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INTRODUCTION

Cancer is a growing problem because in 2012 alone there were about 14
million new cases and 8.2 million cancer-related deaths worldwide, and these numbers
are likely to increase in the upcoming years'. It occurs when cells in the body begin
dividing without control causing a tumor to grow and invade other tissue’. Metastasis,
the spread of cancer to other parts of the body, is especially deadly as it contributes to
90% of cancer related deaths®. According to the American Cancer Society, stage III
breast cancer patients, who have not experienced metastasis, have a 72% five-year
survival rate while stage I'V breast cancer patients, who have experienced metastasis,
have a significantly lower five-year survival rate of 22%". Decreased survival after
metastasis is not limited to breast cancer either. The most common cancer to cause
death among men and women, lung cancer, which has an estimated 222,520 new cases
per year in the United States, becomes significantly more deadly once it has
metastasized’. Therefore, preventing metastasis is important to improve the outcomes

for cancer patients.

Cancer Treatments

Cancer treatments have developed immensely from their beginnings. The first
treatment was surgical resection, or removal of the tumor by surgery. This is still a
common treatment for cancer, but today it is used in conjunction with three other main

categories of treatment: chemotherapy, immunotherapy, and radiotherapy.
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Chemotherapy

Chemotherapy involves the use of chemicals to treat cancer. Chemotherapy
can be used in different ways. In some situations, it is used alone to fight a tumor on
its own. In other situations, it is neoadjuvant chemotherapy, meaning that it is used to
shrink a tumor before surgical resection. The opposite of neoadjuvant chemotherapy is
adjuvant chemotherapy, which is the use of the chemotherapeutic agent after surgical
resection to kill any cancerous cells that may remain. The final use of chemotherapy is
in palliative care, which helps alleviate some symptoms, but does not cure the cancer;

it is used to prolong a cancer patient’s life, but will not cure the patient®.

The majority of chemotherapy is administered intravenously, so it is a systemic
treatment, meaning that it reaches the entire body. This is good because it can reach
both the primary tumor and cancer cells that have left the primary tumor site, but it
also means that healthy tissue throughout the body is also exposed to the toxic
chemicals. Most chemotherapeutic agents are cytotoxic or cytostatic, which means
they either kill cells or halt their growth, respectively. Because cancer cells grow
quickly, most chemotherapeutic agents target mechanisms involved in proliferation
and cell growth. This prevents the drugs from having large effects on healthy, slow
growing tissues, but healthy tissues that grow quickly, such as hair cells, mucous
membrane cells, and blood-producing cells, are more affected by the treatments. This
results in common side effects, such as hair loss, anemia, gastrointestinal dysfunctions,

and more®,
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One of the first effective chemotherapeutic agents was 5-fluorouracil (5-FU).
The name of 5-FU is derived from the molecule’s atomic structure, which is the same
as uracil except the hydrogen at Carbon-5 is replaced with a fluorine atom. Using the
same intake mechanism as uracil, 5-FU easily enters cells. Once it is in the cell, it can
be metabolized in several ways, including being converted into FUTP and FAUTP,
which can be incorporated into RNA and DNA, respectively. Incorporation of FAUTP
into DNA is aided by the inhibition of thymidilate synthase (TS) by FAUMP. TS
catalyzes the conversion of dUMP to dTMP, so because FAUMP blocks this
conversion, DTTP for DNA replication and repair becomes depleted, forcing the cell
to incorporate FAUTP in its DNA. The incorporation of the fluorouracil metabolite
into RNA and DNA causes damage and blocks protein synthesis and cellular

proliferation (Fig. 1)’.
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Figure 1. The metabolism of 5-Fluorouracil in a cell.”
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The idea of using chemicals to treat cancer started during the beginning of the
1900s. However, it started with a slow process requiring developments in multiple
fields, such as mouse models and drug screening and development. They struggled
with screening a vast array of chemicals, and they also struggled with finding an
appropriate way to test the chemicals’ efficacy. During World War 11, several research
programs started yielding results to support further investigation. One of those studies
noticed that soldiers who were exposed to mustard gas during World War I had
decreased bone marrow, so mustard gas was experimentally used to treat lymphomas.
The treatment worked at combating the cancer, but its effects were short-term and
remission was short-lived. It simultaneously provided excitement and pessimism for
chemotherapy research. There were several other advances in the chemotherapeutic
treatment of hematologic cancers, also known as cancers of the blood. However, it
was not until the middle of the 1950s that there was a development in treating tumors
that did not affect blood. That development came in the form of 5-FU, which is still

used to fight colorectal cancer®.

During the 1960s and 1970s more chemotherapeutic agents were developed
and researchers discovered that combining drugs provided better outcomes. Thus,
combination chemotherapy was formed. By 1970, complete remission for Hodgkin’s
disease increased from 0% to 80% because of the use of combination chemotherapy.
Other types of cancer have experienced similar progress due to chemotherapy

development”.
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Starting in the 1970s, chemotherapy began being used as an adjuvant therapy
to other treatments such as surgical resection and radiotherapy to increase the overall
effectiveness of treatments. By 1990 the overall incidence of and mortality from
cancer began to decrease and has decreased every year since very much thanks to the

development of chemotherapeutic agents".

Immunotherapy

Immunotherapy is a modem of treatment that up until recently did not have
much success in treating cancer. Essentially the goal of immunotherapy is to activate a
patient’s immune system to prevent cancer or to fight it once it has formed. One
strategy in immunotherapy is the use of vaccines, which come in two types:
prophylactic and therapeutic. Prophylactic vaccines aim to prevent cancer and have
had success recently in the form of vaccines for hepatitis B virus and human papilloma
virus (HPV). However, therapeutic vaccines aimed at fighting tumors that have
already formed have not had much success until recently. Researchers have found that
by treating patients with interleukin (IL)-2 to activate the immune response in addition

to administering peptide vaccines they can increase survival’.

There are many other strategies for cancer immunotherapy in addition to
vaccines. One other strategy is using viral vectors to express tumor antigens, which
takes advantage of the immune system’s naturally strong response to viruses. Another

strategy uses antibodies that are targeted to dendritic immune cells to deliver antigens
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that are coupled to the antibody. Some research focuses on using actual tumor cells to
isolate antigens for use in creating vaccines. Finally, research has also been exploring
isolating dendritic cells from patients and activating them to react against tumor

antigens ex vivo before reinserting them into the patient’.

There are a few main difficulties in the field of creating effective cancer
immunotherapies. First, researchers struggle to identify good antigenic targets. It is
difficult to identify good antigenic markers because first they must only be found on
cancerous cells and not on healthy cells. If an antigen is determined to be only located
on cancerous cells, then it must also be immunogenic enough to elicit an immune
response. Second, it has been difficult to optimize the treatments to fully activate
CD8" T-cell responses that are still safe. Finally, many tumors create

. . . 9
microenvironments to prevent successful immune responses .

Radiotherapy

Radiotherapy usually comes in the form of ionizing radiation (IR). IR can
come in two forms: particles and waves. Particle radiation comes in the form of
neutrons, electrons, protons, and heavy ions. IR in the wave type is part of the
electromagnetic radiation spectrum. This is the same spectrum onto which ultraviolet
light, visible light, infrared, microwaves, and radio waves fall. These types of
electromagnetic radiation have lower frequencies, longer wavelengths, and less energy

compared to ionizing radiation, which consists of X rays and gamma rays. When an X
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ray or a gamma ray hits an atom, it can eject an electron from the atom’s orbit causing
it to become charged ion, hence the name ionizing'.

The mechanism for radiotherapy killing cancer cells is two-fold. IR causes
direct damage to DNA by causing electrons to be ejected, but it also causes indirect
damage by creating reactive oxygen species (ROS), also known as free radicals, from
the ejection of electrons from water in the cell (Fig. 2). ROS then react with DNA'" ',
The types of damage can range from nucleotide base damage to single- and double-

strand breaks'>. DNA damage causes genome instability, ultimately leading to cell

death.
A B
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Figure 2. Mechanisms of cell death following exposure to ionizing radiation."

Radiotherapy can cause several types of cell death. The cell death pathways are
interrelated and most involve p53. One type of cell death is apoptosis, which is
programmed cell death. Apoptosis occurs when damaged DNA activates ATM or

ATR and the p53 pathway is activated'®. Another type is mitotic cell death/
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catastrophe, in which chromosomes do not segregate properly during mitosis causing
giant cells to form with multiple nuclei, which also involves p53". Apoptosis and
mitotic cell death/catastrophe are responsible for most cell death in response to IR. A
third type of cell death is necrosis, in which cells swell and the cell membrane
degrades. Cell death also occurs by autophagy, which causes a cell to die by digesting
itself. Finally, senescence is when the cells remain viable, but stop proliferating;
senescent cells will eventually undergo apoptosis. Senescence is also triggered by a

p53 pathway'> ',

Cell death prevents the tumor from growing, making it an effective treatment.
However, some tumors are resistant to IR'’. By understanding the pathways that lead
to cell death following radiotherapy, we can potentially harness the power of IR even
more to combat radioresistance. Building our understanding of what causes

radioresistance is of utmost importance to create more effective treatments.

In order to use IR in a clinical setting, a measure for how much radiation is
absorbed is necessary. The gray (Gy) was created and defined as 1 joule of energy per
1 kilogram of mass. However, the biological effects are not only dependent on the
amount of energy absorbed, but also on the intensity of the ionization in the organism
depending on the source of the radiation. Therefore, the Sievert (Sv) was made to
measure equivalent dosage'". Particle radiation is more intense than x-rays and gamma
rays, so 1 Gy of particle radiation will have more biological effects than 1 Gy of wave
radiation. For x-rays and gamma rays, the equivalent dose (Sv) and the absorbed dose

(Gy) are the same; essentially 1 Gy is equivalent to 1 Sv'°.
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The specifications for each cancer treatment plan depend on the location of the
tumor, the type of tumor, and the tissue surrounding the tumor, so individual radiation
therapy treatment plans vary. The location of the tumor and the surrounding tissue are
important because radiation must travel through the surrounding tissue to reach the
tumor. Some tissue is more sensitive to radiation, so a physician and a medical
physicist must work together to design a treatment plan that uses multiple fields to
deliver the dosage without directly hitting critical tissue. Because the treatment plan is
so individualized, it is important to set up a system to ensure that the patient is in the
exact same position for every single administration'”.

In addition to creating a treatment plan for how to deliver the dosage, the
physician must choose a dosage to be delivered over multiple fractions. Different areas
of the body can tolerate different dosages. For carcinomas of the lung, it is
recommended to deliver a total of 65 to 75 Gy to the primary tumor over the course of
six to seven weeks in fractions. For lung carcinoma metastases, 30 to 40 Gy to be
delivered over the course of two to three weeks is suggested'®. In research, the
recommended protocol for lung carcinoma metastases was used in a phase II clinical
trial testing erlotinib as a treatment in conjunction with radiotherapy for non-small cell
lung cancer (NSCLC) brain metastases. The researchers used 2.5 Gy fractionations
five days per week until 35 Gy was reached (14 fractions)'’. To put the intensity of
radiotherapy in perspective, one posterior to anterior diagnostic chest x-ray has a dose

of 0.02 mGy, or 0.00002 Gy, which is more than 100,000 times weaker™.
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In addition to causing cell death in many cancer cells, previous research has
shown that IR has effects on multiple aspects of metastasis via several mechanisms in
cells that survive. Migration, invasion, and epithelial-mesenchymal transition (EMT)
have all been altered by IR in previous research. These alterations have been made by

21,22,23

inducing cell adhesion molecule (CAM) expression and via cell signaling

pathways such as TGF-B, HGF, EGF, microRNA (miR-30e), Wnt/p-catenin, and
24,25,26,27,28

more . Even with all of this information, the mechanisms behind IR-induced

changes in CAM expression remain unclear in many situations.

Metastasis
Mechanism of metastasis

Metastasis is a complicated, multistep process, in which cancer cells invade
local tissue, enter the bloodstream via intravasation, disseminate via the circulatory
system or lymphatic system, exit the bloodstream via extravasation, and colonize a

%30 Basically, they have to find a way to move from

new location in the body (Fig. 3)
the original tumor into the bloodstream or lymphatic system, which can bring them to
distant parts of the body where they can escape and form a new tumor. The

mechanisms involved in metastasis are multifaceted and interrelated, but include cell

motility, cell-cell and cell-matrix adhesion, angiogenesis, and extracellular matrix

(ECM) degradation®’.
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Figure 3. Steps of metastatic tumor formation.*

Several mechanisms involved in invasion, such as cell motility and cell-cell
and cell-matrix adhesion, are highly dependent on cell adhesion molecules (CAMs)
expressed by the cancer cell and the endothelial cells lining blood vessels. The
mechanisms are also dependent on the ECM, which provides structural support to
tissue invaded by the cancer cell’. In order for a cancer cell to migrate and leave the
primary tumor, its cell-cell and cell-matrix adhesion must be altered to allow the cell
to escape, but in order for it to migrate into the circulatory system and eventually exit
it, its motility mechanisms must be activated and its adhesive potential must be strong

enough to adhere to the blood vessel endothelium and roll to a stop™. Therefore, any
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stimulus that can affect the expression and activation of CAMs is very important for

metastasis.

Angiogenesis, the production of new blood vessels, also plays an important
role in tumor development and metastasis. Angiogenesis is typically found in
embryogenesis and in wound healing and the female reproductive cycle in adults.
However, tumors use angiogenesis to create vasculature that provides direct blood
flow to the tumor. This provides the tumor with all of the nutrients it needs to grow.
Furthermore, it decreases the distance that a metastasizing cell must travel to reach
vasculature. By decreasing the distance the metastasizing cell must travel to find
vasculature, it increases the likelihood that the cell will intravasate and eventually
form a secondary tumor. Once the metastasizing cell has reached the vascular system,
it can be transported to distant places in the body where it can form a secondary

31
tumor™ .

The secretion of certain molecules by cancer cells can increase invasive
potential too. Matrix metalloproteinases (MMPs) are a type of these secreted proteins
that can degrade ECM. There are 21 proteins in the MMP family that can digest a
diverse set of ECM proteins, including fibronectin, collagen, laminin, and
proteoglycans. They can also break down cell-cell and cell-matrix interactions®'. The
degradation of ECM breaks down tissue, which allows cancer cells to invade more
successfully in several steps of the metastatic process. MMP expression has been

implicated in other aspects of tumorigenesis recently as well**,



Craigmile 18

Cell Adhesion Molecules

CAMs play an integral role in multiple steps in metastasis®”. Therefore, their
expression and activation are important for determining the metastatic potential of
cancer cells. There are several groups of CAMs, including integrins, cadherins,
selectins, and the immunoglobulin superfamily. Within each group there are numerous
varieties®'.

Integrins, one group of CAM, are heterodimers that consist of an alpha subunit
and a beta subunit. There are many signals that regulate their expression®”, and they
are highly expressed in cancer cells, where they play an important role in cancer cell
survival and metastasis™. For example, doses of 2 Gy and 6 Gy, which are similar to
and higher than a clinical radiotherapy dose respectively, induced the expression of the
B1 integrin subunit 48 hours after exposure in the human lung cancer cell line A549.
This increased their adhesion to fibronectin and laminin. Adhesion to ECM proteins
like fibronectin and laminin also caused increased radioresistance compared to cells
plated on plastic or bovine serum albumin (BSA)*®. The researchers have not
elucidated a mechanism yet, but it is likely due to some extracellular membrane
contact dependent signaling. Further research showed that IR induces sialylation of the
Bl integrin subunit, which was correlated with increased migration®’. Research on the
aSP1 integrin showed that its expression was increased after IR in pancreatic cancer

. . . . . 38
cell lines, which caused increased invasion™.

There are several studies that have investigated the expression of intercellular

cell adhesion molecule-1 (ICAM-1) after ionizing radiation. Across several cell lines,
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ICAM-1 expression increased after treatment with IR. ICAM-1 is the ligand for LFA-

1, which is an integrin (aLf2)*"***

. The findings that CAM expression can be
altered by IR and can have effects on the adhesion and migration of cancer cells are
important because of the potential to cause metastasis in a cancer patient receiving
radiotherapy.

The cadherin family of proteins contains many proteins that are expressed in
various tissues at various times during development. In adults, E-cadherin is very
important for cell-cell adhesion and for maintaining polarity®”. Blocking with anti-E-
cadherin antibody has increased invasiveness because of the loss of cell-cell adhesion
mediated by E-cadherin®’. Decreased E-cadherin expression has also been linked to
the poor prognosis for patients with NSCLC and to increased metastasis*' #3444

Similarly to the integrin family, the cadherin family plays an important role in cancer

metastasis.

Epithelial-Mesenchymal Transition

In addition to migration mediated by CAMs, there are other aspects that
contribute to metastasis. One is epithelial-mesenchymal transition (EMT), which can
be induced by reactive oxygen species (ROS) among many other signals®’. Cells in the
epithelial state are characterized by being polarized and associated with a basement
membrane. Epithelial cells maintain their structure by cell-cell interactions, including
tight junctions, adherens junctions that are connected to the actin cytoskeleton and

require cadherins, gap junctions to allow chemicals to travel freely between connected
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cells, and desmosomes that are connected to the intermediate filaments in the cell.
Epithelial cells adhere to the ECM via integrins and other CAMs*’. Epithelial cells
usually express E-cadherin (epithelial cadherin), which is a Ca*" -dependent cell-cell
adhesion molecule that can play a role in tumor suppression*®.

In EMT, epithelial cells lose their polarity, their cell-cell connections, and their
connection to the basement membrane and gain mesenchymal characteristics (Fig.
4)*2 Mesenchymal cells have increased motility, lack cell-cell junctions, produce
extracellular matrix, and survive better in liquid suspension’. In addition to being
more mobile, cells in the mesenchymal state are able to remodel ECM by both
degrading it using matrix metalloproteinases (MMPs) and by producing the ECM
protein, fibronectin, which regulates integrin-mediated mesenchymal stem cell
migration*'. Interestingly, EMT is reversible in a process called Mesenchymal-
Epithelial Transition (MET). In this process cells lose their mesenchymal
characteristics and gain epithelial characteristics’>. EMT is important during
development, but after development, EMT can aid metastasis by changing the cell to a
state in which it is more able to migrate, does not require cell-cell contact, and can

invade other tissue with the help of MMPs.
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Figure 4. Protein expression and phenotypic changes in epithelial-mesenchymal
transition and mesenchymal-epithelial transition.

In order for EMT to occur, the cell must produce a specific set of transcription
factors'’. Several protein expression changes occur that aid in the detection of EMT.
In EMT, epithelial proteins, such as E-cadherin, a-catenin, and y-catenin are no longer
expressed’. E-cadherin is the epithelial cadherin, which is involved in cell-cell
connections. a-catenin and y-catenin connect E-cadherin to the actin microfilament
network in epithelial cells’. After EMT occurs, mesenchymal cells express markers
such as vimentin, fibronectin, and N-cadherin®®. Vimentin is an intermediate filament

that is first expressed on embryonic day 8.5, but it is not expressed in many cells in
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adults other than in connective tissue mesenchymal cells, in the central nervous
system, and in muscle. Epithelial cells usually only express keratin, but upon EMT,
they also express vimentin®*. Fibronectin is also produced because attachment to it by
mesenchymal cells can stimulate more EMT"’. N-cadherin is also known as neural
cadherin. N-cadherin usually functions in embryogenesis during gastrulation and

neural crest development, and it also acts as an invasion promoter in cancer cells>.

Emerging data support that cancer progression and metastasis can be altered by
IR-induced regulation of cell adhesion molecules on tumor cells’®”’. IR has been
shown to induce integrin expression and modulate its binding capacity to matrix
proteins®”**. However, we know little about the mechanism of the effects of IR on the
metastatic potential of survivor cells, cells that are resistant to IR-induced death. The
radiation survivor cells of three prostate cancer cell lines (PC3, DU145, and LNCaP)
have been previously analyzed for phenotypic changes. The researchers found that
multiple fractions of IR could induce changes in mRNA, miRNA, and the
phosphoproteome. Pathways that showed altered expression included immune
response, DNA damage, cell-cycle arrest, TGF-f, survival, and apoptosis.
Furthermore, p53 was heavily involved in these changes’’. Therefore, understanding
the effects on CAM expression, migration, and EMT is germane to providing the best

treatments possible.
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pS3

p53 is a tumor suppressor protein. It is a transcription factor that controls
proteins involved in the cellular response to DNA damage. If it is not functioning
properly, somatic mutations are less likely to be repaired or apoptosis will not occur®.

When DNA damage occurs, it activates ATM or ATR, which will
phosphorylate p53 to stabilize it. ATM and ATR also activate Chk2 and Chkl,
respectively. Chk2 and Chkl1 can phosphorylate p53, in addition to being able to cause
cell cycle arrest on their own via Cdc25 and Cdk1/Cdk2. However, once p53 is
stabilized, it accumulates and is a transcription factor for p21. p21 inhibits the
Cdk2/cyclin E complex that is required to progress through the G1 phase, which
causes the cell cycle to arrest in the G1 phase'”.

If the DNA damage is severe enough, the cell will undergo apoptosis instead of
cell cycle arrest. This pathway starts similarly to the cell cycle arrest pathway, but
instead of p53 activating transcription of p21, it will activate the transcription of
PUMA and Noxa, which are BH3-only proapoptotic members of the Bcl-2 protein
family. PUMA and Noxa activate Bax and Bak, which allow the release of
cytochrome ¢ from the mitochondria. Cytochrome ¢ activates caspase-9, which then
activates caspase-3 to cause cell death'”.

In approximately 50% of cancers, p53 mutation occurs’'. The majority of these
mutations are point mutations in the central DNA-binding domain, which is the part of
the protein that would usually bind to promoter regions of target genes. However, p53

mutations usually make the protein less stable and less able to bind the DNA. There
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are several mutation “hotspots” within the central DNA-binding domain at R175,

G245, R248, R249, R273, and R282%. Although p53 mutation causes a loss of tumor
suppressor functions, it can aid in growth, multi-drug resistance, invasion, migration,
scattering, angiogenesis, stem cell expansion, survival, and tissue remodeling®®*.

Therefore, p5S3 mutation not only causes the loss of tumor suppression, but it also can

cause the gain of malignant characteristics, all within a single cancer cell®*,

Project Rationale

Research has shown increased expression of several integrins after IR, but the
mechanism behind the increase is still unknown’. Other research has shown that p53
mutants may be involved in pathways that support tumor growth and progression after
IR*. A previous study in Dr. Wu’s lab showed that the expression of several integrins
and cell adhesion is differentially regulated in human cancer cell lines MCF-7 (p53-
WT) and MDA-MB-231 (p53-R280K) upon treatment with a single dose of 8 Gy.
This is interesting because, among other differences, each cell line has a different
genomic background in regard to p53°®. This prompted us to investigate how p53

mutation can affect EMT and migration, which are closely related.

Since adhesive molecules play such an important role in metastasis and their
expression is altered after IR in multiple cell lines, this project aimed to elucidate the
role of p53 mutation in a cell’s response to IR. In order to investigate the effect of

specific pS3 mutants and wild type p53 on a cancer cell’s response to IR, H1299 cells,
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a non-small cell lung cancer line that does not express p53, were transfected to stably
express one of the following: pS3-WT, p53-R175H, p53-R280K, or the empty vector,
PCDNAG. These mutants were chosen because p53-R175H is a “hotspot” mutation
within p53°s DNA-binding domain and because p53-R280K, another DNA-binding
domain mutation, is the mutant expressed in my lab’s previous research using MDA-
MB-231%%,

In previous experiments, cells were treated with one fraction of radiation and
allowed to recover 24 hours before testing’®. For this project, single dose radiation and
fractionated radiation treatments will be used. Cells treated with one dose will have 24
hours to recover before testing, while fractionally treated cells will be tested one week
after their first day of treatment. Having these two treatment conditions will allow us
to investigate the cells’ short-term and long-term responses to IR.

In clinical treatments, fractionated treatments are usually used. In a
fractionated treatment, a person usually receives a treatment every weekday
approximately 24 hours apart. Because there is a rest period between each treatment,
there is a chance for temporary phenotypic changes to occur. Therefore, cells analyzed
24 hours after a single treatment are representative of the short-term phenotypic
changes that can occur. Assaying this time point is important because the time
between each treatment could pose an opportunity for metastasis. The fractionated IR
treatment was also assayed for in order to understand phenotypic changes that occur
long-term. This helps us understand more permanent changes that fractionated IR can

have on cells that survive treatment. The effect of multiple treatments of IR is
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important to understand too because cells that survive are likely to experience

phenotypic changes, which could include increased metastatic potential.

I hypothesized that single dose radiation and fractionated radiation would
cause an increase in a5B1 integrin expression in H1299 p53-WT cells and an even
greater increase in a5B1 integrin expression in H1299 p53-R175H and H1299 p53-
R280K cells because previous research shows CAM expression to be upregulated after
IR, including a5B1 in my lab’s previous work. I also hypothesized that migration
would increase in H1299 p53-R175H cells and in H1299 p53-R280K cells after
radiation to match the change in a5B1 integrin expression. Although increased integrin
expression has been reported in metastases, a delicate balance in expression must be
maintained in order for metastasis to occur. Integrin expression must not be too high

or too low because metastasis requires the ability to migrate, detach, and reattach®.

This work aims to elucidate how IR alters the metastatic potential of cancer
cells expressing WT-p53, p53-R175H, or p53-R280K. By understanding how p53
mutation and IR affect metastasis, we can potentially characterize tumors as
candidates for radiotherapy with lower or higher risks of metastasis based on the p53
genotype. This is one step toward achieving personalized medicine. This research
could also lead to the development of chemotherapeutic targets in conjunction with
radiotherapy. Ultimately, this research has the potential to be a foundation for future

work that could save lives from succumbing to cancer metastasis.
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METHODS

Cell lines and cell culture: These experiments will use H1299 cells, a non-small cell
lung carcinoma line. H1299 cells do not express p53, so multiple stable lines
expressing WT-p53, p53-R175H, p53-R280K, and the empty plasmid, PCDNAG6 have
been created. All cells will be maintained in Dulbecco’s Modified Eagle Medium
(DMEM) with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 2 mM
glutamine. They will grow at 37°C, 5% CO,, and 95% humidified air. They will grow
until confluent, at which point they will be passaged them into new plates using

trypsin-EDTA.

lonizing Radiation: Dr. Shinhee Lee, a research scientist in Dr. Wu’s lab, is licensed to
use the *’Cs irradiator (J. L. Shepherd Associates, San Fernando, CA) located in the
Konneker Research Labs at The Ridges. She will irradiate cells with one dose of 4 Gy
or 8 Gy, or four fractions of 2 Gy on four consecutive days. The fractionated treatment
will mimic a clinically relevant treatment as outlined in Principles and Practice of
Radiation Oncology'®, whereas the single treatments are common in in vitro research.
All fractionated IR experiments were conducted one week from the first radiation
treatment, while cells were given 24 hours to recover after a single dose before

experimentation. See Figure 5 for the radiation and experimental schedule.
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Figure 5. Ionizing radiation and experimental schedule.

Wound Healing Assay: Cells were plated in 6-well plates to reach confluence by one

week after the first IR treatment. Six days after the initial IR treatment, regular growth

medium was replaced with wound healing assay medium containing DMEM with

0.5% FBS, 1% penicillin/ streptomycin, 2 mM glutamine, and 2 ng/mL actinomycin

D. Twenty four hours after the medium was changed, the medium was removed and

scratches were made using sterile 200 pl pipet tips. Each well was then washed with 2

mL of PBS and 2 mL of wound healing assay medium was added to each well.

Pictures were then taken under 40x total magnification at 0, 8, and 24 hours for

fractionated IR treatment and at 0 and 24 hours for single dose IR treatment.
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Wound healing assays were analyzed using ImagelJ. To more easily view the
scratch boundaries, the background was subtracted and the contrast was increased. The
area of the scratch was measured using the freehand drawing option, which gave the
area in terms of pixels. The number of pixels in the area of the scratch was then
divided by the total number of pixels in the image. These proportions were then
normalized to the non-irradiated H1299 control cells at 0 hours. Using these
normalized proportions, the normalized proportions at 8 hours or 24 hours were
subtracted from their respective normalized proportion at 0 hours. These normalized

differences were then tested for significance.

Western Blot: Western blotting was used to measure protein expression. Cells were
harvested one week after the initial radiation treatment. Cells were harvested by
scraping them off of the plate into one mL of PBS. After harvest, they were
centrifuged for two minutes at 4,000 rpm and the supernatant was removed. The
pelleted cells were then washed with one mL PBS and centrifugation and aspiration
were repeated. The remaining pellet was resuspended in 100 to 200 pl of 2% NP-40
buffer containing protease cocktail set III depending on the size of the pellet. This
mixture was then incubated on ice for 15 minutes to allow cell lysis to occur. After
this incubation, the mixtures were centrifuged at 13,200 rpm for 10 minutes at 4°C.
The remaining supernatant was collected and moved to new eppendorf tubes. Using
BioRad’s DC Protein Assay, the concentration of protein in each sample was

determined. Samples containing 20 pg protein were prepared and mixed with 4x
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NuPAGE Sample Buffer (Invitrogen) and heated at 99°C for five minutes. They were
then loaded into wells in an 8% SDS-PAGE gel and electrophoresed at 150 V for one
hour. The extra protein lysates were then stored at -80°C to save for future
experiments if necessary. After electrophoresis, gels were electroblotted onto
nitrocellulose membranes at 25 V overnight in the 4°C room in Towbin buffer (25
mM Tris, 192 mM glycine, and 20% methanol by volume). The following morning the
nitrocellulose membrane was blocked in 5% skim milk in Tris-Buffered Saline/Tween
20 (TBS-T) for one hour on a shaker at room temperature. The membrane was then
washed for five minutes in TBS-T three times. The membrane was then incubated in
the primary antibody diluted in TBS-T overnight on a shaker in the 4°C room. The
primary antibodies used were anti-integrin a5 (Santa Cruz, 1:1000), anti-vimentin
(Cell Signaling, 1:1000), anti-N-cadherin (Cell Signaling, 1:1000), anti-B-catenin (Cell
Signaling, 1:1000), and anti- B-actin (Santa Cruz, 1:2000). The next morning the
membranes were washed three times in TBS-T as before, and then incubated at room
temperature for one hour on the shaker in the proper secondary antibody: anti-mouse
(Santa Cruz, 1:1000) or anti-rabbit (Santa Cruz, 1:1000). The secondary antibodies
were diluted 1:1000 in 5% skim milk in TBS-T. Following secondary antibody
incubation, the membranes were washed in TBS-T three more times before being
developed with the West Pico Supersignal Chemiluminescent substrate.”® HyBlot CL
Autoradiography film was exposed to the membrane in a dark room and then
developed by hand by bathing the film in T2 Automatic X-Ray Developer followed by

T2 Automatic X-Ray Fixer (White Mountain Imaging). The membrane was then
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rinsed with water and allowed to dry. Using an Epson scanner, films were converted
into computer images. ImageJ was used to measure the percentage of the total
darkness that each band contributed. The percentage for each band was then divided
by the percentage of the non-irradiated H1299 control sample to get the relative
darkness of each band. To control for loading errors, the relative darkness of the band
was divided by the relative darkness of the corresponding B-actin band to get the
adjusted darkness. The adjusted darkness values were then used for statistical

analysis®.

Flow Cytometry: Flow cytometry was used to measure the surface expression of
integrin a5B1 and integrin a5. Cells were harvested one week after the first IR
treatment. After being harvested using 0.25% Trypsin-EDTA, cells were centrifuged
for two minutes at 4,000 rpm and then washed twice in one mL of PBS. Each sample
was then fixed in 500 pl of 4% formaldehyde in PBS for 10 minutes at 37°C. The
samples were then incubated for one minute at 4°C. The samples were then
centrifuged and washed two more times as before. After washing, the control sample
was divided into three equal parts. The three control samples and the other samples
were resuspended in 100 pl of incubation buffer (0.5% BSA in PBS) and incubated for
10 minutes at room temperature. After this incubation, 1 pg of anti-integrin a5p1
(Millipore) was added to every sample, except for two control samples. One of the
other two control samples was not incubated with any antibody and the last control

sample was incubated with 1 pg of FITC-anti-Mouse IgG2b, k (BD Pharmigen),
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which is the isotype control. This incubation lasted one hour at room temperature in
the dark to protect the FITC conjugated to the isotype control antibody. Following the
primary antibody incubation, samples were washed twice using 1 mL incubation
buffer. The samples incubated in the primary antibody were resuspended in 100 pl of
incubation buffer containing 2 pul anti-mouse-FITC (Santa Cruz Biotechnology) and
incubated for 30 minutes at room temperature in the dark, while the other two control
samples were incubated in plain incubation buffer. After this incubation, the samples
were washed two more times in incubation buffer and then resuspended in PBS for
analysis.”® Analysis was done using the FACSAria machine located in the Academic

and Research Center on Ohio University’s campus.

Statistical Analysis: Experiments were repeated three to five times. Student’s t test will
be used to determine significance with p<0.05. Microsoft Excel was used for statistical

analysis.
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EMT marker proteins and integrin o expression after fractionated IR

In order to determine the effect of fractionated IR and expression of p53-WT,

p53-R175H, and p53-R280K on EMT and integrin expression, Western blot analysis

was used. The total expression of the mesenchymal marker proteins f-catenin, N-

cadherin, and vimentin and the CAM, integrin a5 was measured (Fig. 6). One set of

H1299 p53-WT blots was lost, so statistical analysis could not be run on those

samples.
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Figure 6. EMT protein marker and integrin a5 expression in H1299 cells after

fractionated IR treatment.
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Beta-Catenin Expression, Fractionated Treatment
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Figure 7. B-catenin expression in H1299 cells after fractionated IR treatment.
Significance is noted by *p<0.05 compared to 0 Gy H1299 Control sample.

The expression of B-catenin is quantified and graphed in Figure 7. H1299 p53-
WT, H1299 p53-R175H, and H1299 p53-R280K cells all had higher baseline [3-
catenin expression compared to H1299 control cells (p53 null). Compared to non-
irradiated H1299 control cells, B-catenin expression is significantly increased in non-
irradiated H1299 p53-R175H and non-irradiated H1299 p53-R280K cells. However,
there are no other significant differences in expression of B-catenin. Fractionated
radiation treatment has no significant effect on B-catenin expression regardless of p53
genotype. Similar to the p53 mutants, H1299 p53-WT trends toward increased [3-
catenin expression both with and without fractionated radiation compared to the non-

irradiated H1299 control cells, but statistical significance cannot be determined.
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N-Cadherin Expression, Fractionated Treatment
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Figure 8. N-Cadherin expression in H1299 cells after fractionated IR treatment.
Significance is noted by *p<0.05 compared to 0 Gy H1299 Control sample or between
two samples under a bar with a star.

N-cadherin expression was quantified and graphed in Figure 8. Baseline
expression of N-cadherin was significantly increased in H1299 p53-R175H and
H1299 p53-R280K cells both with and without fractionated radiation compared to
non-irradiated H1299 control cells. H1299 p53-WT cells also trend toward increased
expression of N-cadherin both with and without fractionated radiation. Fractionated
radiation treatment caused a significant decrease in N-cadherin expression in H1299
p53-R280K cells. H1299 p53-R175H cells also trended toward decreased N-cadherin
expression following fractionated radiation treatment but did not achieve statistical

significance. H1299 control cells and H1299 p53-WT cells do not have altered

expression of N-cadherin following fractionated radiation treatment.
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Vimentin Expression, Fractionated Treatment
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Figure 9. Vimentin expression in H1299 cells after fractionated IR treatment.
Significance is noted by *p<0.05 compared to 0 Gy H1299 Control sample.

In Figure 9, vimentin expression was quantified and graphed. Vimentin
expression was significantly increased in H1299 p53-R175H cells treated with
fractionated radiation compared to non-irradiated H1299 control cells. However, there
are no other significant differences in vimentin expression. H1299 p53-WT cells trend
toward increased vimentin expression. Although the expression of vimentin in H1299
control cells trends up after fractionated radiation treatment, there is no significant
change in vimentin expression regardless of p53 genotype following fractionated
radiation treatment.

The results for mesenchymal marker proteins suggest that fractionated
radiation treatment does not cause an increase in mesenchymal characteristics

regardless of p53 genotype. If anything, EMT decreases after fractionated radiation
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treatment in H1299 p53-R280K cells causing the cell to gain a slightly more epithelial
phenotype. Although significance could not be determined for H1299 p53-WT cells,
the presence of p53-WT appears to have increased the expression of all three

mesenchymal markers compared to H1299 control cells.

Alpha5 Integrin Expression, Fractionated Treatment
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Figure 10. Integrin a5 expression in H1299 cells after fractionated IR treatment.

Integrin a5 expression was tested because of its importance in adhesion and
migration in many cancer types. Its expression was quantified and graphed in Figure
10. Although integrin a5 expression trends up following fractionated radiation
treatment in H1299 control cells, there were no significant changes in the expression
of integrin a5 regardless of p53 genotype or fractionated radiation treatment. The

expression of integrin a5 in H1299 p53-WT cells appears to increase compared to



Craigmile 38

non-irradiated H1299 control cells, but statistical significance could not be

determined.

Fractionated IR alters a5f1 surface expression in H1299 cells expressing p53 and

p33 mutants

While Western blot analysis can measure the overall expression of adhesive
molecules, such as integrin a5, it cannot determine where proteins are located in the
cell. In order for integrin a5 to directly affect cell adhesion and migration, it must be
in the cell membrane. Therefore, flow cytometry was used to determine the surface
expression of integrin a5B1, which binds to the extracellular matrix protein,
fibronectin. Determining the surface expression of integrin a5 was also attempted;
however, the isotype control antibody showed non-specific binding, so these data have
not been included.

The surface expression of a5B1 is shown in Figure 11. The baseline surface
expression of integrin a5B1 significantly increased in H1299 cells expressing p53-WT
compared to H1299 control cells. There was no significant difference between the
baseline levels of integrin a5f1 in mock irradiated H1299 cells expressing p53-
R175H or p53-R280K compared the non-irradiated H1299 control cells. However,
there was a significant increase in integrin a5p1 expression in H1299 p53-WT, H1299
p53-R175H, and H1299 p53-R280K cells following fractionated IR compared to the
mock irradiated H1299 control cells while there was no significant difference between

the mock irradiated and fractionally irradiated H1299 control cells. Fractionated IR
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also increased the surface expression of integrin a5B1 in H1299 cells expressing p53-
WT or p53-R280K compared to mock irradiated cells expressing p5S3-WT or p53-
R280K, respectively. H1299 cells expressing p53-R175H also appear to follow this
trend, but just slightly miss statistical significance (p=0.06). Finally, fractionally
irradiated H1299 p53-WT cells had significantly increased surface expression of

integrin a5B1 compared to fractionally irradiated H1299 control cells.
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Figure 11. Surface expression of integrin a5p1 after fractionated IR. The bars
represent the fold change in the surface expression compared to the non-irradiated
control. Significance is noted by *p<0.05 between 0 Gy and 4x2 Gy of same p53
characteristic, **p<0.05 compared to 0 Gy H1299 control cells, or ***p<0.05
compared to 4x2 Gy H1299 control cells.

These results show that p53-WT expression can increase the surface

expression of integrin a5f1. Furthermore, p53-WT and p53-R280K appear to play a
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role in increasing the expression of integrin a5B1 in response to fractionated IR.
Expression of p53-R175H may be involved in increasing the expression of integrin
a5B1 in response to fractionated IR, but further exploration is needed to confirm that.
Western blot data show that fractionated radiation treatment had no significant
effect the overall expression of integrin a5, which does not match these results.
Therefore it is possible that the increase in expression of surface integrin o581 is due

to integrin B1 expression being induced by fractionated radiation treatment.



Craigmile 41

Migration after fractionated IR treatment

Wound healing assays were performed to test cell migration one week
following the first treatment of four fractionations of 2 Gy administered for four

consecutive days. Representative photos are shown below (Fig. 12).
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Figure 12. Migration of H1299 cells after fractionated IR treatment.

The results show that at 8 hours after the scratch was made, migration is
significantly increased in H1299 p53-WT and H1299 p3-R175H cells treated with

fractionated radiation compared to non-irradiated H1299 control cells. However, there
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are no other significant differences in migration at 8 hours. Fractionated radiation

treatment does not significantly affect migration within each p53 genotype (Fig. 13).
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Figure 13. Migration of H1299 cells treated with fractionated radiation after 8 hours
of healing. Significance is noted by *p<0.05.

At 24 hours after the scratch was made, migration remained significantly
increased in H1299 p53-WT and H1299 p53-R175H cells treated with fractionated
radiation compared to non-irradiated H1299 control cells. Furthermore, migration in
fractionated radiation treated H1299 control cells increased compared to non-
irradiated H1299 control cells at 24 hours. Although fractionated radiation

significantly increases migration in H1299 control cells after 24 hours, migration is
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not significantly affected by fractionated radiation treatment in any other p53 genotype

after 24 hours (Fig. 14).
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Figure 14. Migration of H1299 cells treated with fractionated radiation after 24 hours
of healing. Significance is noted by *p<0.05.

The data show that fractionated IR has very little, if any, effect on migration.
Furthermore, only p53-WT expression showed a small increase in migration, and p53-
R175H showed a small decrease in migration compared to the control, suggesting that
pS3-WT, p53-R175H, and p53-R280K do not play a role in the cells’ motility or their

migratory response to fractionated IR (Fig. 14).

Although there were significant increases in the surface expression of integrin

a5B1 following fractionated IR treatment on H1299 p53-WT, p53-R175H, and p53-
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R280K cells, there were not complementary results in migration experiments. One
could hypothesize that p53-WT expression, which induced expression of integrin

a5B1, resulted in increased migration, but more support would be necessary.

Wound healing results show that fractionated IR does not largely induce
migration, which corroborates with Western blot data. Since there was little evidence
for EMT being induced in the Western blot data, one would not expect increased

migration, which is a characteristic of the mesenchymal phenotype.

EMT marker protein and a5 integrin expression after single IR dose

The mesenchymal marker protein N-cadherin and integrin a5 expression were
probed by Western blot after 24 hours treatment with a single dose of 4 Gy or 8 Gy.
N-cadherin was used to approximate EMT, while integrin a5 was probed for its role in

migration (Fig. 15).
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Figure 15. EMT protein marker and integrin a5 expression in H1299 cells after a
single dose of 0 Gy, 4 Gy, or 8 Gy.
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Alpha5 Integrin Expression, Single Dose
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Figure 16. Integrin a5 expression in H1299 cells after treatment with 0 Gy, 4 Gy, or 8
Gy. Significance is noted by *p<0.05 compared to 0 Gy H1299 Control sample.

Figure 16 shows the relative expression of integrin a5. Integrin a5 expression
was significantly increased in non-irradiated H1299 p53-R175H cells compared to
non-irradiated H1299 control cells. Although there were no other significant
differences in integrin a5 expression, the expression trends up after 4 Gy and 8 Gy in
H1299 control and H1299 p53-R175H cells and after 8 Gy in H1299 p53-R280K
cells. There does not appear to be any change in integrin a5 expression after 4 Gy or 8
Gy in H1299 p53-WT cells. Additionally, surface expression of integrin a5p1 was

increased in preliminary experiments in p53-mutant cells (data not shown).
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N-Cadherin Expression, Single Dose
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Figure 17. N-Cadherin expression in H1299 cells after treatment with 0 Gy, 4 Gy, or
8 Gy. Significance is noted by *p<0.05 compared to 0 Gy H1299 Control sample.
H1299 p53-WT cells that were not treated with radiation and that were treated
with 8 Gy showed significantly increased expression of N-cadherin compared to the
non-irradiated H1299 control cells. The expression of N-cadherin in H1299 p53-WT
cells treated with 4 Gy also appeared to be increased compared to the non-irradiated
H1299 control cells, but the increase was not statistically significant, likely due to a
large standard deviation. There was no effect on N-cadherin expression by 4 Gy or 8
Gy radiation treatments within H1299 control cells, H1299 p53-WT cells, or H1299
p53-R175H cells. Although there was not a significant increase in N-cadherin
expression in H1299 p53-R280K cells after 4 Gy or 8 Gy radiation treatment, there
was an upward trend in expression as the dose increased, but large standard deviations

definitely contributed to there being no significant difference.
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These data show that a single dose of 4 Gy or 8 Gy, followed by 24 hours to
recover, does not significantly alter EMT marker protein expression or the expression
of integrin a5. However, although there were no significant differences in integrin a5
expression or N-cadherin expression after treatment with 4 Gy or 8 Gy, there appears
to be an upward trend in expression of integrin a5 in H1299 control cells and H1299
p53-R175H cells. There also appears to be an upward trend in expression of N-

cadherin in H1299 p53-R280K cells following treatment with 4 Gy or 8 Gy.



Craigmile 48

Migration increases in H1299 p53-R280K cells after single IR dose

Twenty-four hours after treatment with a single dose of 4 Gy or 8 Gy,
migration in H1299 control and H1299 p53-WT cells was not altered. Representative

pictures are shown in Figure 18.
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Figure 18. Migration of H1299 cells after a single dose of 0 Gy, 4 Gy, or 8 Gy.

Migration appeared to increase in H1299 p53-R175H cells after treatment with
4 Gy and 8 Gy compared to non-irradiated H1299 p53-R175H cells, but there was no
statistically significant increase. However, treatment with 8 Gy caused a significant
increase in H1299 p53-R280K cells compared to non-irradiated H1299 p53-R280K

cells. Treatment with 4 Gy also appeared to increase migration in H1299 p53-R280K
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cells compared to non-irradiated H1299 p53-R280K cells, but the change was not

statistically significant (Fig. 19).
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Figure 19. Migration of H1299 cells treated with 0 Gy, 4 Gy, or 8 Gy after 24 hours
of healing. Significance is noted by *p<0.05.

Although statistical significance did not occur in Western blots after treatment
with 4 Gy or 8 Gy, the patterns observed in N-cadherin expression in H1299 p53-
R280K cells matched the increase in migration. The pattern of increased expression of
integrin a5 after treatment with 4 Gy and 8 Gy in H1299 p53-R175H cells also
matched the pattern of increased migration, but statistical significance did not occur

for either.
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DISCUSSION

One of the initial goals of this project was to investigate the short term and
long term effects of IR on cells expressing common p53 mutants. As has been shown
in previous research, IR can alter the expression of adhesive molecules and migration

. 36,37,38,21,22,23,56,57,58
in some cancer cells®%3738:21:22.23.56, 7

. Prior research in our lab also suggested that
p53 mutation could alter the response to IR, so we aimed to elucidate the role of
specific pS3 mutants (pS3-R175H and p53-R280K) in response to IR compared to
p53-WT and p53-null cells™. Both p53-R175H and p53-R280K have a point mutation
in the DNA-binding domain, and p53-R175H is considered a “hotspot” mutation
because of its increased prevalence in cancers®’. While p53-R175H is a common
hotspot mutation, p53-R280K is the mutant expressed in the MDA-MB-231 breast
cancer cells used in my lab’s previous research®®. Nevertheless, both p53 mutants were

good candidates for preliminary investigations of their effect on a cancer cell’s EMT

and migratory response to IR.

In order to investigate long-term effects, we planned to create a survivor cell
line from cells that survived fractionated IR treatment and to assay the phenotypic
changes that occur in the cells. However, the growth rate of the majority of the
survivor cells was too low to maintain those cells as a separate cell line, so we had to
change our course of action. The dose was likely too high to produce a maintainable
cell line, so instead we used the same fractionated IR treatment, but assayed them one

week after the first treatment.
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On the other hand, in order to explore how single doses of IR affect the short-
term phenotype of our cells, we treated the cells with a single dose of 4 Gy or 8§ Gy IR
and assayed them 24 hours after treatment. Previous research had shown short-term
changes in migration following IR, so we expected that short- and long-term changes

would occur, especially in cells expressing a p53 mutant.

Our data show that N-cadherin expression was not significantly increased by a
dose of 4 Gy or 8 Gy regardless of p53 genotype, so we cannot conclude that EMT
occurred in any cell line. If EMT would have clearly occurred according to
mesenchymal protein marker expression, there would have been concurrent loss of
epithelial characteristics, such as being polarized, being associated with a basement
membrane, and having cell-cell junctions. In addition to losing these characteristics,
they would have gained mesenchymal characteristics such as the ability to survive in
liquid suspension, the lack of cell-cell junctions, an increase in motility, and an

increase in the ability of cells to remodel ECM by degradation and rebuilding®’.

Although there was not any significant increase in N-cadherin expression after
treatment with 4 Gy or 8 Gy, the expression of N-cadherin appeared to increase in
H1299 p53-R280K cells following a single dose of 4 Gy or 8 Gy, but significance was
not achieved. There was a significant increase in migration in H1299 p53-R280K cells
treated with 8 Gy compared to non-irradiated H1299 p53-R280K cells though. While a
wound healing assay does not directly tell anything about EMT, increased migration is

a characteristic phenotype of cells in a mesenchymal state.
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These results support that p53-R280K expression can increase migration in
response to treatment with 8 Gy. Both the p53-R175H and p53-R280K alleles are
dominant negatives, showing the ability to inhibit p53-WT function when expressed
together®, so even in the case of heterozygous cancer with a p53-WT allele and a p53-
R280K allele, one would expect increased migration after treatment with 8 Gy. Other
research has shown gains of function from p53 mutation that contribute to cancer

promotion and metastasis®>®

, so this adds a new function of p53-R280K in response
to 8 Gy. There were no significant increases in migration in H1299 p53-R175H after 4
Gy or 8 Gy, but a trend toward increased migration exists. If standard deviations were
lower, significance may have been achieved. The standard deviations are high likely

due to the difficulty of creating equally sized scratches by hand and to the difficulty of

performing the experiments at the exact same cell density each time.

One aspect of EMT that was not explored much yet is the secretion of proteins
that can modify ECM, such as MMPs, which degrade ECM. Using an ELISA assay,
we could quantify the effect of IR and p53 mutation on MMP secretion. If MMP
secretion is increased after IR treatment, it could suggest that there is increased EMT
and increased invasive potential, especially in H1299 p53-R280K cells that already
showed significantly increased migration after 8 Gy and also trended toward increased

EMT marker protein expression.

EMT is associated with increased metastatic potential, so the fact that single
dose IR may induce EMT in H1299 p53-R280K cells is important for understanding

the wide range of potential effects of radiotherapy. In the future it will be important to
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research if the potential induction of EMT correlates to increased invasive potential.
Invasive potential can be partially explored using basement membrane extract (BME)
invasion assays®’. These experiments would test the cumulative effect of factors of
EMT, such as migration and ECM degradation, to give an overall estimation of the

invasive potential of the cells following treatment with IR.

We planned to do flow cytometry on samples treated with 4 Gy or 8 Gy IR 24
hours after treatment, but we did not have enough time to repeat it more than once.
However, we have preliminary data showing that a5B1 integrin surface expression
increases in response to a single dose of IR in H1299 p53-R175H and H1299 p53-
R280K cells. If the results are confirmed after repeating the experiment, it would be
worthwhile to investigate the role of a5p1 integrin in IR-induced migration by using a
a5P1 integrin function-blocking antibody and assaying for migration. If migration
caused by IR in H1299 p53-R280K cells is inhibited by the function-blocking
antibody, it would suggest that IR-induced migration is mediated by a5p1 integrin in

cells expressing p53-R175H or p53-R280K.

In addition to investigating p53-R175H and p53-R280K more in depth in
future research, it would be pertinent to investigate other hotspot p53 mutations. For
example, these experiments could be expanded to other hotspot mutants, such as p53-
R248W and p53-R273H. By characterizing the role of these other mutants in addition
to the ones that we have already begun to explore, our breadth of knowledge would

expand and could help guide us to individualized cancer treatments.
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We hypothesized that since there are phenotypic changes following a single
dose of IR in H1299 p53-R280K, there would be long lasting, or even permanent,
changes following fractionated IR that would reflect those changes. However, none of
such changes occurred. EMT marker protein expression decreased, if anything,
following fractionated IR. Migration in wound healing assays was not altered by
fractionated IR in H1299 cells expressing WT or mutant p53, but was increased in

H1299 control cells.

We believe that our fractionated IR treatment may have caused cells too much
damage to in vitro, forcing them to senesce and border on cell death because growth
was inhibited following treatment and because our results did not reflect the short-
term treatment. It is possible that fractionated IR does not affect EMT and migration,
but the increase in the surface expression of integrin a5B1 suggests that something
else, such as altered trafficking or recycling of the subunits, may be involved too since
its expression has been associated with migration. Furthermore, in a normal tumor,
many cells undergo apoptosis or experience growth arrest in response to radiotherapy,
but very rarely does the entire tumor die; it usually leaves a population of
radioresistant cells. Understanding this population of radioresistant cells is paramount
to prevent the regrowth of the primary tumor or the metastasis of these cells to distant

sites.

The differing results between single treatment and fractionated treatment
warrant further investigation too. At some point between the single dose and the

fractionated treatment, the EMT induced by IR 24 hours after a single dose was
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reversed and returned to the non-irradiated level in cells treated with fractionated IR.
Understanding this timing could bring insights into the mechanism behind a cell’s
response to IR. Eventually understanding the time course could improve the efficacy
of radiotherapy by altering the treatment schedule or by informing us when to

prescribe a drug that can prevent EMT.

The only result from the fractionated treatment that showed a significant
increase was in the surface expression of integrin a5B1. However, overall expression
of integrin subunit a5 was decreased following fractionated treatment. There are
several possibly explanations for this phenomenon. One possibility is that integrin 1
subunit expression increased after fractionated IR treatment, which could have caused
the increase in a5B1 integrin surface expression. To test this, we could assay the
overall expression of the integrin B1 subunit by Western blot and the surface
expression by flow cytometry. Another possibility lies in the trafficking and recycling
of the integrin subunits. Immunofluorescence could be used to visualize where the a5

and B1 integrin subunits are localized in the cell.

Overall, these results suggest that further research is warranted in the role of
p53 mutants in a cancer cell’s response to IR. A single dose appears to induce EMT
and migration in H1299 p53-R175H and H1299 p53-R280K cells in response to a
single dose of IR after 24 hours, but a fractionated treatment can inhibit EMT and has
no effect on migration. Understanding how EMT is induced after a single dose, but
inhibited by fractionated treatment is imperative to improving the efficacy of

radiotherapy as a cancer treatment. This study is a building block from which future
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research can further elucidate these mechanisms. Additionally, research involving p53
mutation and IR will provide direction for individualized cancer treatment for patients
with p53 mutation undergoing radiotherapy. Moreover, further investigation of the
detailed mechanism induced by p53 mutation and IR might provide strong clinical

improvements in the success rate of radiotherapy.
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