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ABSTRACT

THE EFFECT OF SERUM DEPRIVATION AND SIMULATED HYPOXIA ON
CLONAL INTERACTIONS IN U87MG GLIOBLASTOMA CELLS
Sreshta Shyam Krishna
George Mason University, 2018
Thesis Director: Dr. Claudius Mueller

Clonal heterogeneity in tumors is a critical problem, because it leads to increased
metastasis and treatment resistance. In order to better understand the role of tumor
heterogeneity in cancer malignancy, we developed a cell culture model to study
morphological changes that occur in two clones of the widely studied U87MG
glioblastoma cell line, C11 and E8, when grown separately versus when grown together.
When cultured alone, E8 cells show a moderate amount of clustering at full confluency
while C11 cells cluster very little. However, when grown together, C11 and E8 cells form
tight, spheroid-like clusters. Removing FBS, which is normally part of the growing
medium for these cells, for two hours at the time of cell seeding ("serum shock") resulted
in cell scattering and growth in an even monolayer. This phenotypical change was
permanent, with no cell clustering resumed for one week. To quantify this change in cell
clustering observation, we developed a novel method using Trainable Weka
Segmentation and ImageJ. This cluster analysis confirmed that both, C11 and E8 cells,
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cluster more in mixed culture than when alone (p < 0.0001) and serum shocking caused a
significant reduction in cell clustering in both clones when grown alone and when in
mixed culture (p < 0.0001). Migration assays revealed that clonal interaction during cell
migration, which normally leads to an inhibition of E8 cells by C11, was reduced due to
serum shock induced cell scattering. Reverse Phase Protein Array (RPPA) analysis
showed that PKCd T505, a downstream effector of the c-Met signaling pathway,
increased in mixed culture after serum shocking. Serum fractionation and mass
spectrometry lead to the identification of Apolipoprotein H (ApoH) as the component of
FBS that caused cell clustering. We verified that treating the clones with ApoH restored
clonal clustering and migration patterns to their normal levels. We discovered that
phosphorylation of five c-Met effectors, namely, STAT3 T505, FAK Y576/577, PKCd
T505, mTOR Ser2448 and Ezrin T567, were similar in mixed culture, when grown with
FBS and ApoH, but reduced in mixed culture after serum shock. We also examined the
effect of hypoxia on clonal interactions by simulating hypoxia using cobalt chloride
hexahydrate (CoCl2). We found that chemically induced hypoxia caused E8 cells that
were grown alone, to cluster more and migrate less than C11 cells that were grown alone.
In contrast to how they behave in normal conditions, E8 migration was less inhibited
when co-cultured with C11 cells. RPPA analysis also suggests that E8 cells increased Ecadherin dependent cell adhesion after CoCl2 induced hypoxia, which may have activated
pro-survival signaling pathways via GAB1 Y627 phosphorylation. In conclusion, our
findings highlight the complex nature of interactions between tumor clones and
demonstrate the impact the microenvironment can have on these interactions.
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CHAPTER ONE

INTRODUCTION
The distinctive physiology of solid tumors and the mechanisms they employ to
evade cytotoxic chemotherapy or increase their invasive properties have been well
documented [1][2][3]. Solid tumors have two main components: the parenchyma
(neoplastic cells which make up the bulk of the tumor) and the stroma (which comprises
of the various nerves, blood vessels, ducts and connective tissue that support the
parenchyma). Together, these components make up the unique tumor microenvironment
(TME) [4].
Malignant cells that make up a solid tumor can only grow unchecked if they use
tumor-host cell interactions to produce the stroma required for nutritional and structural
support [5]. The abnormal cell growth that triggers tumor formation depends on
vascularization, as poorly vascularized or avascular tumors do not grow beyond 1-2 mm
[6]. Malignant tumors are able to recruit host blood vessels and induce the formation of
new blood vessels, called angiogenesis, through production of various growth factors like
Vascular Endothelial Growth Factor (VEGF) and basic Fibroblast Growth Factor (bFGF)
[7][8][6].
Despite this recruitment of host blood vessels, neoplastic cell proliferation occurs
at a higher rate compared to formation of the new blood vessels required for tumor
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growth. This leads to a disruption in the steady supply of oxygen, growth factors and
other necessary nutrients, which causes necrotic and apoptotic events to occur within the
core of the solid tumor [5].
Another important aspect of tumor physiology is tumor heterogeneity.
Heterogeneity in cancers involves a tumor being composed of cells with different
molecular characteristics which produce varied levels of proliferation, invasiveness, or
drug resistance [9]. There are two processes that explain why heterogeneity occurs in
tumors. The first process involves the inherently unstable genomes of cancer cells.
Constant genetic shifts lead to clonal diversity, which causes the odds of survival of
certain clones to increase. The second process is driven by environmental stresses like
nutrient deprivation and hypoxia that occur due to abnormal angiogenesis, cytotoxicity
caused by chemotherapy drugs, reactive oxygen species (ROS), or immune responses.
These factors provide strong selective pressures that drive certain molecular changes,
which in turn ensures that the “resilient” tumor cell adapts, survives and replicates
[3][10].
Hypoxia and the physiological changes induced by oxygen deprivation have also
been studied. They have been implicated in cancer survival, tumor heterogeneity and
metastasis in various publications [11][12][13]. The main pathway activated when cells
are deprived of oxygen is the Hypoxia-Inducible Factor 1 (HIF-1) pathway. When
hypoxic conditions arise, HIF-1 binds to hypoxia response elements (HREs) and activate
the expression of various genes to ensure cell survival.
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For the purposes of studying tumor heterogeneity and TME influence, we have
chosen to examine glioblastoma multiforme (GBM), the most common and pervasive
form of malignant brain tumors. GBMs have genetic alterations in tumor protein p53
pathways, receptor tyrosine kinase (RTK) signaling pathways, epidermal growth factor
receptors (EGFR), cell-cycle checkpoints, and apoptosis pathways, all of which allows
them to grow unchecked and become extremely resilient [14].

Another important

characteristic of GBM is the excessive VEGF production that causes the rapid formation
of faulty and porous blood vessels. This results in the development of necrotic cores
which promote metastasis and invasion [15][16]. Due to the harsh nature of its tumor
microenvironment, GBM tumors also happen to be extremely heterogeneous in their
composition, which has been attributed to poor prognosis and treatment failures.
Genomics and transcriptomics reveal different subtypes of GBM within the same tumor
[17][18]. Although hypoxia and its role in increasing GBM migration has been studied in
vitro [19], nutrient deprivation and its effect on tumor heterogeneity has not been widely
researched.
Two clones of the U87MG glioblastoma cell line (C11, a slowly proliferating
clone and E8, a rapidly proliferating clone) were chosen in order to study clonal
cooperation in solid tumors. E8 cells cluster together with C11 cells in mixed culture.
When cultured alone C11 cells cluster very little, even at full confluence, while E8 cells
show a moderate amount of clustering. However, co-culturing the clones cause E8 cells
to increase their clustering drastically, while C11 cells display a small increase in
clustering.
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Cell clustering of C11 and E8 cells when grown alone, or in mixed culture, is
dependent on the presence of 10% fetal bovine serum (FBS) for the first two hours post
seeding. “Serum-shocking” the cells by seeding them in the absence of FBS for two
hours, causes the cells to scatter and grow in an even layer, even when in mixed culture.
If FBS is not present within the first two hours of seeding, clustering never recovers, even
over the course of 6 days.
There have been a few publications that discuss the implications of cell clustering
and scattering. Packing density of tumor cells has affected the penetration of anticancer
drugs [20]. It has also been shown that overcoming cell-adhesion mediated drug
resistance or CAM-DR is required in order for anticancer agents to have a significant
impact [21]. Cell-cell adhesion was also implicated in the proper functioning of
Multidrug Resistance Protein 1 (MDR1) in colorectal cancer. Knockdown of E-cadherin,
a vital cell adhesion molecule, resulted in a decrease of MDR1 levels in 3D cultures [22].
Cell scattering due to serum deprivation may be a response by tumor cells to upregulate mechanisms that aid in migration in order to escape a harsher environment. The
cell-scattering response in T24 bladder carcinoma cells induced by Protein kinase Cδ
(PKCδ) was reported to be in response to increased levels of intracellular reactive oxygen
species [23]. Previous work done by the authors also note the ability of Protein kinase Cδ
(PKCδ) to suppress the function of E-cadherin [24]. Hypoxia has also been shown to
induce cell scattering and increased motility in A549 lung adenocarcinoma cell line by
the activation of EGFR [25].
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c-Met or hepatocyte growth factor receptor (HGFR), a cell surface receptor and
its ligand, hepatocyte growth/scatter factor (HGF/SF) have been implicated in survival,
proliferation and invasion of several cancers [26]. HGF/SF is a paracrine growth/motility
factor that is secreted by mesenchymal cells and acts on epithelial cells. Several studies
have detailed the scattering effect that HGF/SF has on tumor cells [27][28][29][30].
In this study, we describe a method of quantifying C11/E8 clustering, as well as
the effect of cell clustering and scattering on growth rate, migration and chemotherapy
treatment response. We identified the component of FBS responsible for clustering. We
also performed a proteomic analysis using reverse phase protein arrays (RPPAs) to screen
C11 and E8 cells that were grown alone, in co-culture, with serum, and after serum
shock, for the activation of downstream effectors of c-Met that are responsible for tumor
cell migration and scattering. Finally we simulated hypoxia in vitro via treatment with
cobalt chloride hexahydrate (CoCl2), a known chemical inducer of hypoxia-inducible
factor 1-alpha (HIF1α) in order to determine the effect of hypoxia on C11 and E8
clustering, growth rate and migration. Finally, we did an RPPA analysis to confirm
phosphorylation of HIF1a and its downstream effectors.
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CHAPTER TWO

Materials and Methods
C11 cells that were stably transfected with Green Fluorescent Protein (GFP), E8 cells that
were stably transfected with Red Fluorescent Protein (RFP), and all other required
materials were provided by Dr. Claudius Mueller (Center for Applied Proteomics and
Molecular Medicine, George Mason University, Manassas, Virginia, USA).

Cell culture: C11 and E8 clones were cultured in Gibco™ Minimal Essential Media
(MEM) and 10% Gibco™ fetal bovine serum (FBS) at 37 degrees Celsius in 5% CO2.

Clustering Experiments: 13 uL of FBS and 17 uL of MEM were added to the first 5
columns of a 96-well plate. The outer wells were loaded with phosphate buffer saline
(PBS) to prevent evaporation. The other five columns were left without serum. Stocks of
C11 and E8 cells were made up in MEM without FBS at the appropriate seeding density
(High seed, alone – 2500 cells/well, Low seed, alone – 1250 cells/well, Mix – 1250 cells
each/well). Pictures of the wells were taken to obtain a cell count at time zero (T0) after
seeding. Cells seeded without serum were serum shocked for two hours. Post serum
shock, cells received 11 uL of FBS. Pictures of the clusters were taken on Day 6 in order
to perform cluster analysis.
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Cluster Analysis: All analysis was done using Trainable Weka Segmentation (Version
3.2.27), a Fiji plugin that can be used on the National Institutes of Health (NIH) imaging
software, ImageJ [31][32]. Images were segmented using the plugin according to three
characteristics: clustered cells, scattered cells and background. The %Clustered values for
each image was calculated after clustered cell area, total cell area and background area
were measured using Threshold selection on ImageJ. It was determined that %Clustered
= (clustered cell area / total cell area x 100) x (background area / total picture area x 100).

Serum shock growth rate experiment: C11 and E8 cells were seeded into a 96-well
plate at high (2500 cells/well) and low (1250 cells/well) seeding densities when alone and
in mixed culture (1250 cells each/well). They were given FBS at seeding or serum
shocked for two hours. They were then allowed to grow for six days before
trypsinization. Pictures of the cells were taken in order to obtain a final cell count and
calculate growth rate.

The effect of clustering on chemotherapy: C11 and E8 cells were seeded into a 96-well
plate at high (2500 cells/well) and low (1250 cells/well) seeding densities when alone and
in mixed culture (1250 cells each/well). They were given FBS at seeding or serum
shocked for two hours. Pictures were taken to obtain cell count at T0. The cells were
treated with cisplatin (100 uM), docetaxel (100 uM), temozolamide (500 uM) and
vorinostat (50 uM), and the appropriate dimethyl sulfoxide (DMSO) vehicle controls
three days after seeding. Cells were trypsinized and counted on Day 6.
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Migration assays C11 and E8 cells were seeded into a 96-well plate at high (2500
cells/well) and low (1250 cells/well) seeding densities when alone and in mixed culture
(1250 cells each/well). They were given FBS at seeding or serum shocked for two hours.
Scratch assay: On Day 6, cells were scratched with a 20-200 uL pipette tip.
Pictures of the scratch were taken at T0 and at four hours.
Spheroid assay: The cells were seeded into a 96-well plate that contained 65 uL
of 1.5% agarose in MEM. Spheroids were allowed to form. On Day 4, the
spheroids were transplanted onto a new 96-well plate and allowed to adhere.
Pictures of the spheroids were taken at T0 and three days after transplantation.

ApoH clustering experiment: C11 and E8 cells were seeded into two 96-well plates at
high (2500 cells/well) and low (1250 cells/well) seeding densities when alone and in
mixed culture (1250 cells each/well). The cells were given FBS at seeding, ApoH (1
ug/well) (Abcam Inc.) at seeding or serum shocked for two hours. Pictures of the clusters
were taken on Day 6 in order to perform cluster analysis.

ApoH scratch assay: C11 and E8 cells were seeded into two 96-well plates at high
(2500 cells/well) and low (1250 cells/well) seeding densities when alone and in mixed
culture (1250 cells each/well). The cells were given FBS at seeding, ApoH at seeding or
serum shocked for two hours. On Day 6, cells were scratched with a 20-200 uL pipette
tip. Pictures of the scratch were taken at T0 and at four hours.
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CoCl2 toxicity assay: The outer wells of a 96-well plate were loaded with PBS to
prevent evaporation. C11 cells were seeded to the first five columns and E8 cells were
seeded into the last five columns at 1250 cells/well. 25 mM CoCl2 stock was made up in
sterile water. The cells were treated with 50 uM, 100 uM, 200 uM and 250 uM CoCl2
(Sigma-Aldrich Inc.), three days after seeding. The cells were trypsized and counted on
Day 6, to calculate growth rate. This experiment was also done in 24-well plates at 10000
cells/well in order to obtain protein lysates for confirmation of HIF1a activation.

CoCl2 growth rate: C11 and E8 cells were seeded into a 96-well plate at high (2500
cells/well) and low (1250 cells/well) seeding densities when alone and in mixed culture
(1250 cells each/well). The cells were treated on Day 3 with 200 uM CoCl2. The cells
were trypsized and counted on Day 6, to calculate growth rate.

CoCl2 spheroid assay: C11 and E8 cells were seeded into a 96-well plate, that contained
65 uL of 1.5% agarose in MEM, at high (2500 cells/well) and low (1250 cells/well)
seeding densities when alone and in mixed culture (1250 cells each/well). Spheroids were
allowed to form. On Day 4, the spheroids were transplanted onto a new 96-well plate that
contained fresh media with sterile water (vehicle control) and the 200 uM CoCl2
treatment. Pictures of the spheroids were taken at T0 and three days after transplantation.
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Reverse Phase Protein Array (RPPA) analysis: Lysates from an ApoH clustering
experiment (96-well plate) and lysates from a CoCl2 toxicity assay (24-well plate) were
printed on nitrocellulose slides for an RPPA analysis in order to probe for proteins of
interest that indicated the activation of c-Met and HIF1a signaling, respectively (Table 1).
The cells were lysed with extraction buffer (45% TPER® Tissue Protein Extraction
Reagent, 45% Tris-Glycine SDS and 10% Bond-Breaker® TCEP Solution). Lysates were
boiled at 95 degrees Celsius and stored at -20 degrees Celsius.

Data analysis: All data analysis was done using GraphPad Prism 5© and R statistical
software.
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CHAPTER THREE

RESULTS
Serum shocking C11 and E8 clones for two hours causes the cells to scatter
C11 and E8 cells were seeded alone at a high seeding density of 2500 cells (2.5K)
and a low seeding density of 1250 cells (1.25K). They were co-cultured at 1.25K each of
the C11 and E8 clones for a total of 2.5K cells. The 1.25K “alone” group for each clone
serves as a control for the 1.25K cells of that clone that make up the mixed culture while
the 2.5K high seeding density serves as a control for the total number of cells that make
up the mixed culture.
The following images show the morphological differences of cells that were given
serum at seeding (FBS group) versus cells that were starved of serum for two hours or
“serum shocked” (H2O group). Both C11 (green) and E8 (red) when cultured alone in the
FBS group, do not cluster (Figure 1A and 1C, left). When they are co-cultured, we see
the formation of spheroid-like clusters in both clones (Figure 1B and 1D, left). In the H2O
group, when C11 cells are in mixed culture, they scatter evenly (Figure 1B, right) while
E8 cells cluster slightly (Figure 1D, right), however, not as much as the mixed clones in
the FBS group (Figure 1B and 1D, left). Cell clustering does not recover after FBS is
added after the 2 hour serum shocking, even after 6 days (Figure 1B and 1D, right).
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A.

B.

C.

D.

Figure 1. C11/E8 clustering caused by FBS when alone and in mixed culture (Day 6). C11,
alone, with FBS (1A, left) and serum shocked (1A, right). C11, mixed with E8, with FBS (1B,
left) and serum shocked (1B, right). E8, alone, with FBS (1C, left) and serum shocked (1C, right).
E8, mixed with C11, with FBS (1D, left) and serum shocked (1D, right).
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Quantifying the clustering effect of FBS on C11 and E8 clones
Initially, after clustering experiments, we classified the images of clustered and
scattered cells qualitatively by assigning values based on how clustered we believed the
cells were. However, this approach was not ideal when a large number of images needed
to by analyzed or when there were cases where more subtle differences in the degree of
clustering needed to be properly distinguished. Cell scattering is usually measured by
calculating the distance between detached cells and the colony, which involves measuring
the distance between individual scattered cells [33]. However we found that there is
currently no method available to measure and differentiate between clustering that occurs
when a single subclone of a cell line aggregates differently based on the presence of the
another (Figure 1). So, in order to consistently quantify the clustering effect of FBS on
C11 and E8 clones, we created a unique method of cluster analysis using Trainable Weka
Segmentation, a plugin that is part of ImageJ – an NIH software application.
The plugin was originally designed to mark and color areas of interest in electron
microscopy images. It employs a machine-learning algorithm to separate a picture into
segments based on pixel composition [31]. We chose to repurpose this plugin by
measuring the areas of interest once the images have been segmented, and creating a new
formula to calculate amount of clustering in each picture.
When a picture is loaded onto the plugin (Figure 2A), it allows for tracing areas of
interest and adding the traces to classes (Figure 2B). For segmenting our images, we
created three classes: cluster, scatter and background. We traced areas that qualify as
clusters, areas that qualified as scattered cells and areas that were the black background

13

and added them to the appropriate class. Once at least three traces for each class were
done at a variety of locations on the picture, the “Train Classifier” option was selected.
This segmented the image based on the traces (Figure 2B) to create a classifier. This
classifier can then be saved and applied to many images as part of the machine-learning
capabilities of this plugin.
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A.

B.

Figure 2. The Trainable Weka Segmentation ImageJ Plugin. Example image loaded onto the
plugin (2A). Classifier segmented according to the cluster (red), scatter (green) and background
(purple) classes. The traces drawn on the areas that fit the three classes are displayed in the same
colors (2B).
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We chose C11 and E8 cells grown in mixed culture in normal 10% FBS
conditions as the classifier images, because they clustered the most. Two separate
classifiers were saved for C11 and E8. Once saved, a classifier was loaded and applied to
all pictures taken of that particular clone. After the classifier is applied, the images are
segmented based on how the classifier was trained to recognize clustered cells (red),
scattered cells (green) and background (purple) (Figure 3).
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A.

B.

C.

D.

Figure 3. Images segmented by the Trainable Weka Segmentation plugin. Clustered cells
(red), scattered cells (green), and background (purple). C11 high seed (3A, left and right), E8 high
seed (3B, left and right), C11 mix (3C, left and right), E8 mix (3D, left and right).
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For quantifying the amount of clustering that occurs with each clone, we first
obtained the area of the clustered cells (red), total cell area, and background area once the
images were segmented. This was done using Threshold selection in ImageJ. The
following calculations were done to measure the amount of clustering in each image:

(Area of Clustered Cells / Total Cell Area) X 100 à To calculate %Clustered
(Background Area / Total Picture Area) x 100 à To calculate %Background
%Clustered x %Background à To calculate Corrected %Clustered

We chose to correct the %Clustered value by compensating for the amount of
background in each picture. This was because there were instances where computing the
%Clustered value by just dividing the area of clustered cells by the total cell area implied
that E8 cells when grown alone at a high seeding density (Figure 1B) cluster
approximately as much as E8 cells in mixed culture (Figure 1D). This is demonstrably
untrue.
Therefore, calculating the %Clustered value by dividing area of clustered cells by
total cell area fails to account for instances where two images have the same amount of
brightly colored clusters but different amounts of background space due to varying levels
of proximity between cells. We found that correcting %Clustered value with the amount
of background space in the picture is more representative of what is perceived by the
human eye. Using this formula, we were able to quantify what we observe qualitatively in
Figure 1 (Figure 4).

18

Figure 4. Cluster analysis of C11 and E8 cells when grown alone and in mixed culture. The
cells were given FBS at seeding and serum shocked (H2O) for 2 hours post seeding. Statistically
significant comparisons are marked with identical lowercase letters.

As observed in Figure 1, we can confirm that both C11 and E8 cells in mixed
culture, cluster more in the FBS group than the H2O (p < 0.0001) (Figure 4, a, b). They
also cluster more in mixed culture, when given FBS, than they do when they are alone (p
< 0.0001) (Figure 4, c, d). In the FBS group, C11 and E8 cells also cluster more when
mixed than when they are alone at a higher seeding density (p < 0.0001) (Figure 4, e, f).
When seeding alone at a higher density with FBS, E8 cells cluster more than C11 (p <
0.0001) (Figure 4, m). Finally, whether alone or in mixed culture, both clones cluster less
in the H2O group than the FBS group, at high and low seeding densities (p < 0.05)
(Figure 4, g, h, i, j, k, l).
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Serum shocking does not affect C11 and E8 growth rate when grown alone or in
mixed culture
We found no significant differences in the growth rates of C11 and E8 cells when
they were grown alone or in mixed culture when comparing the FBS and H2O groups
(Figure 5).

Serum shocking does not affect C11 and E8 growth rate or chemotherapy treatment
response
To determine if cell clustering offers protection against cytotoxic agents and if the
cell scattering induced by serum shocking removes that protection, we set up a serum
shock experiment and treated the clones with 4 different chemotherapy drugs (Figure 6).
We chose cisplatin, docetaxel, temozolomide and vorinostat to ensure that we
exposed the cells to a broad spectrum of drugs with unique mechanisms of action.
Cisplatin works by binding to guanine and causing damage by crosslinking DNA.
Apoptosis occurs when the DNA becomes irreparable [34]. Docetaxel enables cell death
by stabilizing microtubule assembly, which leads microtubule accumulation and lack of
free tubulin for mitotic spindle assembly. This leads to inhibition of cell division and
apoptosis due to microtube accumulation [35]. Temozolomide, a first line treatment for
GBM, causes DNA damage by methylation and leads to apoptosis [36]. Vorinostat
inhibits gene expression by interfering with histone deacetylases [37].
We found that serum shocking did not increase the efficiency of cisplatin and
docetaxel in C11 and E8 cells, when grown alone or in mixed culture (Figure 6A and
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6B). However, a possible limiting factor was that the level of cytotoxicity seen at the
chosen concentration for cisplatin and docetaxel (100 uM) was not very pronounced. We
found that C11 and E8 cell lines were resistant to temozolomide and did not respond to
drug even after increasing the concentration of drug to 500 uM. Any effect seen in Figure
6C is due to high levels of DMSO that was used as the vehicle. Vorinostat was highly
cytotoxic, however, there were no differences in the growth rate of clones, when
comparing the FBS and H2O groups (Figure 6D).

Figure 5. Serum shock (H2O) growth rate experiment. C11 and E8 cells were seeded with
FBS or serum shocked for 2 hours at seeding. They were counted at T0 and on Day 6 to measure
growth rate.
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C.

D.

Figure 6. The effect of clustering on chemotherapy efficiency. C11 and E8 cells, when alone
and in mixed culture, were treated with 100 uM cisplatin (6A), 100 uM docetaxel (6B), 500 uM
temozolomide (6C) and 50 uM vorinostat (6D), three days after they were given FBS or serum
shocked (H2O) at seeding.
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Serum shocking causes E8 cells to increase their migration rate in 2D mixed culture
Since we were unable to prove that clustering provides protection against the
cytotoxic effects of chemotherapy agents, we attempted to determine if the scattering
effect induced by serum shocking increased the migratory capabilities of C11 and E8
cells when the cells were grown together. We chose to investigate this with two different
migration assays: a two-dimensional scratch assay (Figure 7) and a three-dimensional
spheroid assay (Figure 8).

A.

B.

Figure 7. Scratch assay images. C11 scratched at T0 (7A left) and 4 hours (7A right). E8
scratched at T0 (7B left) and 4 hours (7B right).
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A.

B.

C.

D.

Figure 8. Spheroid assay images. Spheroids were grown in normal conditions (10% FBS at
seeding). Pictures were taken at T0 (left) and Day 3 (right) of C11 alone (8A, left and right), E8
alone (8B, left and right), C11 mixed with E8 (8C left and right) and E8 mixed with C11 (8D left
and right).
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In the spheroid assay, when given FBS, E8 cells cover more area after leaving the
spheroid than C11 cells when cultured alone (p < 0.05) (Figure 9A). When the clones are
co-cultured, C11 cells cover the same amount of area as when they are alone (p =
0.1750), however, E8 cells reduce their migration rate considerably (p < 0.0001) (Figure
7D and 9A). These findings are corroborated by previous research done by our group.
Serum shocking did not change this pattern of migration in mixed culture (Figure 9A).
In the scratch assay, when C11 and E8 cells were grown alone and in mixed
culture in normal conditions, prior experiments by our group indicated a similar trend to
the spheroid assay, E8 cells moving slower in mixed culture. Although we did not find
significant differences when comparing the alone and mixed groups grown in FBS, the
data shows C11 migration rate trending upwards (p = 0.0606) and E8 trending
downwards (p = 0.0716), respectively (Figure 9B). However, we can see a different
pattern emerge in the H2O groups. When serum shocked, C11 migration rate does not
change in mixed culture (p < 0.0001) but E8 cells move faster (p < 0.05) (Figure 9B).
This is a significant shift from how these cells behave in the spheroid assay.
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A.

B.

Figure 9. Migration assays. C11 and E8 cells, when alone and in mixed culture, were seeded in
96-well plates for the 3D spheroid assay (9A) and the 2D scratch assay (9B) with FBS or serum
shocked (H2O) at seeding. Significant values denoted by *
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Apolipoprotein H is the component of FBS responsible for cell clustering
To explain the morphological shift that occurs when the clones are starved of
FBS, we tried to determine exactly what component of FBS was responsible for cell
clustering. Our group conducted serum fractionation experiments and used mass
spectrometry to narrow down the source of clustering as Apolipoprotein H (ApoH). To
confirm that ApoH was the cause of cell clustering we set up a clustering experiment
with C11 and E8 cells seeded in alone and mixed culture in three conditions: with serum,
with ApoH and serum shocked (H2O). The ApoH and H2O groups were only given serum
2 hours after seeding.
Using our cluster analysis method, we were able to confirm that ApoH can restore
C11/E8 clustering ability (Figure 10 and 11A). C11 when co-cultured with E8, clustered
more in the FBS group than ApoH (p < 0.05) (Figure 11A, e). However, both FBS and
ApoH groups, clustered significantly more than the H2O group (p < 0.05) (Figure 11A, c,
d). E8, when co-cultured with C11, clustered significantly more in both FBS and ApoH
groups than the H2O group (p < 0.05) (Figure 11A, a, b). There were no differences in
clustering in E8 cells in mixed culture when comparing the FBS and ApoH groups (p =
0.2101) (Figure 11A). In the FBS, H2O and ApoH groups, E8 cells in mixed culture
clustered more than E8 cells grown alone (p < 0.05) (Figure 11A, f, g, h). E8 in mixed
culture, clustered more than E8 cells that were seeded alone at a higher density in the
FBS group (p < 0.05) (Figure 11A, i). However, in the ApoH group, E8 cells at a higher
density clustered more than E8 cells in mixed culture (p < 0.05) (Figure 11A, j).
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A.

B.

C.

Figure 10. Images of C11/E8 clusters in mixed culture (FBS vs. ApoH vs. H2O). Taken on
Day 6. C11 mixed (left) and E8 mixed (right), with FBS (10A), with ApoH (10B), and serum
shocked (H2O) (10C).
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A.

B.

Figure 11. Cluster analysis and scratch assay (FBS vs. ApoH vs. H2O). A Cluster analysis
(11A) and scratch assay (11B) was performed on C11 and E8 cells grown alone and in mixed
culture, grown with serum, with ApoH and serum shocked (H2O) at seeding. Statistically
significant comparisons are marked with identical lowercase letters.
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Next, we tested the ability of ApoH to restore C11 and E8 cells to the same
migration pattern they follow when they are cultured together with FBS. In FBS, C11
cells increased their migration rate in mixed culture (p < 0.0001) (Figure 11B, a) and E8
cells decreased their migration rate (p < 0.0001) (Figure 11B, b). When serum shocked,
C11 cells did not increase their migration rate (p = 0.1244) in mixed culture (Figure 11B)
and E8 migration did not increase significantly in mixed culture. However, E8 migration
did not decrease as it in the FBS group (Figure 11B). When replacing FBS with ApoH,
C11 cells did not increase their migration rate in mixed culture, while E8 cells decreased
their migration rate (p < 0.05) (Figure 11B, c). There was no significant difference in
migration when comparing C11 in mixed culture, in the FBS, ApoH and H2O groups.
Finally, comparing all three conditions for E8 cells in mixed culture revealed that they
migrated more in the H2O group than both FBS (p < 0.05) (Figure 11B, d) and ApoH
groups (p < 0.05) (Figure 11B, e). There was also no significant difference in migration
when comparing the FBS and ApoH groups (p = 0.7468) (Figure 11B).

Reverse phase protein array (RPPA) analysis reveals STAT3 Y705 phosphorylation
decreases in the mixed culture after serum shocking while PKCd T505
phosphorylation increases
We lysed C11 and E8 cells that were grown alone and in mixed culture, and
screened for a change in phosphorylation of 30 proteins of interest (Table 1) using a high
throughput signal protein analysis with RPPAs. In the FBS group, when comparing C11
and E8 cells grown alone with the mixed culture, signal transducer and activator of
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transcription 3 (STAT3 Y705) phosphorylation increases (p < 0.05) (Table 2) (Figure
12A, a, d). However, in the H2O group, STAT3 Y705 phosphorylation does not increase
when comparing C11 cells grown alone with the mixed culture (p = 0.7922) (Table 2)
(Figure 12A), and decreases when comparing E8 grown alone with the mixed culture (p <
0.05) (Table 2) (Figure 12A, f). STAT3 Y705 phosphorylation in the FBS group was not
significantly higher in C11 grown alone versus E8 grown alone, at the low seeding
densities (p = 0.3290) (Table 2) (Figure 12A). However, in FBS, C11 cells at a higher
seeding density, had more STAT3 Y705 phosphorylation than E8 at a higher seeding
density (p < 0.05) (Figure 12A, i). This is consistent with prior findings by our group that
indicate that C11 cells have a higher level of STAT3 Y705 than E8 cells in normal
conditions. Protein kinase C delta T505 (PKCd T505) was the only endpoint that
increased in mixed culture after serum shocking, when compared to both C11 and E8
cells grown alone (p < 0.05) (Table 2) (Figure 12C, c, f).

RPPA analysis reveals STAT3 Y705, FAK Y576/577, PKCd T505, mTOR Ser2448,
and Ezrin T567 phosphorylation in mixed culture, decreases after serum shocking
and is restored by ApoH
After incubation with ApoH during seeding, followed by growth for 6 days, we
lysed C11 and E8 cells that were grown alone and in mixed culture, and screened for a
change in phosphorylation of 30 proteins of interest (Table 1). The analysis revealed that
the phosphorylation of several downstream effectors of c-Met or hepatocyte
growth/scatter factor receptor, namely STAT3 Y705, focal adhesion kinase Y576/577
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(FAK Y576/577), PKCd T505, Target of rapamycin Ser2448 (mTOR Ser2448) and Ezrin
T567, were affected significantly by serum shocking (Figure 12) (Table 2).
When comparing the mixed culture versus C11 cells that were grown alone in the
FBS group, STAT3 Y705, FAK Y576/577, PKCd T505, mTOR Ser2448 and Ezrin T567
phosphorylation was increased (p < 0.05) (Figure 12A, 12B, 12C, 12D and 12E, a). The
same was true when comparing the mixed culture with E8 cells grown alone in the FBS
group (p < 0.05) (Figure 12A, 12B, 12C, 12D and 12E, d). After treatment with ApoH,
all five endpoints indicated increased phosphorylation in the mixed culture versus E8
grown alone (p < 0.05) (Figure 12A, 12B, 12C, 12D and 12E, e). Finally, in the mixed
culture, all five endpoints showed a decrease in phosphorylation in the H2O group versus
the FBS (p < 0.05) (Figure 12A, 12B, 12C, 12D and 12E, g). The same was true when
comparing the H2O and the ApoH groups (p < 0.05) (Figure 12A, 12B, 12C, 12D and
12E, h). All endpoints showed no significant changes when comparing FBS versus ApoH
groups in mixed culture (Figure 12).
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Table 1. List of RPPA endpoints used to stain lysates of C11 and E8 cells
Endpoint ID
Description
AKT Ser473
Axl Y702
Beta-catenin S33/37 T41
Cofilin Ser3
E-cadherin
EGFR Y1068
ERK T202 Y204
Ezrin T567
FAK Y576 577
FGFR Y653/654
GAB1 Y627
Galectin3 D412R
Glucocorticoid receptor
Grb2
GRK2 BARK
Her2 Y1248
HIF1α
IGF1R X1135/36 IR
Y1150/51
LIMK1 T505 LIMK2
T508
Mek ½ Ser 217/221
Met Y1234/1235
mTOR Ser2448
N-cadherin
NF-KappaB Ser536
p38 T180 Y182
PDGFRa 754
PKCd T505
RPL13a
Src Y527
STAT3 Y705

Protein Kinase B
Axl receptor tyrosine kinase
Beta-catenin
Cofilin
E-cadherin
Epithelial Growth Factor Receptor
Extracellular signal-regulated Kinase
Ezrin
Focal Adhesion Kinase
Fibroblast Growth Factor Receptor
GRB2 Associated Binding protein 1
Galectin3
Glucocorticoid receptor
Growth Factor Receptor Bound protein 2
G protein-coupled Receptor Kinase 2 Beta-Adrenergic Receptor
Kinase
Human Epidermal growth factor Receptor 2
Hypoxia Inducible Factor alpha
Insulin-like Growth Factor 1 Receptor
LIM Kinase
Mitogen-activated protein kinase kinase
Tyrosine protein kinase Met or Hepatocyte Growth Factor
Receptor (HGFR)
Mammalian target of rapamycin
N-cadherin
Nuclear Factor KappaB
p38 mitogen activated protein kinase
Platelet Derived Growth Factor Receptor A
Protein Kinase C delta
60S ribosomal protein L13a
Proto oncogene tyrosine-protein kinase Src
Signal Transducer and Activator of Transcription 3
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E.

Figure 12. Phosphorylation of downstream effectors of c-Met. Levels of phosphorylated
STAT3 Y705 (12A), FAK Y576/577 (12B), PKCd T505 (12C), mTOR Ser2448 (12D) and Ezrin
T567 (12E), downstream effectors of c-Met, in C11 and E8 cells grown alone and in mixed
culture, with FBS, with ApoH and serum shocked (H2O). Statistically significant comparisons are
marked with identical lowercase letters.
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Table 2. Comparison of protein phosphorylation levels by culture and treatment group.
Significant p values are marked red.
Endpoints
Culture
Groups
STAT3
FAK
PKCd
mTOR
Ezrin
Y705
Y576/577
T505
Ser2448
T567
C11/E8 Mixed
FBS vs.
0.0021
0.0151
0.0411
0.0279
0.0056
H2O
C11/E8 Mixed ApoH vs.
0.0021
0.0259
0.0411
6.45 x 10-5 1.28 x 10-6
H2O
C11/E8 Mixed
FBS vs.
0.3095
0.3939
0.6991
0.0486
0.0001
ApoH
C11 alone vs
FBS vs.
0.0021
0.0151
0.0021
4.81 x 10-5
0.0046
C11/E8 mixed
FBS
C11 alone vs
ApoH vs.
0.6623
0.3290
0.1774
1.18 x 10-5 4.08 x 10-6
C11/E8 mixed
ApoH
C11 alone vs
H2O vs.
0.1320
0.3095
0.0411
0.0007
0.1923
C11/E8 mixed
H2O
E8 alone vs
FBS vs.
0.0043
0.0086
0.0086
0.0004
0.0209
C11/E8 mixed
FBS
E8 alone vs
ApoH vs.
0.0151
0.0086
0.0086
4.19 x 10-6 1.28 x 10-6
C11/E8 mixed
ApoH
E8 alone vs
H2O vs.
0.0173
0.2467
0.0173
0.1814
0.7193
C11/E8 mixed
H2O
C11 alone vs
FBS vs.
0.3290
1.000
0.1255
0.6725
0.6693
E8 alone
FBS
C11 alone vs
ApoH vs.
0.0303
0.2467
0.9307
0.9664
0.9577
E8 alone
ApoH
C11 alone vs
H2O vs.
0.7922
0.9307
0.0822
0.0489
0.1106
E8 alone
H2O
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Treatment with Cobalt (II) Chloride hexahydrate (CoCl2) successfully simulated
hypoxia in vitro
Once we established the effects of serum deprivation on clonal cooperation, we
chose to examine the effects of hypoxia on C11 and E8 interaction. This was done by
treating the clones with Cobalt (II) Chloride hexahydrate (CoCl2). CoCl2 is well known
for its ability to mimic hypoxia via induction of Hypoxia-Inducible Factor 1α (HIF-1α)
[38][39].
HIF1α phosphorylation steadily increased in both C11 and E8 cells as the dosage
of the compound increased (Figure 13A). The data shows that CoCl2 toxicity is
significantly higher than the control starting at the lowest concentration of the compound,
50 uM (Figure 13B). It has been previously reported that concentrations greater than or
equal to 250 uM CoCl2 caused high cell toxicity and decreased cell viability. The authors
chose to treat U87MG cells with 100 uM and 200 uM CoCl2 in their study [40].
Therefore, we chose to treat the cells with 200 uM CoCl2, because we wanted to expose
the cells to the highest level of chemically induced hypoxia that was tolerable to see how
clonal cooperation was impacted.
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A
.

B
.

Figure 13. Simulating hypoxia with treatment of Cobalt Chloride (CoCl2). HIF1α
phosphorylation levels from reverse phase protein array (RPPA) (13A). Toxicity assay with C11
and E8 cells grown alone, and treated with 50, 100, 200 and 250 uM CoCl2 (13B). Intensity
values significantly different from C11 ctrl is denoted by * and E8 ctrl by #.
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C11 and E8 cells grow better in mixed culture after CoCl2 induced hypoxia
After treatment with 200 uM CoCl2, both C11 and E8 cells grew better in mixed
culture than alone (p < 0.05) (Figure 14).

Figure 14. CoCl2 growth rate experiment. C11 and E8 cells grown alone, and in mixed culture,
treated with 200 uM CoCl2. Significant values denoted by *

CoCl2 induced hypoxia does not cause cell scattering in C11 and E8 cells
We predicted that chemically induced hypoxia would produce the same scattering
effect that occurred when C11 and E8 cells were serum deprived. We did not see the
same extreme level of scattering that we saw after serum shocking the cells (Figure 15A
and 15B), however, there were differences in degree of clustering (Figure 15C). CoCl2
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caused C11 to cluster more in mixed culture compared to C11 grown alone (p < 0.05)
(Figure 15C, a). It increased clustering in E8 cells grown alone more than E8 in mixed
culture (p < 0.05) (Figure 15C, b). When comparing mixed cultures, C11 clustered more
after the treatment than E8 (p < 0.05) (Figure 15C, c).

CoCl2 induced hypoxia affects the migration rate of E8 cells in mixed culture
When we examined the effect of CoCl2 induced hypoxia on clonal migration in a
spheroid assay, we found that the migration rate of E8 cells that were grown alone
decreased significantly compared to the control, in both low and high density seeding (p
< 0.05) (Figure 16A). CoCl2 had no effect on C11 migration when they were grown alone
(Figure 16A). When C11 cells were mixed with E8 cells, treatment with CoCl2 caused a
decrease in migration rate (p < 0.05) (Figure 16A). The treatment had no effect on E8
cells in mixed culture when compared to the control (Figure 16A). CoCl2 inhibited
migration of E8 cells significantly when they were grown alone versus when they were in
mixed culture (p < 0.05) (Figure 16B). E8 migration was also significantly slower when
comparing E8 cells in the higher seeding density with cells grown at a low seeding
density (p < 0.05) (Figure 16B). When comparing E8 cells in alone versus mixed culture,
CoCl2 induced inhibition of E8 cell migration, decreased after co-culturing with C11 cells
(p < 0.05) (Figure 16B).
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Figure 15. CoCl2 cluster analysis. C11 and E8 vehicle ctrl (15A, left and right). C11 and E8
cells treated with 200 uM CoCl2 (15A and 15B, left and right). Images were taken on Day 6.
Cluster analysis of C11 and E8 cells in alone and mixed culture, treated with 200 uM CoCl2
(15C). Statistically significant comparisons are marked with identical lowercase letters.
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B.

Figure 16. CoCl2 spheroid assay. C11 and E8 cells grown alone and in mixed culture, treated
with 200 uM CoCl2. Treated groups and control groups (16A). Percent difference (16B).
Significant values denoted by *
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RPPA data of C11 and E8 cells after CoCl2 treatment reveal increased
phosphorylation of key proteins responsible for tumor progression
Lysates from the CoCl2 toxicity assay were stained with all endpoints from Table
1. The data indicated E8 cells increased phosphorylation of Grb2 associated binding
protein 1 (GAB1 Y627) (Figure 17A) and E-cadherin (Figure 17B) in response to
increasing concentrations of CoCl2. Both C11 and E8 cells increased phosphorylation of
Galectin3 D412R in response to increasing concentrations of CoCl2 (Figure 17C). Protooncogene tyrosine-kinase Src (Src Y527) phosphorylation also increased in both clones,
however, only at the 200 and 250 uM concentrations. Src Y527 phosphorylation was
higher in E8 cells than C11 cells at 200 uM concentration (p < 0.05) and at 250 uM
concentration (p < 0.05) (Figure 17D, +).
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Figure 17. Phosphorylation of downstream effectors of HIF1a. Cells from cobalt chloride
toxicity assay that were treated with 50, 100, 200 and 250 uM CoCl2 were lysed and stained with
30 endpoints (Table 1). GAB1 Y627 (17A), E-cadherin (17B), Galectin 3 D412R (17C), and Src
Y527 (17D) phosphorylation levels increased with the CoCl2 dosage. Intensity values
significantly different from C11 ctrl denoted by * and E8 ctrl by #. Comparisons between C11
and E8 cells marked with +.
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CHAPTER FOUR

DISCUSSION
Tumor microenvironment stress plays a critical role in tumor heterogeneity and
progression. We have modeled this by culturing two clones of the U87MG glioblastoma
cell line in extremely harsh conditions, namely serum deprivation and chemically induced
hypoxia. When C11 and E8 cells are cultured together in normal conditions, they form
morphologically distinct clusters that do not occur when they are grown alone. Our data
has successfully demonstrated that serum deprivation for two hours, or “serum
shocking”, is able to induce a significant and permanent change in this morphology by
causing the cells to disseminate from the clusters they form in co-culture, and scatter
(Figure 1).
Our cluster analysis data indicates that this method is able to consistently quantify
this phenomenon (Figure 4, 11A and 15C). We found that when grown alone at a higher
seeding density, C11 cells display very little clustering, even at full confluence, while E8
cells have a moderate amount of clustering. This pattern is also evident in mixed culture
with E8 cells increasing their clustering considerably more than C11 cells (Figure 3).
This observation is corroborated by the clustering data in Figure 4. Since E8 clusters
significantly more in both instances, we believe that the E8 clone is the “driver” that
induces clustering of C11 cells in mixed culture, that is absent when C11 cells are alone.
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This clustering data also suggests vastly different levels of adhesion between C11 and E8
cells, which may be due to clonal heterogeneity. Variations in concentration of
intracellular adhesion receptors were found to be the cause of adhesion heterogeneity in a
tumor cell population. It was found that there is a direct correlation between increasing
levels of adhesion heterogeneity and tumor dissemination [41]. This could explain the
disparity in the level of clustering between C11 and E8 cells.
After determining how to measure this phenomenon, we attempted to discover the
biological significance of C11/E8 clustering by measuring growth rate, treatment
response and migration. We found that serum shocking did not alter the growth rate of
either of the clones when they were grown alone or when grown together (Figure 5).
However, our experiment consisted of a brief, 2 hour period of serum deprivation, in
order to induce cell scattering in C11 and E8 cells. Serum deprivation experiments have
consisted of growing cells in serum-free conditions for a minimum of 24 hours before
any effect on proliferation rate was seen [23][42][43]. The two hour serum shock may be
enough to induce changes in morphology but insufficient for inducing changes in
proliferation rates.
Our data indicates that clustering did not improve the growth rate of C11 and E8
cells in mixed culture after treatment with all four of the chemotherapy agents we chose,
namely cisplatin 100 uM, docetaxel (100 uM), temozolamide (500 uM) and vorinostat
(50 uM) (Figure 6). A limiting factor was reduced effectiveness of cisplatin and docetaxel
at 100 uM concentration, and C11 and E8 resistance to temozolamide.
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Another limiting factor was the experiment design itself. In order to examine the
effect of cell clustering on chemotherapy efficiency, we had to treat the cells three days
after seeding them (with FBS and serum shocking) so that clusters may form, and then
count them three days after the treatment. However, when we seeded the cells at a high
enough density so that clusters formed on Day 3, the cells were over-confluent on Day 6
when we ended the experiment. The results were no longer reliable as the cells had a
limited growth rate after reaching 100% confluence. When we seeded a low enough
density to ensure that the cells were under 100% confluence on Day 6, we found that they
did not reach a high enough level of confluency on Day 3 to cluster. Changing the
experiment design to prevent over-confluency may provide better results. There have
been studies that analyze the efficiency of drug penetration in a cell culture model.
Multicellular layers (MCLs) of tumor cells grown on a semipermeable Teflon membrane
have been used to test the penetrative efficiency of chemotherapy in solid tumor cells
[20][44].
Since there were no conclusive results that indicated that cell clustering had
biological significance as an impediment to chemotherapy, we looked into the role that
serum shocking of the clones and the subsequent scattering effect had in cancer cell
migration.
There have been studies done on how tumor heterogeneity affects the
invasiveness of tumor subclones [45][46]. There have also been several publications that
detail how invasiveness is improved by serum deprivation [23][47][48][49]. However, we
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were unable to find a large body of evidence that report how clonal cooperation is
affected by the harsh conditions created due to serum deprivation.
Our migration assay was able to demonstrate that U87MG subclones can change
their migration pattern when undergoing environmental stress due to serum shocking.
C11 and E8 cells did not change how they migrated in the 3D spheroid assay when in
mixed culture even after serum shocking (Figure 9A). However, when grown in a 2D
scratch assay, E8 cells increased their migration rate when co-cultured with C11 cells
(Figure 9B). A key difference between the assays, other than dimensionality, is how the
cells are allowed to grow after serum shocking. In the spheroid assay, the cells are seeded
into wells containing 1.5% agarose, which prevents their adhesion to everything but each
other (Figure 8). In the scratch assay, the cells are seeded into a 96-well plate and allowed
to attach to the well and grow freely (Figure 7). As we already know, when the cells are
serum shocked in mixed culture, C11 and E8 cells scatter and do not adhere to each other
to form clusters. This scattering is allowed to occur in the scratch assay but not in the
spheroid assay. When E8 cells are forced to grow in proximity to C11 cells in the
spheroids, E8 migration does not increase (Figure 9A). The reason E8 cells increase their
migration in mixed culture after serum shocking is because this proximity to C11 cells is
removed (Figure 9B).
There have been numerous studies done linking tumor cell scattering with
hepatocyte growth factor/scatter factor (HGF/SF) and c-Met signaling [46][47][50]. We
predicted that c-Met signaling was responsible for the scattering response triggered by
serum shocking. In order to investigate the role of c-Met in C11 and E8 cell scattering,
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we screened for changes in 30 endpoints that play significant roles in tumor cell survival
and invasion (Table 1).
We were successful in proving that several downstream effectors of c-Met were
affected after serum shocking C11 and E8 cells. Phosphorylation of PKCd T505
increased in mixed culture compared to C11 and E8 cells grown alone (Figure 12C).
PKCd has been implicated in cell scattering induced by serum deprivation [23]. cMet/PCKd T505 signaling has been linked to increased invasiveness in GBM cells [51].
The study found that PKCd was activated by c-Met which in turn caused a signaling
cascade that increased Src Y418, followed by STAT3 Y705 and finally stimulating
NOTCH2 [51].
However, our data indicates that STAT3 Y705 phosphorylation in mixed culture
decreased significantly in the H2O group, when compared to the FBS group (Figure
12A). This discrepancy can be explained by the fact that higher STAT3 levels are known
for having oncogenic or tumor suppressive capabilities, depending on genetic variation of
the tumor cells [52].
A study done on murine astrocytes and GBM tumor cells reported that STAT3
was capable of playing a role in tumor suppression in astrocytes that had loss-of-function
mutations in phosphatase PTEN. PTEN knockdown lead to suppression of STAT3
activation. They were also able to prove that knockdown of STAT3 increased invasion in
tumor cells [53]. Previous research by our group indicates that C11 cells overexpress
STAT3. In normal conditions, C11 is also known for inhibiting E8 migration in mixed
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culture (Figure 9A and 9B). It is possible that PTEN/STAT3 tumor suppression causes
this inhibition.
In the FBS group, the mixed culture had higher levels of STAT3 Y505 than both
C11 and E8 grown alone. However, in the H2O group, STAT3 Y705 level does not
change when comparing C11 grown alone and the mixed culture, while decreasing in
mixed culture when comparing E8 grown alone and the mixed culture (Figure 12A). This
trend could signify that the harsh conditions created by serum deprivation removes the
effectiveness of PTEN/STAT3 tumor suppression. There is evidence that serum
deprivation causes an increase in the level of reactive oxygen species (ROS) [23][54].
PTEN dysfunction also intensifies c-Met signaling induced malignancy in GBM cells
[55].
Finally, we found a consistent pattern when comparing the FBS and H2O groups
in the mixed culture. STAT3 Y705, FAK 576/577, PKCd T505, mTOR Ser2448, and
Ezrin T567 had a decrease in phosphorylation in the H2O group (Figure 12). We were
unable to determine if this change is due to serum shocking or clonal interaction between
C11 and E8 cells.
We were also successful in isolating the component of FBS that was responsible
for clustering. Previous findings from serum fractionation experiments and mass
spectrometry indicated that ApoH was the cause. The cluster analysis confirmed that C11
cells when mixed with E8 clustered more in the FBS and ApoH groups than the H2O
group. E8 clustering in mixed culture was the same when comparing the FBS and ApoH
groups and extremely reduced in the H2O group (Figure 11A).
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We were also able to confirm that ApoH not only restored clustering, but also
C11 and E8 migration levels to how they were in normal FBS conditions (Figure 11B). In
FBS, C11 cells increased their migration in mixed culture and E8 cells decreased their
migration, which is consistent with how the cells behave in normal conditions. When
serum shocked, C11 cells did not increase their migration rate in mixed culture, which is
consistent with the previous serum shock scratch assay. E8 migration did not increase
significantly as in the previous scratch assay (Figure 9B), however, it did not decrease
when compared to E8 cells cultured alone, which is unlike how they behave when given
FBS or ApoH. In ApoH, C11 cells did not increase their migration rate in mixed culture
considerably, however the data indicates an upward trend (p = 0.0769). E8 cells
decreased their migration rate in mixed culture which is consistent with how they behave
when given FBS at seeding. C11 cells in mixed culture did not move any differently in
the FBS, ApoH and the H2O groups. In comparison, E8 migration in mixed culture was
faster in the H2O group and slower in the FBS and ApoH groups, while migration levels
did not change significantly between the FBS and ApoH groups. This finding was critical
because it confirms that giving C11 and E8 cells, nothing but ApoH for two hours after
seeding, is able to restore their morphology and migration patterns back to baseline
(Figure 11).
There is a large body of evidence linking apolipoproteins to various critical roles
in the brain, which is the most lipid rich organ in the body [56][57]. Most of the focus has
been on characterizing the role of the most abundant apolipoproteins in the brain namely,
ApoE, ApoJ, ApoD and ApohA-I. Not much is known about the functions of minor
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apolipoproteins like ApoA1-4, ApoC and ApoH in the brain or their role in GBM cell
adhesion or metastasis [56]. However, a study found that ApoH was one of 21 genes that
were differentially expressed in U87 glioblastoma cells when they were co-cultured with
U373 cells [58]. There are also no studies focusing on the role ApoH plays in
glioblastoma cell adhesion or migration, but, there is evidence of ApoH influencing
migration in another model. Scratch assay data from a study shows that ApoH was able to
inhibit the migration of bovine aortic endothelial (BAEC) cells [59]. Our scratch assay
with ApoH indicated that it was capable of reducing E8 migration rate in mixed culture,
to normal levels (Figure 11B). The study also reported that ApoH inhibited
vascularization into Matrigel and Gelfoam implants in vivo [59]. Since GBM is known
for increasing invasion via enhanced vascularization and angiogenesis [60][61],
investigating the anti-vasculogenic or anti-metastatic abilities of ApoH in GBM may
provide a new therapeutic target.
We also found that the RPPA data confirmed the results of the scratch assay. In
mixed culture, ApoH treatment caused STAT3 Y705, FAK 576/577, PKCd T505, mTOR
Ser2448, and Ezrin T567 phosphorylation to be restored to the levels they presented in
the FBS group. This finding confirms that ApoH is able to restore c-Met signaling in
mixed culture back to baseline along with morphology and migration patterns.
We found that both the FBS and ApoH groups had higher phosphorylation when
compared to the H2O group when in mixed culture. We were unable to determine the
cause of this finding as there are currently no studies explaining how ApoH in the brain
interacts with all 5 endpoints. However, we believe that the findings from our cluster
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analysis, scratch assay and RPPAs were able to provide sufficient evidence of ApoH
having potential as an anti-metastatic agent.
Finally, we predicted that hypoxia would cause the same cell scattering affect in
co-cultured C11 and E8 cells, that occurred after serum shocking. To do so, we chose to
mimic hypoxia by chemically inducing it, using CoCl2. We verified that CoCl2 was able
to successfully simulate hypoxia by measuring the phosphorylation levels of HIF1a
(Figure 13A). We performed a toxicity assay by treating C11 and E8 cells with 50 uM,
100 uM, 200 uM and 250 uM CoCl2 in order to choose the appropriate concentration for
our experiments (Figure 13B). We chose to treat our cells with 200 uM CoCl2 because we
wanted to expose the cells to the highest concentration that was tolerable. We found that
200 uM CoCl2 affected both C11 and E8 cells more when they were alone. Both C11 and
E8 cells grew better when co-cultured (Figure 14). This finding suggests that tumor
heterogeneity may lead to increased survival after chemically induced hypoxia.
We found that treatment with CoCl2 did not cause cell scattering in C11 and E8
cells. However, it did alter the degree of clustering in both C11 and E8 cells. CoCl2
induced more clustering in E8 cells grown alone than C11 cells grown alone (Figure
15C). In contrast to how the clones responded to serum shocking, CoCl2 increased
clustering in C11 cells that were in mixed culture, more than they did in E8 cells in mixed
culture (Figure 15C).
We found that the spheroid assay results corresponded with the cluster analysis.
There were no significant differences between C11 cells that were grown alone and in
mixed culture after treatment with CoCl2, but, E8 cell migration was inhibited less when
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they were co-cultured with C11. Migration was inhibited the most in E8 cells that were
grown alone (Figure 16B).
Lysates from the CoCl2 toxicity assay were used to screen for downstream
effectors of HIF1a (Table 1). Galectin3, which has been associated in tumor progression
and invasion [62][63], exhibited increased phosphorylation in both clones (Figure 17C).
A study found that galectin3 was upregulated by HIF1a under hypoxic conditions in
canine mammary tumor (CMT) cells. [64]. Galectin3 upregulation has been linked to
increased cell survival in a hybrid glioma cell line (NG97ht) and human GBM cell line
(T98G) in nutrient deprived and hypoxic environments [65]. Galectin3 has also been
implicated in increased GBM metastasis [66]. We believe that C11 and E8 cells
upregulated Galectin3 after HIF1a was induced. However, since both clones display an
even dose response, Galectin3 is not responsible for the change in C11 and E8 migration
pattern after CoCl2 treatment.
We found that GAB1 Y627 levels in E8 cells increased as CoCl2 dose increased,
while C11 cells showed absolutely no change in GAB1 Y627 levels (Figure 17A). The
same was true with E-cadherin (Figure 17B). Src Y527 had a dose response in both C11
and E8 cells, however, phosphorylation levels were higher in E8 cells (Figure 17D). A
study of Madine-Darby Canine Kidney cells (MDCK) found that E-cadherin dependent
cell-cell adhesion induced Src family kinase-mediated GAB1 phosphorylation. An Ecadherin antibody and a Src family kinase inhibitor caused GAB1 phosphorylation to
decrease [67].
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The role of hypoxia in down-regulating E-cadherin levels and increasing tumor
cell invasiveness via epithelial-to-mesenchymal transition (EMT) has been well
established [66][67]. However, increased E-cadherin expression has been implicated in
increased tumor cell survival [70]. While E-cadherin expression in the brain is rare, in
both normal and malignant tissues, up-regulation of E-cadherin has been linked with
worse patient outcomes [71]. Our RPPA analysis indicates that E8 cells may be inducing
Src Y527-mediated phosphorylation of GAB1, which is a mediator of several prosurvival pathways in tumor cells [72], by up-regulating E-cadherin dependent cell-cell
adhesion. Co-culturing E8 cells with C11 cells that did not employ this signaling cascade
to increase GAB1 phosphorylation, may have alleviated the inhibitory effect that CoCl2
had on E8 cell clustering and migration.
Through the course of this study, we have uncovered how two different types of
TME stress impact clonal cooperation in subclones of glioblastoma cells. We now know
that serum deprivation induces a scattering effect that causes E8 migration in mixed
culture to increase due to lack of contact with C11 cells. While there have been studies
that link hypoxia to increased tumor cell migration via HGF/c-Met signaling [73], there is
no currently evidence linking hypoxia with cell scattering in GBM cells. Furthermore,
hypoxic conditions did not initiate cell scattering in our study. To the contrary, it caused
E8 cells to decrease their migratory capabilities due to increased E-cadherin production.
This inhibition was only reduced after co-culturing them with C11 cells. This shift in the
role of C11 cells as an inducer rather than an inhibitor of E8 migration in hypoxic
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conditions, suggests that these clones adjust their clonal cooperation to adapt to different
types of tumor microenvironment stress.

CONCLUSION
With this study, we have successfully demonstrated that serum deprivation induces a
never before seen morphological change in subclones of human glioblastoma cells.
Removing serum for a brief, 2 hour period is able to induce significant changes in
morphology and migration that persists long after serum is reintroduced. We also
presented a new method of measuring clonal clustering in the presence of FBS.
Additionally, we can confirm that serum deprivation had a substantial impact on how the
two clones cooperated. Our migration assay confirmed that removing C11 and E8
proximity using serum shocking succeeded in relieving the inhibitory effect that C11
cells have on E8 migration in mixed culture. RPPA analysis revealed that
phosphorylation of 5 downstream effectors of c-Met was reduced by serum shocking.
PKCd T505 phosphorylation increased in mixed culture when compared to both clones
grown alone. We have also proven that ApoH is the FBS component responsible for the
C11/E8 clustering. Scratch assay and RPPA data verify that ApoH is also capable of
restoring E8 migration rates back to normal levels in mixed culture. These findings,
combined with the fact that apolipoproteins play a critical role in brain physiology and
neurological diseases, make ApoH a therapeutic option for treating metastatic
glioblastoma. We were also able assess the effect of chemically induced hypoxia on
clonal cooperation using CoCl2. Our data suggests, CoCl2 induced hypoxia causes a
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significant increase in E8 clustering and adhesion while inhibiting migration when grown
alone. These effects are alleviated when they are co-cultured with C11 cells that do not
respond to hypoxia by increasing cell adhesion to the degree that E8 cells do. We can
conclude that C11 and E8 cells, when co-cultured, exhibit vastly different migration
patterns when grown with FBS, when deprived of serum, and when grown in hypoxic
conditions. These findings make clear the complex nature of tumor heterogeneity and the
influence of tumor microenvironment stress on clonal cooperation in glioblastoma.
Understanding these complexities may provide a definitive answer as to how we can
combat GBM invasiveness effectively.
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