulation, and resistance is seen only when there is an EGFR viii 



mutation present.
43

 Figure 18 explains how the EGFR inhibitors work to inhibit the 

activation of the EGFR pathway.
 

 

Erlotinib is a first generation EGFR inhibitor, and dacomitinib is a second-generation 

EGFR inhibitor, and it is different from erlotinib by irreversibly binding to the receptors 

by forming a covalent bond with the EGFR protein and then also in inhibiting other 

members of ERBB kinases.
65 

Dacomitinib has been shown to be effective against EGFR 

mutations and EGFR upregulation. It has been shown to be effective against EGFR 

inhibitor resistance seen against erlotinib when there is a mutation in EGFR.
65

 Figure 16 

shows that there is a considerable reduction of cancer cells in A172 spheroids when 

treated with dacomitinib, but there is no such significant effect when A172 spheroids are 

treated with erlotinib. The same result can also be appreciated by the graph that shows 

tumor cell to astrocyte ratio is reduced in dacomitinib treated A172 spheroids. TP53 is 

one most important tumor suppressor genes that have been extensively studied in the past 

few years in cancer research. Inactivation of the TP53 gene is required for the 

development of most cancers and TP53 is one of the most common mutations in GBM.
66

 

There are mutations seen in every region of the protein and these mutations lead to loss of 

the wild-type activity of TP53. Because TP53 acts as a tetramer, the mutant TP53 can 

also act as a dominant negative inhibitor over any remaining wild-type TP53. Mutant 

TP53 can also enhance tyrosine kinase signalling through receptors such as EGFR. We 

used a TP53 activator (NSC59984) to explore activation of TP53 in our spheroids. From 

figure 16 it can be seen, there is a considerable reduction in cancer to astrocytes ratio in 

U373 spheroids and A172 cancer spheroids. This is likely due to the fact that, TP53 

Figure 18: EGFR inhibitors mechanism of action. 



activation is known to suppress tumor growth and activate apoptosis in many cancer 

cells.
66

 

We then fabricated more complex multicellular spheroids, comprised of a panel of 

up to six fluorescently labeled cell types. These multicellular spheroids embedded in 

hydrogels of different elastic modulus and assessed for which populations showed a 

preference under the different conditions. These experiments need further development 

and fine tuning, but it can be appreciated that the results obtained from the initial 

experiments done show the potential of this research model to begin to investigate how 

different GBM subtype-derived cells interact in the TME in a highly customizable in 

vitro platform. It can be seen from figure17 and Table 4 that the cells; U373, 

U87EGFRviii, and A172 that have a predilection for stiffer hydrogels as shown by our 

prior experiments and seem to dominate the spheroids placed in S3 hydrogels. U87 is 

predominantly seen in higher numbers in S1 hydrogels whereas A172 seems to present in 

significant numbers in all the conditions. This work provides some preliminary data into 

how to build more physiologically relevant models that can give an insight into tumor 

evolution. Importantly, the dominating cell line changes at different time points in 

hydrogels of the different elastic modulus. This feature of cells with different mutation 

dominating the tumor at different time points during tumor progression is known as 

spatiotemporal tumor evolution, and has been reported in glioblastoma.
67

 

 

Conclusion and Future Scope: 

The data presented indicates that our 3D multi-cell type GBM model may serve as 

a platform with high utility in drug testing, and potentially for personalized precision 

medicine applications. One of our future goals is to improve this 3D system with the 

addition of more cell types like endothelial cells and immune cells. We intend to recreate 

the migration of cancer cells along endothelial tubes in the 3D TME and continue to 

investigate the mechanisms involved in the cellular sensing of the physical TME. We are 

also working on adding a blood brain barrier feature to the system by bio fabrication – 



perhaps by bioprinting – layers of endothelial cells, pericytes, and astrocytes in 

hydrogels. 

 Glioblastoma as a tumor has been notoriously known to undergo spatiotemporal 

oncogenic evolution, thus driving the tumors’ proliferation and invasive capabilities. As 

patient treatment progresses, a subpopulation of treatment-resistant cells in the tumor 

typically undergo mutation and selection. This is considered to be the primary reason for 

universal recurrence in GBM cases, even after the most aggressive therapeutic regimens. 

If we can create cancer organoids resembling the specific disease profile of a patient 

before treatment, perhaps using their own cells, then we could conduct drug studies in our 

model to predict what kind of evolution might take place and determine which 

therapeutic agent would be most effective. This would go a long way in improving the 

chemotherapy planning in clinical cancer management. 

Even though GBM rarely metastasizes outside the brain due to a lack of 

dependence on the intravascular or lymphatic routes often employed in other tumors, it is 

a highly invasive tumor with an incredibly high infiltration capacity in the brain. There is 

not a lot known about the evolutionary processes driving such infiltration of the tumor 

cells in the brain.
68

 Our model could be very useful to recreate the environment for such 

invasion, facilitating working out the cause of such invasiveness seen in GBM.  

While we demonstrate two primary applications using these GBM models – 1) 

Studying the interplay of genetic profiles and the physical tumor microenvironment and 

2) creating multi-subtype organoids for drug screening, there are many other relevant 

questions we can ask and applications that can be targeted using this model platform. We 

hope that with continuing research and development, our model can become a very 

valuable tool in the diagnostics and treatment planning of glioblastoma.  

 

 

 

 



Chapter 4: 

Abbreviations  

2D- Two dimensional 

3D- 3 dimensional 

 ATCC- American Type Culture Collection 

CDKN2A -Cyclin Dependent Kinase Inhibitor 2A 

DMEM- Dulbecco's Modified Eagles Medium 

EGFR- Epidermal growth factor receptor 

FAK- Focal Adhesion Kinase 

GBM- glioblastoma 

HCL- Hydrochloric acid  

IDH- Isocitrate Dehydrogenase 

Pa- Pascals 

PBS- Phosphate buffered saline 

PBST – Phosphate buffered saline with Tween 

PDGFRA- Platelet Derived Groth Factor Receptor 

PEG- Polyethylene Glycol 

PEGSSDA- Disulfide-containing polyethylene glycol diacrylate 

PI- photoinitiator 

PTEN- Phosphatase and Tensin analog 



MTS- (3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium 

NF1- Neurofibromatosis 

NAC- N-acetyl-L- cysteine 

OD- Optical Density 

TP 53- Tumor Protein 53 
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