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ABSTRACT

Purpose

Glioblastoma multiforme is one of the most common and most malignant
forms of brain cancer. Part of what makes this kind of cancer so dangerous is the
tendency for tumors to regrow and kill patients after initial tumor removal. Currently,
there is no definitive treatment for such cases, nor is there a consensus on the cause. It
is hypothesized that part of the cause is the abnormal presence of L1, a cell adhesion
molecule. Previous studies have shown that upregulation of L1 increases motility and
proliferation in glioblastoma cells. Here, | further investigated the effect of L1’s
presence on cancer motility and proliferation, as well as a possible chemotactic
relationship that suggests a leader-follower relationship between sources of high L1
concentration and glioblastoma cells.

Methods

In vitro experiments utilizing time-lapse microscopy were used to quantify the
velocity and directionality of migrating cancer cells, utilizing L1-positive and L1-
negative variants of the human glioblastoma-derived, immortalized cell lines derived
from U-118 MG. In vivo experiments used the same cells, with virally labeled
fluorescent markers, injected into the optic tecta of developing chick embryos. The
chicks’ brains were allowed to develop until embryonic day 15, when they were

dissected, fixed in paraformaldehyde, embedded in agar, and sectioned. The sections



of brain were immunostained and imaged using confocal microscopy to qualitatively
determine relationships between L1-secreting cells and L1-negative cells.

Results

In vitro time-lapse microscopy experiments showed a significant increase in
the velocity of migrating glioblastoma cells when sources of L1ecto were present, as
well as a significant trend of directional movement toward regions of L1-secreting
cells. In vivo chick model experiments showed L1-negative glioblastoma cells
appearing to be closely coupled with L1-secreting cells as they moved through the
developing brain of a fetal chick.

Conclusions

My results strengthen the argument that the abnormal expression of L1 in
glioblastoma multiforme increases the motility and proliferation of glioblastoma cells,
and also suggests that sources of L1ecto may guide the directional movement of
glioblastoma cells, both in vitro and in vivo. This suggests cells that secrete soluble L1
may act as pathfinders for surrounding cancer cells. Potentially, these L1-positive cells
could act as beacons for surrounding cancer cells to regroup around them to form new
tumor masses after surgical resection. These findings emphasize the importance of

researching molecular inhibitors of L1 as potential adjuvant therapies for brain cancer.



Chapter 1

INTRODUCTION

Chemotaxis is understood as the phenomenon of directed cell movement in
response to a chemical gradient, and is important in innumerable physiological
processes (Swaney, et al., 2010). Normal chemotaxis can be observed in the
recruitment of inflammatory cells to infected sites, organ development, and other vital
processes (Roussos, et al., 2011). However, abnormal chemotaxis is often present in
many forms of cancer. Normal chemotaxis pathways can be “hijacked” by cancer cells
to aid in metastasis (Condeelis, et al., 2005). Chemotactic effects have been studied in
several pathways, including the cofilin (Wang et al., 2007) pathway as well as several
chemokine pathways (Koshiba et al., 2000; Scotton et al., 2002), along with many
others. Until now, there has been no evidence to suggest that the L1 signaling pathway
is involved in chemotaxis.

L1CAM (also known as L1; CD171; etc.) is a member of the immunoglobulin
(1g) superfamily, and acts a transmembrane glycoprotein (Faissner et al., 1985; Moos
etal., 1988). L1 is vital for the development of the nervous system as it is present in
neural cell adhesion (Keilhauer, et al., 1985), cell survival, and cell proliferation
processes (Conacci-Sorrell et al., 2005). Of particular interest to this paper is L1’s
involvement in neuronal migration and axonal outgrowth (Anderson & Galileo, 2016;
Chang, et al., 1987; Lindner, et al., 1983).

L1 is active as a cell surface molecule, but it can also be proteolyzed by

ADAM10 cleavage which releases L1 as soluble ectodomain (Maretzky et al., 2005).



Normally, L1 is present as a complete transmembrane protein in the adult brain
(Liljelund, et al., 1994), but many types of cancers can cause unregulated ADAM10
cleavage (Fig. 1). This leads to a large amount of soluble L1 ectodomain (L1ecto) that
acts on cancer cell surface receptors in a paracrine/autocrine manner and increases the
motility and proliferation of the cancer — heightening the cancer’s invasiveness and
ability to metastasize (Gutwein et al., 2003; Kiefel et al., 2012). One kind of cancer

that L1 is expressed abnormally in is glioblastoma multiforme (GBM).
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Figure 1: Diagram of membrane-bound L1 and soluble L1 that is proteolyzed due to
ADAMI10 cleavage.



GBM is the most common and most lethal type of brain cancer in adult
humans (Wen and Kesari, 2008), known for its extreme invasiveness (De Bonis et al.,
2013). After the standard treatment of maximal safe surgery and adjuvant chemo- and
radio-therapy, most patients experience a recurrence after six to nine months of
primary treatment (Mallick et al., 2016). Because advances in the standard treatment
of GBM have not greatly improved the mortality rate of affected patients in the last
several decades (Smoll et al., 2013), interest has turned to developing molecular
treatment options and understanding the nature of GBM’s invasiveness. Previous
research has shown that the presence of soluble L1 increases GBM’s motility,
proliferation, and invasiveness by acting on integrin, focal adhesion kinase (FAK), and
fibroblast growth factor receptor (FGFR) signaling pathways (Anderson and Galileo,
2016; Mohanan, et al., 2013; Yang et al., 2011).

Anderson and Galileo (2016) showed that the presence of L1 stimulated cancer
cells to increase their velocity in vitro while they investigated the effects of FAK small
molecule inhibitors. This paper corroborates that L1 increases the motility of cancer
cells in vivo.

This research aimed to discern whether the molecule L1 can act as a
chemoattractant for glioblastoma cells and affect not only the motility and
proliferation of cancer cells, but also their directional movement. To this end, | aimed
to develop a reliable, accurate, and reproducible in vitro assay to determine
chemotactic movement in migrating cells using inexpensive laboratory materials and
time-lapse microscopy. | also aimed to examine the relationship between glioblastoma
cells that secrete L1ecto and those that do not within the in vivo model of developing

chicken brain tissue.



Here, I have also shown that L1-negative cells tend to migrate directionally
toward sources Llecto concentration both in vivo and in vitro. This may help to
elucidate the pattern of cancer behavior that causes tumors to often regrow after
surgical resection and inform research into molecular inhibitors of L1 signaling as

possible avenues for adjuvant therapy for cancer patients.



Chapter 2
METHODS AND MATERIALS

2.1 Cell Lines

The same cell lines and culture conditions were used as described by Anderson
and Galileo (2016). U-118 MG (Ponten and Westermark, 1978) is a human
glioblastoma-derived cell line that was obtained from the American Type Culture
Collection (ATCC, Manassas, VA). The cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM, Thermo Fisher Scientific) with 10% fetal bovine serum
(FBS), 2mM L-glutamine, and 100 microgram/ml penicillin-streptomycin (referred to
here as “complete DMEM?”). The cells were incubated at 37 °C with 5% CO.. It has
been previously shown that U-118 cells do not typically express soluble L1 protein
(Yang et al., 2011). The U-118 cells were transduced with a lentiviral vector
K1879/L1LE to encode the L1 long ectodomain (L1LE) to create the L1-secreting
form U-118/L1LE cells (Mohanan et al., 2013). To contrast these, L1-negative control
cells were made by transducing U-118 cells with an empty K1879 vector (U-
118/1879). These modified cell lines were used for the in vitro and in vivo
experimental models described forthwith. From here on out, “L1-secreting cells” and
“L1 — positive cells” refer to the transduced U-118/L1LE cells, while “L1-negative
cells” refers to the U-118/1879 cells for ease of reference. Furthermore, the soluble,
proteolyzed ectodomain of the LICAM gene product will be referred to as “L1ecto” or

“soluble L1.”



2.2 Time-Lapse Microscopy

Time-lapse microscopy was performed on an imaging system that was
originally described by Fotos et al. (2006). In vitro assays were performed by growing
cells in bounded regions on custom cell culture plates, and imaging migrating cells
with time-lapse microscopy, utilizing a customized incubator. The incubator was built
on an adjustable ProScan Il automated stage (Prior Scientific, Rockland MA). The
cells were maintained at atmospheric conditions of 5% CO, to 95% air and 37 °C
using a gas injection controller (Forma Scientific, Marietta, OH), a warm air
temperature controller (Air Therm, World Precision Instruments, Sarasota FL), and a
temperature-controlled stage insert (Tokai Hit, Shizuoka-ken, Japan). The cells were
photographed using a CoolSnap ES CCD camera (Photometrics, Tucson, AZ) or a
RetigaEXi Fast camera (QImaging, Surrey, British Columbia) and a 10x Nikon Plan
Fluor objective. The system was controlled by MetaMorph Software (Version
7.8.12.0; Molecular Devices Corporation, Downingtown, PA). Tracking of cells was

performed using the “Track Points” application for the same version of MetaMorph.

2.3 Velocity Analysis

Before experimenting to determine the effect of L1 on the directional
movement of glioblastoma multiforme cells, I followed up on the results of Anderson
and Galileo to examine stimulatory effect of L1 on the motility of GBM cells. To
analyze the effect of L1-secreting cells on GBM cell velocity, a motility assay was
performed wherein a stripe of chimeric human L1-Fc (R&D Systems, Minneapolis

MN; Catalog #10702-HNAH) was immobilized on a cell culture dish and L1-negative



cells were seeded alongside it. Cells were tracked with time-lapse microscopy as they
moved along the stripe. (See Fig. 2 in Results section). This was compared to a control
experiment wherein cells were seeded alongside a stripe of immobilized chimeric
human IgG-Fc (Sino Biological Inc., North Wales PA; Catalog #777-nc).

To further demonstrate the velocity-stimulating effects of L1, a six-well cell
culture plate was seeded with differing concentrations of U-118/1879 and U-
118/L1LE cells, as well as U-118/1879 cells stained with VVybrant Dil vital dye
(Thermo Fisher Scientific, Waltham MA; Catalog #V22885). After 24 hours of
growth, a scratch edge was made with a P1000 soft plastic micropipette tip, and
individual cells at the scratch edge were tracked for 22 hours using MetaMorph
software. Fluorescence illumination was used to locate and track labeled U-118/1879
cells along the scratch edge. The conditions were 25% U-118/1879/Dil and 75% U-
118/L1LE; 50% U-118/1879/Dil and 50% U-118/L1LE; and 75% U-118/1879/Dil and
25% L1LE. The control conditions included the same concentrations of U-
118/1879/Dil but set against U-118/1879 cells without Dil (See Fig. 4 in Results

section).

2.4 Chemotaxis Assays

To analyze the chemotactic effect of L1 on the directional movement of
glioblastoma cells, custom cell culture dishes were used (See Fig 6 in Results section).
The plates were overlaid with a hydrophobic, adhesive tape (Patco 5865 Heavy-Duty
Removable Protective Film Tape; 2 in. width; FindTape.com) mask with six 1cm

square regions cut out for cells to grow. There were multiple iterations of design



prototypes for this customized cell culture plate; for a description of the previous
models, see Appendix A. The plate with tape mask was then sterilized for 30 minutes
with an ultraviolet transilluminator before cell culture. Approximately 4x10°cells
were seeded onto each of the bounded regions and allowed to grow in complete
DMEM for several hours. Once the cells had attached to the dish and spread out
(viewable via phase contrast microscopy) the media was aspirated off and the cells
were rinsed with phosphate buffered saline (PBS). The bounding tape mask was
carefully removed with sterilized forceps, and 8mL of complete DMEM containing
1.25% methyl cellulose was slowly added to the dish. Methyl cellulose was added into
the complete media to thicken it as a means of further preserving a gradient of L1ecto.
The dish was placed into the time-lapse incubator for one hour before imaging began
to allow time for the cells to settle in the new media.

Experimental plates contained U-118/L1LE cells seeded on the top two regions
(regions 1 and 2 in Fig. 6) and U-118/1879 cells seeded onto the bottom four regions
(regions 3,4,5, and 6 in Fig. 6). Control plates, in contrast, had U-118/1879 cells
grown in all six regions. In all time-lapse trials — both experimental and control —
vertical regions along the sides of regions 3-6 were imaged every 10 minutes for 22
hours. Tracked regions of cells were chosen randomly. Five experimental trials were
successfully performed, and four control trials were successfully performed; out of
those trials, which were performed under the same experimental conditions, each
random region of 15 tracked cells was considered to be one experimental region. More

experimental and control trials were attempted, but due to a recurrence of camera



timeout issues, many had to be prematurely terminated. Also worthy of note is that not
all regions selected for imaging were used if the view became obscured over the
course of the experiment, or if large areas of cells detached due to growing beyond

confluency.

2.5 Cell Motility and Chemotaxis Analysis

For every in vitro experiment that utilized time-lapse microscopy, MetaMorph
software was used to analyze the movement of cells. Images were manually renamed
to contain a sequential three-digit naming value, and the resultant stack of images for
each trial was compiled and exported to MetaMorph. The Track Points application
was used to manually track the movement of each cell as it migrated over time. Fifteen
cells were chosen out of the population viewable at each region and tracked. The
tracked cells were chosen and marked at the first timepoint so that the person tracking
the cell would not know where the cell’s movement would stop. If, over the course of
the experiment, a selected cell underwent mitosis, only one of the daughter cells was
tracked. The rule of thumb used was to choose the daughter cell furthest to the
horizontal left; this distinction was chosen arbitrarily. All the tracked cells’ movement
data was exported to a Microsoft Excel spreadsheet, including each cell’s change in
position along the X and Y axes. From this data, the mean cell velocities, as well as
the mean, and summed directional movement of the cells were determined. The
efficacy of this software has been shown by Fotos et al. (2006) and Anderson and

Galileo (2016) for the purpose of determining cell velocity under a given condition.



2.6 Statistics
Paired t-tests, Student’s t-test, and one-way ANOVA were used when
appropriate to analyze the data. A p value of 0.05 was chosen as the cutoff to

determine a significant result.

2.7 Invivo Model: Chick Optic Tectum

The optic tectum of an embryonic chick was used as an in vivo model to
examine the interaction of GBM cells with L1-producing and L1-negative cell lines.
Preparations were the same as previously described (Cretu et al., 2005). We obtained
Fertile White Leghorn chicken embryos from the University of Delaware Department
of Animal and Food Sciences. The eggs were kept at 37.5°C in a humidified force-
draft incubator until embryonic day 5 (E5) of development; EO was designated as the
day when the eggs were put into the incubator.

U-118/L1LE and U-118/1879 cells were virally labeled with fluorescent
markers and injected into chick embryos at E5 of development. To inject the tumor
cells, the eggs were sterilized with 70% ethanol and a small hole was cut with scissors
over the air space at the blunt end of the egg. The inner membrane was wetted with a
Medium 199 (Mediatech, Inc.) and removed with fine forceps. 5L of the virally
labeled, mixed cell suspension, containing approximately 5x103cells, was
microinjected with a PV830 pneumatic picopump (World Precision Instruments;
Sarasota, FL). The suspension was injected into one of the midbrain ventricles in the
embryonic chick’s brain. After injection, a few drops of 50mg/mL sterile ampicillin
were placed on top of the embryo, and clear adhesive tape was used to seal the hole in

the shell.
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The injected embryos were placed back into the incubator and allowed to
grow for 10 days. At E15, the chick embryos were sacrificed and their optic tecta were
dissected, fixed in 2% paraformaldehyde in 0.1M sodium cacodylate buffer, and
embedded in a solidified solution of PBS with 8% sucrose and 3.5% agar for
sectioning. The embedded tecta were then sectioned into 350-micron sections with a
Vibratome model 3000 sectioning system and stored in PBS at 4°C until they were

immunostained for L1 and mounted on slides for imaging.

2.8 Immunostaining protocol for L1 in tissue sections

To immunostain for the presence of soluble L1 molecules in tissue sections, |
used a three-tier antibody staining technique that utilized biotin-avidin conjugated
antibodies. 350-micron tissue sections were immersed in a solution of PBS with 0.1%
Triton X-100 detergent, and 5% Normal Goat Serum (PBSTG) with a 1/100
concentration of Anti-L1CAM UJ127 primary monoclonal antibody (Santa Cruz
Biotechnology, Catalog #53386). Sections were incubated for 24 hours at 4°C with
constant, light agitation on an orbital shaker. Sections were then rinsed 3x for 1 hour
each in PBSTG, followed by incubation in a solution of PBSTG with a 1/200 dilution
of Biotin-conjugated goat anti-mouse IgG secondary antibody (Jackson
ImmunoResearch Catalog #115-065-146). Sections were incubated for 20 hours at
4°C with constant agitation. Sections were rinsed 3x for 1 hour each in PBSTG.
Afterwards, the sections were incubated in a solution of PBSTG with 1/500 dilution of
Alexa 647-conjugated streptavidin (Jackson ImmunoResearch Catalog #016-600-084)

for 20 hours, at 4°C with constant agitation. Sections were rinsed 3 x 1 hour each in

11



PBSTG before being mounted on slides in clearing mounting media with N-Propyl-
Gallate (Acros Organics).

To allow for the thickness of the tissue sections during mounting, slides were
masked with two layers of 170-micron thick (standard) electrical tape, with a 1cm
square cut out of the middle to allow space of the specimen (See Fig. 16 in Appendix
A). This allowed for a platform for the cover glass to rest on without crushing the
tissue section. It also allowed for the cover glass to be sealed around its periphery with
nail polish to prevent dehydration of the specimen without the problem of nail polish

bleeding into the mounting media (See Appendix A).

2.9 Confocal Fluorescence Imaging

The 350-micron sections were imaged using a scanning laser confocal
microscope, and the resultant stacks of images were rendered into 3-dimensional
volume renders. The confocal microscope system consisted of a Nikon E800 upright
microscope with Plan Apo objectives connected to a Nikon C1 scanning laser confocal
microscope system. Lasers consisted of a 40mw 488nm (blue) Argon laser, a 1.4mw
543nm (green) HeNe laser, and a 14mw 633nm (red) HeNe laser. The E800 was
equipped with a Nikon Remote Focus Accessory to allow precise z-stacks of images to
be acquired. Nikon EZ-C1 software (ver. 3.94) was used to control the microscope,
collect images, and produce maximum projections and volume renders of acquired z-
stacks. Virally labeled green fluorescent protein (GFP) and red fluorescent protein
(mCherry) were visualized in addition to the immunostained L1 molecules (far-red

Alexa 647). As such, in the volume renders and the resultant maximal projections, the

12



fluorescently labeled glioblastoma cells as well as L1 molecules were visible (See Fig.

12 in Results section).

13



Chapter 3

Results

3.1 Cell Motility Analysis in vitro

Before beginning to analyze the effect of L1 on the directional movement of
glioblastoma multiforme cells, | examined previous claims that L1 had a stimulatory
effect on cancer cell motility in general (Anderson and Galileo, 2016). | studied the
stimulatory effects of L1 with a number of in vitro time-lapse assays. Cell velocity in
the presence of L1 was first examined using the aforementioned “stripe assay”,
wherein cells were plated on and near a stripe of immobilized human 1gG-Fc or
human L1-Fc and tracked as they moved along the stripe (Fig. 2); a Student’s t-test
analyzed the experimental and control velocities and showed that cells moved

significantly faster on immobilized L1-Fc than on immobilized 1gG-Fc. (Fig 3).
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L1-negative cells are plated and
allowed to migrate onto and along
the stripe

Stripe of immobilized factor.
Either Human Ig-Fc or
Human L1-F¢

Figure 2: Diagram of “stripe assay” experimental setup. L1-negative cells were plated
near a stripe of immobilized human immunoglobulin fragment,
consisting of either 19G-Fc or L1-Fc, and tracked with time-lapse
microscopy as they moved along the stripe.
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Figure 3: Results of stripe assay. GBM cells tracked along stripe of immobilized L1
moved, on average, 50% faster than when moving along normal IgG-Fc.
SEM <0.01.

Another cell velocity analysis utilized mixed concentrations of cells in a six
well cell culture plate, as described in the methods section. The velocities of cells were
significantly greater when L1-secreting cells were present (Figs. 4 and 5). As | tracked

cells that did not express their own L1 protein, their increased movement speed
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indicated that these cells were being stimulated by L1-producing cells in a paracrine
way. These experiments extended those of Anderson and Galileo (2016) and created
incentive for analyzing the potential chemotactic effects of proteolyzed, soluble L1 on

glioblastoma multiforme cell lines in an in vitro model.

25% L1LE 50% L1LE 75% L1LE

75% 1879 +Dil 50% 1879 +Dil 25% 1879 +Di

75% 1879

25% 1879 50% 1879
25% 1879 +Dil

75% 1879 +Dil 50% 1879 +Dil

Figure 4: Experimental setup for velocity analysis of mixed cell populations. Varying
concentrations of GBM cell lines U-118/L1LE, U-118/1879, and
fluorescently labeled U-118/1879 were plated, and fluorescent cells were
tracked along the scratch edge indicated by the dotted line. The leftmost
column, including the region containing the 25% L1LE vs 75% 1879+Dil
and the region containing 25% 1879 vs 75% 1879+Dil evaporated and
were not able to be tracked. Because this was a pilot experiment, based
off of Anderson and Galileo’s results (2016) it was not repeated.
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Figure 5: Results for in vitro velocity analysis of U-118/1879 cells when mixed with
different amounts of U-118/L1LE cells. Data was analyzed using a one-
way ANOVA and found to have a p value <0.001; therefore the cells
tracked in regions rich with L1 moved significantly faster than cells with
no L1 present. SEM <0.01.

3.2 Chemotaxis Analysis: Quantifying Directional Movement in vitro

The bulk of this study’s experiments were focused on determining if human
GBM cells displayed preferential, directional movement toward regions of high
soluble L1 concentration. Cells along a vertical flat edge were tracked with time-lapse
microscopy and their movement along the Y-axis was recorded (Fig 6). Delta Y values
were recorded at each time point, for each of the 15 cells tracked, per region. Any
movement upward (toward the regions of L1-secreting GBM cells) would register as a
positive value, while any movement downward (away from L1-secreting GBM cells)

would register as a negative value.
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Net delta Y values were determined for all 15 cells in each region, and the
movement of all cells were averaged for each region. When performing statistical
analysis or graphing the data, the average Y-movement for each region was counted as
a single data point as the mean and SEM for the net delta Y is shown for each region
in Fig. 7 and 8, and because the 15 cells within each region may not be statistically
independent, the mean net delta Y for each region is considered as one data point for
the one-sample t-test.

Summing the Y-movement for each cell was deemed most applicable because
the minute-to-minute movement of glioma cells is highly erratic, and this research is
most interested in the overall trends of cell movement. The assumption was that if
there were no chemotactic effects from a source of soluble L1, all positive and
negative movements of cells along the Y-axis would effectively cancel out and the net
movement would not differ significantly from zero. Use of one-sample t-tests on the
average movement of cells at each region showed that in control experiments, without
regions of L1-secreting cells, directional movement did not differ significantly from
zero (p-value = 0.61) while the experimental trials, with regions of L1-secreting cells,
did differ significantly from zero (p-value <0.01). This suggests that GBM cells
responded to chemotactic cues and preferentially moved directionally toward regions

of high L1ecto concentration (Fig. 6, 7, 8).
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Figure 6: Diagram of a modified chemotaxis assay plate with isolated cell populations.
For experimental trials, regions 1,2) U-118/L1LE (L1-positive); 3-6) U-
118/1879 (L1-negative). For control trials, all six regions would have the
L1- negative cell type U-118/1879. Arrows indicate regions tracked and
the observed movement of cells under experimental conditions. Not
drawn to scale.
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Figure 7a: This graph shows the average cell movement at each region along the Y-
axis for control trials without regions of L1-secreting cells present. Red
bars indicate regions with average Y-movement in the negative range
(net movement downward). The scale has been modified to more
explicitly show the pattern of movement present in control trials. Error
bars are +/- 1 SEM.
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Figure 7b: This figure shows the same information as is present in Figure 7a, scaled to
match Figure 8 for a better comparison between the magnitude of
difference between control and experimental trials. Error bars are +/- 1
SEM.
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Figure 8: This graph shows the average cell movement along the Y-axis for each
region of experimental trials, where L1-secreting cells are present.
Positive values are taken to represent movement upwards, toward regions
of high L1. Red bars indicate regions with average Y-movement in the
negative range (net movement downward) Error bars are +/- 1 SEM.
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Figure 9a: The summed Y-movement value designated for all regions for each
experimental condition (with L1-secreting cells vs without L1-secreting
cells) were averaged. This graph compares the average of all regions’
summed Y-movement between control and experimental conditions. The
average shows a dramatic increase in positive movement in cells tracked
in the presence of L1-secreting cells. Control SEM = +/- 64;
Experimental SEM = +/- 51.

As GBM cells migrated outward from the edge of the bounded region, it was
simple to qualitatively evaluate the general trend of the cells’ directional movement.
When L1-secreting cells were present, responding cells tended to move outward, and
then begin migrating upward. When there were no L1-secreting cells present, the
responding cells seemed to move more randomly or in looping patterns. | also found

that migrating cells had a greater velocity in the presence of L1, as Anderson and

24



Galileo had found previously (2016). In general, when sources of L1ecto were present,

cells moved an average of 33% faster.

Average Cell Motility in the Presence
or Absence of L1

Control Average Experimental Average
Velocity (No L1) Velocity (L1 Present)

Average Velocit
o

Figure 9b: In the presence of L1-secreting cells, L1-negative cells moved an average
of 33% faster than cells that were not exposed to L1ecto. P-value >0.05,
error bars are +/- 1 SEM.
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Figure 10: U-118/1879 cells along edge of bounded growth area. Control setup with
no L1 secreting cells present. Image from time-point 1, with red lines
indicating the path of cell movement over 22 hours.

26



Figure 11: U-118/1879 cells along edge of bounded growth area. Experimental setup
with L1 secreting cells present, grown vertically above the shown region.
Image from time-point 1, with red lines indicating the path of cell
movement over 22 hours.

These images (Fig 10, 11) are typical of their respective type of trial. For trials
with L1-secreting cells present, not only was the average summed Y-movement much
more positive than control trials, but each region had fewer occurrences of cells
moving negatively, or away from regions of L1- secreting cells.

One observation of potential interest is that under both trial conditions, there
appeared to be two phases of cell movement. It appeared that the cells would typically

move more horizontally outward at first, and then move more vertically. This may be
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elucidated by running a similar experimental design for a longer period of time. This
may prove challenging, as attempts to run this setup longer for 24 hours often resulted
in significant dehydration of the cells’ environment, which caused the cells to die.
There may be a way to plot increase in Y value over time, which would show that the
increase in Y movement lags for a while.

A limitation of this experimental design was that any cell that was being
tracked that moved out of the field of view could not be counted. This meant that in
both experimental and control trials, some of the cells that moved the greatest amount
were not tracked or analyzed. If they were able to be tracked, it may have affected my
results. In the future there may be a way to track cells at a lower magnification so that
the impact of this limitation could be reduced.

Another observation of note is that cells tracked on the edges of the bottom
two regions (Regions 5 and 6 in Fig. 6) seemed to move slower and less directionally
than the cells in the middle tier (Regions 4 and 5 in Fig. 6). This would make sense as
the gradient of L1 would be expected to be less concentrated farther away from the
secreting cells. However, as | was not able to accurately measure the distance of each
region tracked from the secreting cells, | could not fully analyze this pattern.
Preliminary analysis comparing the directional movement between middle tier and
bottom tier regions did not show any significant difference between them. While a
difference in the magnitude of directional movement at different distances from
sources of L1lecto may make intuitive sense, it is likely that in this experimental

design, the regions are too close together to witness any significant difference.
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3.3 Invivo Results

Fluorescently labeled GBM cells were injected into the optic tecta of
embryonic chicks, and their brains were fixed and Vibratome-sectioned 10 days later,
immunostained for L1 and imaged by confocal microscopy. While there is no
established rubric to quantify the relationship between visualized L1-secreting cells,
L1-negative cells, and immunostained L1 molecules, qualitative observations are
suggestive of a possible leader-follower relationship. It appeared that L1-negative cells
were closely apposed to L1-secreting cells as they invaded the developing brain tissue,
possibly along gradients of secreted L1 molecule or pathways laid down by L1-

secreting cells (Fig 12b).
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Figure 12a: Maximum projections of fluorescently labeled cells from a confocal z-
stack of In vivo model control trial images. Chick brains were injected
with a mixture of the same L1-negative GBM cell type, labelled with two
different colors. Maximum projections of fluorescently labeled cells in a
confocal z-stack. Virally labeled U-118/1879/mCherry (red), and U-
118/1879/GFP (green). A-C imaged at 20x, D imaged at 10x.
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Figure 12b: Maximum projections of fluorescently labeled cells from a confocal z-
stack of In vivo images under experimental conditions; mixture of L1-
positive (red), and L1-negative (green) cells. Virally labeled U-
118/L1LE/mCherry (red), U-118/1879/GFP (green), and immunostained
L1 (blue). A-C imaged at 20x, D imaged at 10x.
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When L1-secreting cells were present in the chick brain, the cancer tended to
manifest as one large tumor mass with several smaller tumors surrounding the
primary, or in a line leading from it. Tumors also tended to have many more
outgrowths which usually consisted of L1-positive and L1-negative cells closely
paired together.

When no L1 secreting cells were injected into the chick brain (i.e., only U-
118/1879 cells), the tumors were generally smaller in size, with fewer satellite tumors.
They also tended to have fewer outgrowths, and these outgrowths did not have close
pairing of cells.

This difference in qualitative appearance between the experimental conditions,
while not as straightforward or quantifiable as the in vitro trials, is suggestive of a
chemotactic relationship between human GBM cells and L1; namely, that tumor cells
that did not express L1 seem to have been affected by nearby cells that did produce L1

in both its membrane-bound and soluble forms via paracrine stimulation.
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Chapter 4

Discussion

L1CAM has long been described as a permissive molecule that allows for the
movement of neural cells (Schmid and Maness, 2008), but until now it has not been
shown to have any chemotactic effect on cells of any type. My results suggest that
cancer cells, specifically glioblastoma multiforme cell lines, do move directionally
toward sources of proteolyzed, soluble L1 ectodomain, which may have far-reaching
clinical significance. | showed that U-118 cells that do not express L1ecto will move
directionally toward regions of high L1ecto concentration both in vitro and in vivo.

A potential limitation of this study is that only the U-118 GBM cell line
established decades ago was used to test the chemotactic effect of soluble L1. U-118
cells were chosen because their relatively large cell body size and discrete movement
pattern made them excellent candidates for time-lapse imaging. Other cells, such as
the established T98G line, were experimented with, but | found that their small size
and their pattern of motility were not congruent with clear tracking protocols at the
magnification we desired (i.e., 10x magnification). Other GBM cell types should be
tracked and analyzed with the same protocol to determine if the significant
chemotactic effect of L1 we observed on U-118 cells is universal for all GBM cell
types, and possibly other types of cancer as well. It would also be interesting to
execute the same experiments with primary, recent patient derived tumor-cells to see if

they behaved in the same way as well-established immortalized cell lines.
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It is known that there is increased ADAM10 cleavage of L1 in many forms of
human cancers (Maretzky et al., 2005), which drastically increases the concentration
of soluble L1 protein present in the extracellular environment. This study’s in vitro
chemotaxis analysis showed that GBM cell lines responded to sources of secreted
L1ecto most likely in a paracrine fashion. Cancer cells that have an increased
production of soluble L1 may therefore act as beacons for surrounding cancer cells.
This may explain, in part, why there is usually regrowth of tumor masses after surgical
resection (Mallick et al., 2016) which contributes to the lethality of glioblastoma
multiforme.

Other kinds of cancers are known to upregulate LICAM and have an increased
presence of soluble L1. Breast cancer, in particular, has been shown to secrete
proteolyzed L1 (Doberstein et al., 2014; Li and Galileo, 2010). It may yield interesting
results if breast cancer cell lines were tracked with the same time-lapse microscopy
protocol. If the chemotactic effect of L1 is universal for all cancer cells, this could
greatly inform the course of research into molecular diagnostic criteria and molecular
therapies for many forms of cancer.

Moving forward, using the chick optic tectum as an in vivo model to study the
effects of L1 on tumor invasion will be an important tool. This study utilized the
model as a reflection of our in vitro data that suggested a leader-follower relationship
between L1-secreting cells and the responding L1-negative cells. My results showed a
common trend of L1-negative cells closely following the paths of L1-secreting cells
through the brain tissue, as well as seemingly increased overall invasion.

While my observations for this study were qualitative in nature, imaging of this

kind could well be a source of valuable quantitative data. Numerically grading tumors
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based on morphology has been a common practice in medicine since the 1950s, and
the World Health Organization’s criteria for grading tumors are still in use today
(Muir and Percy, 1991). A point-scale rubric for rating the relative invasiveness of
tumors with L1-secreting cells, versus tumors without L1-secreting cells, could be
established based on visible morphological characteristics of the tumor masses. These
characteristics could include factors such as the size of the main tumor, number of
satellite tumors, number of tumor outgrowths, length of tumor outgrowths, distance
between invading cells, depth of invading cell penetrance, etc. An established grading
rubric for the invasiveness of GBM in chick brain could be a valuable tool when
testing the efficacy of molecular inhibitors of L1 in an in vivo model. One of the
limitations of the chick embryo model system is that cells are injected into the
ventricle, where they greatly disperse. That results in multiple unknown points of
adherence to the ventricular surface and, thus, invasion potentially from multiple
points. Because of this random dispersal, one cannot be sure whether small tumors
next to a large tumor, for instance, arose independently or whether they arose as
outgrowths from the large tumor.

If L1-secreting cells do act as pathfinders for responding cancer cells via
autocrine and paracrine signaling, it emphasizes the importance and potential utility of
understanding molecular inhibitors of L1. Anderson and Galileo (2016) examined the
interactions of small-molecule inhibitors of FGFR1, integrins, and FAK with L1. They
found that these compounds significantly and specifically reduced the L1-mediated
motility and proliferation of glioblastoma cells and may be viable as an adjuvant
molecular therapy for patients with L1-positive tumors. This is especially true for

cancers with a presence of soluble L1 due to ADAM10 cleavage. This study further
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emphasizes the importance of researching potential molecular therapies to counteract
L1, as sources of soluble L1 may be more related to tumor recurrence than previously
thought. Rather than just stimulating cancer cells to reach farther into brain tissue at
faster rates, tumor cells that secrete L1 may also be implicit as centralizers of new

tumor masses forming from scattered cells after surgical resection.
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Appendix A

TRIAL AND ERROR IN DEVELOPING PROTOCOLS

A.1 Chemotaxis Assay Prototypes

Much of this research was dedicated to developing a chemotaxis assay that was
accurate, inexpensive, and reproducible. There were many prototypic incarnations of
my experimental protocols before the custom cell culture dish described in Fig. 4 and
its associated protocol were established. In the interest of continuing this line of
research, this appendix details the ineffective versions of the chemotaxis assay so that

they may not be repeated.

A.1.1 Chemotaxis Plate Version 1 “The Double Ring”

The first form of time-lapse assay that | attempted was meant to analyze the
velocity of cells grown in the presence of L1-producing cells, and it utilized the mouth
of a 15 mL centrifuge tube removed via hacksaw. The factory-perfect edge of the tube
was adhered to the center of a cell culture dish with rubber cement. This created “inner
circle” and “outer circle” regions for cells to be plated. L1 producing cells were plated
on the inner circle, and L1-negative cells were grown on the outer circle. After a day
of growth, the inner circle was removed with sterilized forceps and cells along the
edge of the outer circle were tracked as they moved inward. The velocities of these
cells were compared to cells grown in the same setup, but with non L1 producing cells

grown in the inner circle.
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The main flaw of this experimental design was that due to the orientation of
the regions to each other, it was impossible to gain useful data on the directionality of
the cells’ movement — it was only useful for gathering information on L1’s effect on
cell velocity, which had already been shown by previous research. Another flaw of
this design was that the removal of the inner circle boundary left large regions of
rubber cement residue. Cells seemed adverse to the residue and either would not
proceed to move forward over it, or would do so very slowly, which compromised the
velocity data we were gathering. It also led us to question whether the rubber cement

was toxic to the cells and as such would be a potential confounding variable.

Empty space for cells
to migrate into

Outer ring where L1- created by removing
negative cells were the plastic ring;
grown region where cells

were tracked.

Inner circle where
L1-producing cells
(or control cells)
were grown

Figure 13: First attempt at designing a modified chemotaxis assay plate. L1-negative
cells were grown in outer region of plate, while L1-secreting cells were
grown for 24 hours inside the bounded inner circle created from adhering
the mouth of a 15mL plastic tube with rubber cement. Once removed, the
area where the tube had been became the space where responding cells’
movement was tracked with time-lapse microscopy.
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A.1.2 Chemotaxis Plate Version 2 “Diamond of Rings”

This version did not address the issues with the rubber cement, but it focused
on finding a design that could give us meaningful data on the directionality of the
cells’ movement. The design included four of the 15 mL tube tops attached via rubber
cement in a diamond shaped pattern. The plan was to track cells migrating from the
top and bottom regions and see if they would move preferentially toward the left
region (containing L1 producing cells) or the right (containing L1-negative cells). It
was during these trials that | realized the poor design element introduced by using
rubber cement and | decided to throw out the data of the current and previous trials

and create a new design that was not reliant on the rubber cement as an adhesive.
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Bounded region with
L1-negative cells;

‘ edges of these
regions were tracked

Bounded region with

L1-secreting cells (or
control cells)

Bounded region with
L1-negative cells to
mirror left region

Figure 14: The second chemotaxis plate prototype involved using rubber cement to
adhere four plastic rings in a diamond-shape pattern. No cells were
grown in what would be considered “the outer ring” in the previous
experimental setup. Arrows indicate the potential movement of cells.

A.1.3 Chemotaxis Plate Version 3 “The Krillin Plate”

It was at this point that | started using the hydrophobic adhesive tape that |
would use in the final experimental design. Trials with the tape showed that it left little
to no residue, and cells grown on regions where tape was applied and removed grew
and moved normally. This design was very similar in construction to the final version
we used, but instead of six, 1cm square regions, | used a standard hole punch to create
six circular regions for cells to be grown within. Like in the final version of the
experimental design, the top two regions contained L1-secreting cells (or L1-negative
cells for control trials), while the other four regions contained L1-negative responding

cells. Early trials using this format were promising, but I realized that having our
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bounded regions have a flat edge would lead to more consistent, reliable data and be
closer in design to scratch assays. As such I modified this design to my current model,

as previously described in the methods section, and in Figure 6 in the results section.

Bounded regions
with L1-secreting
cells (or control cells)

| Bounded region with
L1-negative cells;
sides of these
regions were tracked

Figure 15: The penultimate experimental design for the chemotaxis plate; pilot
experiments using this design yielded encouraging results, but | decided
that having a square border would be more consistent.

A.1.4 Invitro images Used
Figure 10 uses an image from my 3/14/18 time-lapse experiment at region 1.

Figure 11 uses an image from my 9/15/17 time-lapse experiment at region 6.
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A.2 Invivo Design
Just as developing successful protocols for the in vitro portions of this research
was a learning process, the methods | employed for my in vivo experiments involved

trial and error to find a consistent, economical, and reproducible format.

A.2.1 Vital dyes vs. viral labeling

Early experiments utilizing chick brain as an in vivo model used vital dye
labeled cells rather than viral labeling. GBM cells were incubated in either Vybrant
Dil and Vybrant DiO (Thermo Fisher Scientific) to label them prior to injection.
While this resulted in quality images, | was concerned about the longevity of the
labeling. Because these vital dyes are lipophilic and result in labeling changing from
even membrane staining to puncta in cell cytoplasm, they were inherently a diffusible
labeling system. | was concerned that over the course of the 10 days of growth and cell
division, I was only seeing a fraction of the total number of cells present that may have
been too weakly labeled to visualize. | decided that viral labeling would be a better

option for continued use in vivo because of its non-diluting nature of labeling

A.2.2 Slide construction version 1

When mounting sections of chick brain onto slides for imaging, because tissue
sections were 350 microns thick, the cover glass needed to be elevated in some way to
prevent the section from being crushed. I initially laid 2 layers of standard 170-micron
electrical tape in parallel strips on the edges of where the cover glass would rest. This
was effective in preventing the tissue from being crushed, but I could not seal the
cover glass with nail polish to prevent dehydration of the section. Early attempts to do

so resulted in the nail polish bleeding into the mounting media and obscuring the
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tissue section. Therefore my early slides would expire in a shorter time frame than |
would have wanted.

To address this issue, | began using 1” wide electrical tape of the same
standard thickness to cover the entirety of the slide, with a 1cm square region removed
from the center for the specimen to be mounted. This is the current design used by the

lab.

Cover Glass Tissue Section

Electrical Tape Slide

Figure 16: The first version of my slides for mounting 350-micron tissue sections.
This design was effective for preventing tissue sections from being
crushed, but it was impossible to seal with nail polish which prevented
preservation of the slides for future use.
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Nail Polish
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Figure 17: The second iteration of my slide design for mounting 350-micron tissue
sections. By having the entire area around the specimen elevated with
electrical tape, | was able to seal the cover glass with nail polish in order

to preserve the slide for future use.

A.2.3 Invitro images used

For Figure 12a:

Legend designation Date of injection Slide number
A 3/2/18 #15B1, 20x #1
B 3/2/18 #15B2, 20x #1
C 7/17/17 #16B, 20x #1
D 3/2/18 #15B1, 10x #1

For Figure 12b:

Legend designation Date of injection Slide number
A 1/23/18 #8B1, 20x #1
B 1/23/18 #8B1, 20x, #2
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7117117

#TA, 10x #1

1/23/18

#9B2, 20x #1
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