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Abstract

Fluorescence guided surgery using 5-aminolevulinic acid (5-ALA FGS), a technique widely used
to resect brain tumors, relies on fluorescence signals from Protoporphyrin 1X (PplX) accumulated
in cancer cells to identify and resect tumor tissue. Despite its clinical success, a major issue of 5-
ALA FGS is the insufficient accumulation of PplX in tumors, posing challenges to the surgeons
to delineate tumor ends. Our previous research showed that MEK inhibition increases PplX
accumulation in cancer cells but not in normal cells. In this study, we aimed to screen different
MEK inhibitors for their efficacy in promoting 5-ALA mediated PplX accumulation in human
brain cancer cell lines in vitro. Furthermore, we sought to develop an animal model of brain cancer
to evaluate the efficacy of screened MEK inhibitors in enhancing tumor visualization in vivo. By
conducting in vitro fluorescence measurements, we found that MEK inhibitors Trametinib and
Selumetinib were most effective in promoting PpIX accumulation in cancer cell lines. For its
consistent robust effect in vitro, Selumetinib was selected for evaluation in in vivo experiments.
We successfully developed a mice brain tumor model in Balb/c mice by allografting mammary
cancer 4T1 cells into the brain's right hemisphere. Preliminary 2-Photon imaging results show a
substantial increase in PplX fluorescence in mice treated with Selumetinib and 5-ALA compared
to mice with vehicle (DMSO/saline) and 5-ALA treatment. These results indicate the potential use
of MEK inhibitor treatment to promote PplX fluorescence in brain tumors for improved 5-ALA

FGS in clinical settings.



General Summary

Brain cancer surgeries using 5-ALA (5-ALA FGS) relies on fluorescence signal from PplX
accumulated in cancer cells to detect tumors. However, some cancer cells do not accumulate
enough PplX, making them hard to detect. Our previous research has shown that inhibition of
MEK, an enzyme in the MAPK/ERK pathway, results in an enhanced accumulation of PpIX in
only cancer cells. The objective of this MSc project was to screen different MEK inhibitors using
brain cancer cell lines and select one that is capable of enhancing PpIX fluorescence, and evaluate
if the selected MEK inhibitor can enhance tumor visualization in a mouse model of brain cancer.
We found that Selumetinib was the best MEK inhibitor for enhancing PpIX fluorescence in cancer
cell lines. Additionally, the preliminary results show that Selumetinib treatment substantially
increased PplX fluorescence and enhanced visualization of tumors in an animal model. Overall,
the results suggest that MEK inhibitors may be used to enhance tumor detection and improve the

efficacy of 5-ALA-FGS in clinical settings.
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Chapter 1: Introduction

1.1 Cancer: A Major Health Concern

Cancer is one of the major public health concerns across the globe, with tens of millions of
people diagnosed with the disease every year. In 2018 cancer was the second leading cause of
death globally and was responsible for about 9.6 million deaths in the same year (World Health
Organization, 2018). Approximately 17 million new cancer cases were reported worldwide in 2018
and are expected to reach over 27.5 million by 2040, an increase of 61.7% from 2018 (American
Cancer Society, 2018). Besides its direct impact on population health, cancer has a significant
economic impact, as the annual economic cost of cancer in 2010 was estimated at approximately
1.16 trillion USD (Stewart & Wild, 2014; Yoshioka et al., 2018). Cancer will therefore continue

to be a major healthcare issue in our society in the coming decades.

1.1.1 Cancer Statistics in Canada

Cancer is a leading cause of death in Canada and was responsible for over one-third of all
deaths in 2016 (Canadian Cancer Statistics, 2017). In 2020, it was expected that over 225,000 new
cases of cancer would be reported, and over 83,000 deaths from cancer would occur. Studies also
predict that over 3,000 Canadians will be diagnosed with brain and spinal cord cancer, and over
2,500 Canadians will die in consequence (Canadian Cancer Statistics, 2019). Fortunately, the
incidence of cancer-related mortality is declining in Canada. The 5-year survival rates of cancer
patients have risen from 55% between 1992 to 1994 to 63% in 2012 to 2014. It is also reported
that cancer prevention and control efforts have saved over 179,000 Canadian lives since 1988

(Canadian Cancer Statistics, 2017). These improvements in the survival of cancer patients are



likely due to greater cancer awareness and prevention measures and technological advances

resulting in earlier diagnosis, more effective treatments, and better patient management.

1.1.2 Introduction to Brain Cancer

A tumor is an abnormal mass of tissue containing cells that grow and multiply
uncontrollably. Normally the body controls the growth and division of cells through numerous
genes, but tumor cells evade the mechanisms that control normal cells. Within the brain, this
uncontrolled growth of cells can disrupt its normal functions. Brain tumors are divided into two
main groups: Primary brain tumors and secondary brain tumors. A primary brain tumor starts in
the brain and may spread to other parts of the brain or the spinal cord. Primary brain cancer
accounts for about 2-3% of all new cancer cases in adults, while it is the second most common
form of childhood cancer, after leukemia (American Cancer Society, 2019). Secondary brain
tumors originate from cancers of other organs that metastasize to the brain through the
bloodstream. In adults, secondary brain tumors are more common than primary brain tumors.
Nearly 25% of patients with cancer are affected by metastatic tumors to the brain, which most
commonly originates from the lung or the breast (Warnick et al., 2019; Mendez & DeAngelis,

2018).

Primary brain tumors can be further classified into benign or malignant. A benign brain
tumor develops slowly, with distinct boundaries. Most benign brain tumors do not grow into
nearby tissue and usually do not grow back after removal (Patel, 2020). A malignant brain tumor
is cancerous with irregular boundaries, rapidly growing and spreading into nearby brain areas. It
is difficult to be removed completely, accounting for their subsequent regrowth after treatment.

Any tumor in the brain, whether benign, malignant, or metastatic, can all potentially be life-
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threatening if located in a vital area of the brain. Due to the rigid structure of the cranium, the brain
cannot expand to make room for a growing mass of tissue. As a result, the tumor can compress or

displace normal brain tissue and disrupts normal brain function.

Depending on the cell type, primary brain tumors can further be classified as glioma and
non-glioma tumor types. Gliomas are the most prevalent central nervous system (CNS) tumors,
representing about 30% of all brain tumors and over 80% of malignant brain tumors
(Goodenberger & Jenkins, 2012; Ostrom et al., 2014). They originate from the glial cells that
surround and support the nerve cells. Depending on the type of glial cells, gliomas are divided into
astrocytoma, oligodendroglioma, and oligoastrocytoma. Tumors that arise from astrocytes are
called astrocytomas and are commonly found in the cerebrum and cerebellum. High grade
astrocytomas are most prevalent in young adults and older patients, while low grade astrocytomas
are common in children (Mesfin & Al-Dhahir, 2020). Tumors that arise from cells and structures
of the brain that are not glial cells, such as meninges, pituitary gland, pineal gland, and cells lining
the ventricles of the brain, are called non-glioma tumors. Most prevalent examples of non-gliomas
include meningiomas, medulloblastomas, and primary CNS lymphomas (Marta et al., 2011;

Schroeder & Gururangan, 2014).

Under the World Health Organization (WHO) grading system, brain tumors are classified
into grades | to 1V based on histological features of tumors as summarized in Table 1 (Altinay,
2017). These grades indicate how aggressive the tumor is likely to be (Louis et al., 2007). A higher
grade is usually associated with tumors that are more aggressive and more likely to grow quickly.
Glioblastoma multiforme, a grade IV astrocytoma subtype, is the most common and the most

aggressive form of brain cancer, accounting for over 40% of all gliomas (Ostrom et al., 2014).



These tumors show rapid growth, spread to other tissue, and are associated with poor prognosis

(Hanif et al., 2017).



Table 1: The WHO grading of central nervous system (CNS) tumors.

WHO Features of Grading

Grade | Have low proliferating potential and it may be possible to completely
remove the tumor with surgery.

Grade 11 Usually have diffuse infiltrative and low proliferating potential, but
probability of low recurrence rate, some of them have risk of progression to
high grade.

Grade 111 Mostly known as anaplastic tumors and have malign histologic features and
is likely to spread into nearby tissues. Have high recurrence rate and usually
need chemotherapy and radiotherapy.

Grade 1V Obviously malign tumors, which are necrotic and have capability of fast
recurrence, most of them show diffuse spreading to CNS.

Note: Adapted from “Role of Pathologist in Driver of Treatment of CNS Tumors” by S. Altinay,
2017, p. 24, In New Approaches to the Management of Primary and Secondary CNS Tumors.
IntechOpen. Attribution 3.0 Unported (CC BY 3.0).



https://creativecommons.org/licenses/by/3.0/

1.1.3 Therapeutic Options for Cancer

Several types of treatments are available for cancers, such as chemotherapy, radiotherapy,
and surgical removal, each of which has advantages and limitations. Chemotherapy is a form of
systemic therapy where drugs taken orally or injected into the body travel through the bloodstream
to fight cancer cells anywhere in the body. Chemotherapy targets actively dividing cells as cancer
cells proliferate and grow more rapidly than most normal cells in the body (Raguz & Yage, 2008).
One major advantage of chemotherapy is the wide distribution of the drug throughout the body
and its ability to target cancer cells that have metastasized from the primary tumor location to other
parts of the body. However, as cancer-specific effects of most chemotherapy depend on the rate of
cell division, the primary side effects are damaging normal cells with fast growing rates, such as
those in the bone marrow, hair follicles, and digestive tract. The short-term side effects include
nausea, vomiting, loss of appetite, hair loss, constipation, and diarrhea, while the long-term side
effects of chemotherapy may include damage to lung tissue, heart problems, infertility, kidney

problems, nerve damage, and the risk of second cancer (American Cancer Society, 2020)

A radiotherapy is a form of localized therapy using high energy beams to kill cancer cells.
The high energy beam most commonly used is X-rays, but protons or other forms of high energy
beams are also utilized. High-energy beams damage the genomic DNA of cells to prevent it from
dividing and thus are effective against cells with high proliferation rates, such as cancer cells. As
a result, radiotherapy can reduce the tumor burden or destroy it completely (National Cancer
Institute, 2019). Similar to chemotherapy, radiotherapy comes with some side effects. The primary
side effects of radiotherapy include fatigue, loss of appetite and skin problems and hair loss in the
area being treated with radiotherapy. Additionally, late side effects of radiotherapy can appear a

long time after the treatment finishes. These side effects depend on the part of the body being



radiated. They may include cavities and tooth decay, early menopause in women, cardiovascular
complications, infertility, and often increase the risk of developing other types of cancer (National

Health Service, 2020).

Surgical resection remains to be the cornerstone for the cure and control of most solid
cancers. If all of the cancer cells can be surgically removed, the patient will be cured of that cancer
(Zheng et al., 2019). Although surgery is most effective at completely removing cancer from the
primary site at an early stage, it can also be used to resect secondary tumors that have metastasized
to other parts of the body. While there are several reasons why a patient may undergo surgery,
including cancer diagnosis, staging, prevention, and tumor debulking, the ultimate goal of surgery
is to completely remove the cancerous tissue from a specific place in the body. When complete
tumor removal is a challenge, debulking can effectively reduce tumor size and control its growth.
Debulking can make other forms of treatment such as chemotherapy and radiotherapy more
effective as it minimizes the remaining population of cancer cells that might require further

treatment (Khong et al., 2014).

1.2 Surgery: The Gold Standard in Cancer Treatment

For many solid tumors, surgical resection remains the primary treatment option, as the
complete removal of all cancer cells is closely tied to its curability and disease outcome (Nagaya
et al., 2017). Surgical resection offers the greatest possibility of prolonged progression-free
survival and an overall better patient outcome across all stages (Metildi et al., 2012). The presence
or absence of tumor cells in the surrounding area of resected tissue, known as surgical margin, is

a strong predictor of tumor recurrence and patient survival. A positive margin refers to the presence



of tumor cells at the cut edge of the resected tissue and is associated with high local recurrence
and poor prognosis in patients. (Frankel et al., 2013; Nguyen & Tsien, 2013; O'Donnell et al.,

2014).

1.2.1 Current Challenges of Surgical Resection

Although there has been a continuous effort to enhance surgical technology and techniques,
complete removal of cancerous tissue is still a challenge. Despite best efforts and treatments,
glioblastomas recur in almost all patients (Nguyen & Tsien, 2013). Other forms of cancer with
higher recurrence rates include ovarian cancer, bladder cancer, soft tissue sarcoma, and lymphoma
with 85%, 50%, 50%, and 75% recurrence rates, respectively (Primeau, 2018). To minimize the
chances of tumor recurrence, a significant volume of surrounding normal tissue can be resected in
some organs. However, tumor resection with a large margin is challenging in certain organs as
removing or damaging any surrounding healthy tissue may interfere with normal organ functions.
One such organ is the brain, where the surgeons do not have the luxury to resect surrounding
normal tissues without fear of disrupting normal brain functions (Mondal et al., 2014). Therefore,
it is essential to improve surgical techniques and develop new clinical tools to maximize the
efficiency of tumor resection while maintaining normal organ functions for the patient’s quality of

life post-surgery.

To this end, several preoperative imaging techniques have been developed that generate
images highlighting the structural, functional, and locational details of the cancerous tissue,
including magnetic resonance imaging (MRI), computed tomography (CT), and positron emission
tomography (PET) (Mondal et al., 2014). With the help of these imaging techniques, tumor

detection, diagnostic accuracy, and preoperative planning have improved greatly (Wang et al.,
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2015; Mabray et al., 2015). Despite these advances in imaging techniques, in providing valuable
information on tumor location and characteristics, incorporating these systems into the operating
room is currently a challenge due to their large hardware footprint, slow imaging speed, inability
to provide microscopic details, huge cost of operation, and the need for a specialized operator
(Jolesz, 2014; Vahrmeijer et al., 2013). It remains a significant challenge to develop novel surgical
approaches that differentiate the normal tissue from the cancerous tissue intraoperatively.

Therefore, surgeries still largely rely on visualization by the eyes of operating surgeons.

1.2.2 Fluorescence Guided Surgery: A New Dawn in Cancer Treatment

To overcome the challenges that traditional cancer surgery is facing, new medical imaging
techniques have been developed to aid surgeons in identifying tumor ends during surgery. One
such imaging technique is photodynamic detection (PDD), which allows surgeons to detect tumor
ends by means of a fluorescence signal. The use of PDD to maximize the precision and efficacy
of tumor resection is called fluorescence guided surgery (FGS) (Gioux et al., 2010; Kaneko &
Kaneko, 2016; Ishizuka et al., 2011). FGS proceeds as a regular surgical process with specialized
illumination of the surgical region using light of specific wavelength to excite fluorescent probe
molecules that are specifically accumulated in the tumors. The emitted fluorescence is detected in
real-time through a set of specialized imaging filters or lenses (Mondal et al., 2014). As FGS does
not require much additional equipment in an operating room, it does not alter the surgical
procedure significantly, making it a potential add-on technique to be commonly used (Allison,

2015).



1.2.3 Fluorescent Probe

Fluorescent probes are compounds that possess the intrinsic ability to emit light when
excited with light of a specific wavelength. Figure 1 (Dunst & Tomancak, 2019) illustrates the
mechanism of light absorption, changes in electronic configuration, and light emission from a
fluorescent probe. When the fluorescent probe absorbs the light, it reaches the excited state (S1 or
S2) from the ground state (So) by raising the energy level of electrons. The excited electrons remain
in this high energy state for a very short period. Following this excitation state, the electrons return
to the ground state (So) by emitting light (photons) of lower energy (longer wavelength) in the
form of fluorescence. The amount of time the electrons remain in an excited state before returning
to the ground state is called fluorescence lifetime and is proportional to the amount of fluorescence
emission. The number of photons emitted relative to the number of photons absorbed by the
fluorescent probe is the quantum vyield. The process of excitation and light emission of a
fluorescent probe runs in cycles until the fluorescent probe undergoes photobleaching.
Photobleaching is photo-induced chemical destruction of the fluorescent probe, where the

fluorescent probe permanently loses its fluorescence capacity (Vicente et al., 2007).

For FGS applications, it is essential to consider the properties of the tissue and the
fluorescent probe that influence fluorescence emission from the tissue. The quantum yield of the
fluorescent probe can be affected by the surrounding environment of the tumor and the depth the
excitation light must travel before reaching the fluorophore. Other important predictors include the
concentration and distribution of fluorescent probes in the tissue, scattering, and absorption of the
fluorescence by surrounding tissue, and the nature of the tissue surface. Therefore, the fluorescent
probes must be selected for FGS based on their properties that generate a strong fluorescence

contrast between the tumor and adjacent tissue, which helps visualize tumor mass in real time.
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Figure 1: Principle of fluorescence emission.

Horizontal lines depict the electronic energy levels. So represent the ground state. S; and S are the
first and second electronic energy levels. When the excited electrons return to their ground state,
the fluorescence probe emits fluorescence. The transitions between electronic states can be
nonradiative (wiggly arrows) or radiative (straight arrows).

Note: Adapted from “Imaging Flies by Fluorescence Microscopy: Principles, Technologies, and
Applications,” by S. Dunst and P. Tomancak, 2019, Genetics, 211(1), p. 17. Attribution 4.0

International (CC BY 4.0).
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1.2.4 Types of Fluorescent probes: Exogenous and Endogenous fluorophores

The fluorescence emitted by fluorescent probes can guide surgeons during FGS to delineate
and resect tumor tissue. The fluorescent probes used in the clinical setting can be divided into two

types, endogenous fluorescent probes and exogenous fluorescent probes.

1.2.4.1 Endogenous Fluorescent Probe

Endogenous fluorescent molecules are found naturally in tissues and are responsible for
the fluorescent properties of biological tissues. The endogenous fluorescence of tissues upon
excitation with light is called autofluorescence. These endogenous fluorophores can be classified
into four groups: 1) porphyrins, 2) amino acids and proteins, 3) flavins, and 4) pyridine nucleotides.
The primary benefit of using endogenous fluorescence contrast is that the patient does not need to
take drugs, thus avoiding any complications such as adverse drug reactions. However, endogenous
fluorophores suffer from weak quantum yield and non-specific accumulation in normal tissue,

making the distinction between the tumor and normal tissue very difficult (Nguyen & Tsien, 2013).

1.2.4.2 Exogenous Fluorescent Probe

Exogenous fluorescent probes and their precursors are compounds that can be safely
administered to patients. When administered, the fluorescent probe accumulates directly into the
tissue or is converted from the precursor as it enters cellular pathways and accumulates into the
target tissue (Borisova et al., 2014). Exogenous fluorescent probes have higher fluorescence yields
compared to endogenous fluorescent probes, thereby facilitating real-time imaging and detection

(Ramanujam, 2000). However, safety profiles, including drug toxicity, allergic reactions, and
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photosensitivity of patients, need to be addressed. The exogenous fluorescent probes used for
cancer detection can further be divided into two types, 1) Non-targeted fluorescence probes and 2)

Targeted Fluorescent probes.

1.2.4.2.1 Non-targeted Fluorescent Probes

The accumulation of non-targeted fluorescent probes is not tumor-specific, but they are
designed to target and accumulate in rapidly proliferating tissues (Allison, 2015). Since tumor
cells proliferate at a higher rate, non-targeted fluorescence probes have found a use in FGS of
tumors. The non-targeted fluorescent probes include indocyanine green, methylene blue, and
fluorescein sodium which are currently used in clinical settings (Nagaya et al., 2017; Liu et al.,

2021; van Manen et al., 2018)

1.2.4.4.2 Targeted Fluorescent Probes

Targeted fluorescent probes are accumulated specifically in tumors compared to in normal
tissue; however, the exact mechanisms of this selective accumulation in tumors are still unknown.
One of the possible explanations is poor clearance of the fluorescent probe from tumors compared
to normal tissue (Huang, 2005; Matsui et al., 2010). Given their specificity for tumors, many
targeted fluorescent probes have been used in FGS, including photofrin, foscan, verteporfin and

texaphyrin (Baskaran et al., 2018).
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1.2.5 Selection of Fluorescent Probes for FGS

The success of FGS depends on the type of fluorescent probe used to visualize tumors. To
achieve a tumor-specific fluorescence during FGS, several properties of the fluorescent probe need
consideration. First, the fluorescent probe should accumulate selectively in tumors and not normal
tissue. Second, the fluorescent probe must not be harmful to normal tissues and have a short half-
life, so that it clears from tissues within hours or days to prevent toxic effects but allow enough
time for tumor visualization. Third, it should be easy to integrate into the surgical procedure
without introducing too much additional complexity. Lastly, the fluorescent probe should have a
high quantum yield, leading to a distinct difference in fluorescence emissions between tumor and
normal tissue, allowing surgeons to differentiate tumor from normal tissue (Allison, 2015; Sevick-

Muraca & Rasmussen, 2008).

1.3. 5-ALA: An Exogenous Fluorophore for FGS

Among existing fluorescent probes, 5-aminolevulinic acid (5-ALA) is the most widely
used in clinical settings. During 5-ALA FGS, exogenous 5-ALA administered into the patient
results in an elevated production and accumulation of PplX in cells. PplX is an endogenous
fluorescent agent that is accumulated more efficiently in cancer cells than normal cells, making 5-
ALA an excellently targeted probe for FGS of tumors (Nagaya et al., 2017). 5-ALA is clinically
used for the PDD of the brain, bladder, and gastric cancers (Hadjipanayis & Stummer, 2019;
Millon et al., 2010; Inoue, 2017). In addition, 5-ALA is used in photodynamic therapy (PDT) to
eliminate cancer cells. During PDT, PplX acts as a photosensitizer and produces oxygen species

that kill tumor cells when exposed to the light of specific wavelengths, such as red visible light
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(600-740 nm) and green visible light (450-580 nm) (Collaud et al., 2004; Inoue, 2017).

1.3.1 PplX: An Intermediate of the Heme Biosynthesis Pathway

While 5-ALA can be administered exogenously for FGS and PDT to treat cancer, it is also
found endogenously as a key molecule for heme biosynthesis. The heme biosynthesis pathway is
a multi-step process involving different intracellular compartments, starting with the production
of 5-ALA and ending with the conversion of PpIX into heme (Figure 2) (Wachowska et al., 2011).
The first step in the heme biosynthesis pathway is the synthesis of 5-ALA from glycine and
succinyl CoA by ALA synthase (ALAS) on the inner mitochondrial membrane (Ponka, 1999;
Yang et al., 2015). The second step involves the transfer of 5-ALA to the cytosol, where
porphobilinogen (PBG) is formed by condensing two molecules of 5-ALA, catalyzed by an
enzyme called ALA dehydratase (ALAD). Next, hydroxymethylbilane (HMB) is generated by
condensing four molecules of PBG, the first tetrapyrrole in the pathway, which is catalyzed by the
enzyme porphobilinogen deaminase (PBGD). PBGs lose their amino acids when they form a linear
tetrapyrrole HMB. The linear tetrapyrrole HMB is then catalyzed by the enzyme uroporphyrinogen
I11 synthase (UROS) to form cyclic uroporphyrinogen 11, decarboxylased by Uroporphyrinogen
1l decarboxylase (UROD), leading to the formation of coproporphyrinogen IlI.
Coproporphyrinogen 111 is then transferred back into mitochondria, where it undergoes oxidative
decarboxylation by coproporphyrinogen 111 oxidase (CPOX) to generate protoporphyrinogen IlI.
Furthermore, protoporphyrinogen Il is oxidized by protoporphyrinogen Ill oxidase (PPOX) to
produce PplX. The final step in the heme biosynthesis pathway is the chelation of PplX by an iron
(11) to form heme in mitochondria, catalyzed by the enzyme ferrochelatase (FECH) (Wachowska

et al., 2011). PpIX possesses fluorescence and photosensitizing activity that can be used for PDD
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and PDT, while heme does not (Stummer et al., 2000). PpIX is also effluxed out from the cells
through the members of the ATP binding cassette family of transporters, including ATP-binding
cassette super-family G member 2 (ABCG2) and ATP-binding cassette super-family B member 1

(ABCB1) (Yoshioka et al., 2018; Yang et al., 2015).
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Figure 2: Overview of the heme biosynthesis pathway.

5-ALA is a non-fluorescing photosensitizer precursor and an intermediate in the heme biosynthesis
pathway. The rate-limiting step of this pathway is the synthesis of endogenous 5-ALA by the
enzyme ALAS. Thus, the exogenous administration of 5-ALA bypasses this rate-limiting step. 5-
ALA is converted to strongly fluorescing protoporphyrin IX through a series of enzymatic

processes prior to the final step of conversion to heme within mitochondria.

ALA-S: 5-aminolevulinate synthase, FECH: Ferrochelatase ALA-D: 5-aminolevulinate
dehydratase, CPOX: Coproporphyrinogen oxidase, PBG-D: Porphobilinogen deaminase, PPOX:
Protoporphyrinogen  oxidase, = UROD:  Uroporphyrinogen  decarboxylase, = UROS:

Uroporphyrinogen 111 synthase.

Note: Adapted from “Aminolevulinic acid (ala) as a prodrug in photodynamic therapy of
cancer,” by Wachowska, M., Muchowicz, A., Firczuk, M., Gabrysiak, M., Winiarska, M.,
Wanczyk, M., Bojarczuk, K. and Golab, J., 2011, Molecules, 16(5), p. 41440. Attribution 3.0
Unported (CC BY 3.0).
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1.3.2 Use of 5-ALA as a PDD Agent

The first use of exogenous 5-ALA for the detection of gliomas was first reported in 1998
(Stummer et al., 1998). The finding led to the establishment and development of concepts of PplX
application to FGS. The ability of a 5-ALA metabolite PplX to distinguish normal tissue from the
tumor in different types of organs has made it a great candidate for PDD (Millon et al., 2010).
Additionally, 5-ALA is a safe drug, with only short-term photosensitivity of the skin and eyes
reported in patients after system application of 5-ALA (Tonn & Stummer, 2008; Georges et al.,
2019). This low risk of side effects associated with 5-ALA was another reason for its success in

clinical settings.

1.3.2.1 Accumulation of PplIX in Cancer Cells

The cellular level of PplX induced by exogenous 5-ALA is dependent upon a balance of
factors that either increase PplX accumulation or reduce it. The increase in PpIX accumulation is
mediated through the uptake of 5-ALA into the cell and rate of synthesis of PpIX, while PplX
level is reduced through the conversion to heme and efflux from membrane transporters (Kobuchi
et al., 2012). Although the mechanism underlying the selective accumulation of PpIX in cancer
cells is still not fully understood, it is believed that oncogenic transformation changes the activity
of enzymes in the heme biosynthesis pathway, which contributes to the enhanced PplX
accumulation in cancer cells (Yang et al., 2015). Studies have reported a decreased activity of
FECH in malignant cells, resulting in a reduction in the conversion of PpIX to heme and an
increase in the accumulation of PpIX (Adjei et al., 2017; Pichlmeier et al., 2008; Zhou et al., 2005).
Furthermore, due to the increased metabolic rate, tumor cells suffer from a decreased cellular
supply of iron, limiting the insertion of irons to PplX that is essential for the conversion to heme
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(Ishizuka et al., 2011). Oncogenic transformation has also been reported to enhance the activity of
other enzymes in the heme biosynthesis pathway, such as ALAD, UROD, and PBGD (Wachowska
et al., 2011; Yang et al., 2015). Other factors involved in the enhanced PplX accumulation in
cancer cells are disruptions of mitochondrial functions and alterations in the activity of porphyrin
transporters such as ABCG2 and ATP-binding cassette super-family B member 6 (ABCB6) (Yang

etal., 2015).

1.4 Clinical Application of 5-ALA in FGS

1.4.1 Approval of 5-ALA FGS for Clinical Use

Due to extensive research and success in clinical studies, 5-ALA FGS is now widely used
for the visualization and treatment of different types of cancer in clinics all around the world
(Goryaynov et al., 2019; Ishizuka et al., 2011; Roberts et al., 2012; Stummer et al., 2006; Wang et
al., 2013). The European Union granted clinical approval of 5-ALA for PDD of cancers of the
brain, bladder, and skin. (Millon et al., 2010). In 2017, the FDA approved 5-ALA as an
intraoperative visualizing agent for FGS of high grade gliomas in the USA (Hadjipanayis &
Stummer, 2019). 5-ALA FGS has shown its effectiveness in the treatment of high grade gliomas.
Tsugu et al. (2011) found that 5-ALA FGS resulted in complete resection of gliomas (presence of
no residual contrast-enhancing tumor on early postoperative MRI) in about 60% of all cases
compared to in only 30% of standard surgery under white light. In addition, the higher frequency
of complete tumor resection with 5-ALA FGS also translates to a higher 6-month progression free
survival rate in patients (Stummer et al., 2006). At 6 months, the progression free survival was

21% for patients operated under white light and 41% for patients treated with 5-ALA. Moreover,
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5-ALA FGS has been approved to remove intracranial brain tumors in Europe, Australia, Canada,
Japan, and the USA (Polikarpov et al., 2020). Overall, 5-ALA FGS can be easily incorporated into
traditional surgery techniques with limited side effects and could result in higher rates of complete
tumor resection. Therefore, 5-ALA FGS will be an essential and standard surgical technique for

patients with malignant gliomas in the near future (Guyotat et al., 2016).

1.4.2 Administration of 5-ALA and Visualization of PplX in Patients

The patients are orally administrated with 20 mg/kg body weight (BW) of 5-ALA to
promote PplX accumulation in tumors a few hours before the surgery (Pichlmeier et al., 2008).
During the surgery, a blue light (405nM excitation) is used to visualize the tumors emitting a red
PpIX fluorescence at 635 nm (Stummer et al., 1998). 5-ALA is a safe drug, but possible side effects
include short-term sensitivity of the skin and eyes (Tonn & Stummer, 2008). Therefore, it is
advised that patients are not exposed to sunlight or strong artificial light within 24 hours of drug

intake to prevent skin irritation or eye damage.

1.5 Limitations of 5-ALA Mediated FGS

As seen in other cancer therapeutics, 5-ALA FGS has its limitations, which remain to be
solved. PpIX accumulation varies among different cancer types and different tumor grades (Silva
et al., 2015). The location of the tumors can be another limiting factor as the FGS light cannot
excite PpIX fluorescence if the tumors are located inside organs. Furthermore, the fluorescence
signal in tumors can be photobleached with excessive light exposure, limiting the duration which

allows surgeons to visualize tumors effectively.
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Another limitation of 5-ALA-PDD is the occurrence of false positives, which is defined as
the presence of fluorescence in normal tissues (Kaneko & Kaneko, 2016). False positive results
affect the specificity of 5-ALA-PDD. Conversely, some tumors are not very sensitive to 5-ALA-
PDD and show a low PplX fluorescence or an absence of fluorescence despite the histological
confirmation of malignant tissues. (Moiyadi et al., 2014). A study by Kaneko & Kaneko (2016)
reported the specificity of 5-ALA mediated resection of malignant gliomas to be about 92% and
the sensitivity of 86%. Their study found the presence of fluorescence in 3 samples out of the 39
non glioma tissue samples tested and the absence of fluorescence in 25 samples out of the 178
glioma tissue samples tested. Finally, as mentioned above, 5-ALA administration causes short-
term photosensitivity in the skin, and the eyes may become sensitive to light (Tonn & Stummer,
2008). These are the current limitations of 5-ALA use to detect tumors in patients, which need to

be addressed to improve the efficacy of 5-ALA-PDD.

1.5.1 Varying Degree of PpIX Accumulation in Different Cancer Types

One of the limitations of 5-ALA-PDD is related to the grade of cancer. High grade gliomas
(WHO 1V) show a heightened sensitivity to 5-ALA induced PplX fluorescence, while low grade
gliomas (WHO 1 and I1) show very low levels of PplX accumulation and are often not visible
(Hendricks et al., 2018). Several studies have reported that tumor visualization was achieved only
in 10-20% of lesions due to the low levels of PpIX accumulation in low grade gliomas (Hendricks
et al., 2 018; Jaber et al., 2016). Another study demonstrated that PplX fluorescence was
accumulated over 10 times more in grade IV glioblastoma than in grade Il (Kaneko & Kaneko,
2016). Thus, the low accumulation of PplX in low grade glioma limits its use as a fluorescent

probe to resect low grade gliomas (Zhao et al., 2013; Valdés et al., 2011).
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1.5.2 Heterogenous Accumulation of PplX in Cancer Tissue

Another limitation of 5-ALA FGS is a heterogenous accumulation of PpIX within tumor
tissue. PpIX accumulation is influenced by the location of tumor cells and the density and size of
the tumor mass. Moreover, due to the intra-tumor heterogeneity, characterized by the presence of
subpopulations of cells with distinct genomic alterations and components of the tumor
microenvironment, PpIX fluorescence within the tumor may not be ubiquitous (Becker et al.,
2021). Stummer et al. (2000) noted the presence of two types of fluorescent tissue within a tumor:
a solid tumor with a vivid fluorescence and infiltrating tumor projections into normal tissue with
less fluorescence. Additionally, small satellite tumors around the primary tumor have limited PplX
accumulation. Therefore, the PpIX fluorescence signal is often not strong enough, resulting in
visualization difficulties (Guyotat et al., 2016). The heterogenous accumulation of PpIX may result
in incomplete resections of gliomas leading to increased rates of tumor recurrence (Metildi et al.,

2012).

1.5.3 Ras/MEK Signalling Pathway: A Commonly Disrupted Signalling
Pathway in Cancer

To overcome the limitations of 5-ALA FGS, a better understanding of the cellular
mechanisms contributing to PplX accumulation in cancer cells is warranted. Since PplX
accumulation is commonly elevated in skin, bladder, gastric, lung, colon, and brain cancer, it is
crucial to investigate the association of elevated PplX accumulation with other commonly

disrupted signaling pathways in cancer cells (Kitajima et al., 2019).

A mutation that is commonly found in human cancer cells is activating mutations in the

Ras signaling molecule, found in approximately 30% of all human cancers (Schubbert et al., 2007).
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Ras is a pro-oncogene, which transduces extracellular signals to the nucleus and regulates cell
proliferation, differentiation, and survival (Rocks et al., 2006). Additionally, activating mutations
are also found in the downstream elements of Ras in a majority of cancer cells (Santarpia et al.,
2012). One such downstream element of the Ras signaling pathway is mitogen-activated protein
kinase kinase (MEK) which has been shown to regulate the heme biosynthesis pathway (Yoshioka

etal., 2018).

1.6. Mitogen Activated Protein Kinase (MAPK) Signaling Pathway

MAPK is a family of kinases that play a crucial role in the transduction of extracellular
signals involved in important cellular processes such as regulation of gene expression,
proliferation, differentiation, stress responses, apoptosis, and immune defense (Grimaldi et al.,
2017). The MAPK signaling pathway is activated through a number of initiating signals, including
growth factors, hormones, and cytokines, and through the Ras and Rho families of small GTPases
(Roberts & Der, 2007). Figure 3 shows the three main families of the MAP kinases (Lee, Rauch
& Kolch, 2020). In mammals, these are Extracellular-signal-regulated kinases (ERK), the c-JUN
N-terminal kinase 1, 2 and 3 (JNK1/2/3), and p38 MAPK family of isoforms (a, B, 6, and )

(Soares-Silva et al., 2016).
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Figure 3: MAPK signalling pathway

The three well-characterized mammalian MAPK families consist of ERK, p38, and JNK signaling
pathways. The MAPK signaling pathways are activated by extracellular or intracellular stimuli,
upon which they activate other intracellular signaling pathways. When activated, MAPKSs activate
a variety of substrate proteins, including transcription factors. These transcription factors, in turn,
regulate a host of cellular activities, including cell proliferation, differentiation, migration, and cell
death.

Note: Reprinted from “Targeting MAPK signaling in cancer: mechanisms of drug resistance and
sensitivity” by S. Lee, J. Rauch and W. Kolch, 2020, International Journal of Molecular
Sciences, 21(3), 1102. Attribution 4.0 International (CC BY 4.0).
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1.6.1 ERK Signaling Pathway

One of the best characterized Ras downstream pathways is the Ras/MEK pathway (Zhao
& Adjei, 2014). Activated Ras-GTP binds to downstream effector targets, one of which is Raf
(Shaul & Seger, 2007). Raf further induces serine and threonine phosphorylation of MEK 1 and 2,
which in turn activate the ERK kinase family (ERK 1 and 2). The pathway is activated in response
to growth factors, pro-inflammatory stimuli, and mitogens. Activated ERK1/2 regulates several
transcription and translation factors, nuclear and cytoplasmic effector genes involved in cell
proliferation, differentiation, motility, angiogenesis, and cell death (Chambard et al., 2007; Knight

& Irving, 2014).

1.6.2 Role MEK Signaling Pathway in Cancer

The abnormal activation of the MEK pathway has been found in many malignant tumors
(Liu et al., 2018). In addition to the active mutation of Ras mentioned above, BRAF, an isoform
of RAF protein kinase, has been identified as a proto-oncogene, which mutations are found in
about 7% of all human cancers (Liu et al., 2018). MEK pathway plays a critical role in malignant
transformation and contributes to tumorigenesis (Dhillon et al., 2007). As the MEK pathway is
activated in high percentages of cancer cells and deeply involved in cancer progression, it has been
studied as a therapeutic target of cancer in the field of molecular biology, biochemistry, structural

biology, and cell biology (Luke et al., 2014).
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1.7. Targeting MEK Pathway as a Cancer Therapy

1.7.1 MEK Inhibitors and Cancer Treatment

MEK is a kinase molecule that possesses a unique pocket structure adjacent to the ATP-
binding site, which is the inhibitory binding site (Fischmann et al., 2009; Liang et al., 2011).
Binding an inhibitor to the pocket induces a series of conformational changes of MEK, which
prevents MEK1/2 from phosphorylation (Ohren et al., 2004). Since this mechanism does not
inhibit the highly conserved ATP-binding pocket commonly present in other protein kinases, it is
specific and avoids the undesired side effects (Zhao & Adjei, 2014). Several studies demonstrated
the efficacy of MEK inhibitor treatment in cell cycle arrest, inhibiting tumor growth, inducing
apoptosis, and reducing tumorigenicity in various tumors (Duncia et al., 1998; Hawkins et al.,
2008; Zhou et al., 2014). In addition, MEK inhibitors can be used to sensitize cancer cells to other
drugs and overcome drug resistance commonly seen in cancer patients undergoing chemotherapy
(Vanneman & Dranoff, 2012). Table 2 lists the MEK inhibitors used in our study and their

applications.

The first generation of the MEK inhibitors were PD98059 and U0126, which are highly
specific to MEK1 and 2 (Santarpia et al., 2012). In vitro and in vivo studies of PD98059 indicated
that its anticancer effects are due to inhibition of cell proliferation and promotion of apoptosis in
solid tumors (Moon et al., 2007). U0126 is a potent and selective non-ATP-competitive MEK
inhibitor. It was one of the first MEK inhibitors developed with very low off-target effects
(Neuzillet et al., 2014). U0126 treatment promotes cell cycle arrest, inhibits cancer cell lines'
growth in vitro, and reduces tumor growth in animal models in vivo (Yip-Schneider et al., 2003;
Gysin et al., 2005; Marampon et al., 2009). U0126 is now widely used in academic research to

better understand the role of RAS/MEK pathway in various malignancies (Neuzillet et al., 2014;
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Cheng & Tian, 2017). However, despite their specificity, the poor pharmacodynamics and
metabolic instability rendered PD98059 and U0126 unusable in clinical settings (McCubrey et al.,

2010).

1.7.2 Inhibitors of MEK for Clinical Use

1.7.2.1 Trametinib

Trametinib (GSK1120212) is an orally bioavailable non-ATP-competitive MEK1/2
inhibitor. Trametinib binds to unphosphorylated MEK1 and MEK2 and prevents phosphorylation
induced by RAF (Grimaldi et al., 2017). In phase 3 clinical trials, Trametinib showed significant
anti-tumor efficacy in patients with BRAF-mutated melanoma (Flaherty et al., 2012). Trametinib
was approved by the United States Food and Drug Administration (FDA) in 2013 to treat BRAF-

mutated melanoma patients.

1.7.2.2 Selumetinib

Selumetinib is a selective, non-ATP-competitive inhibitor of MEK1 and MEK?2.
Selumetinib treatment showed anti-tumor activity against BRAF and NRAS mutant models,
including pancreatic, lung, colon, breast, and hepatocellular carcinoma (Luke et al., 2014). In
addition, Selumetinib was effective in treating patients with low-grade ovary and biliary cancer in
phase 2 clinical trials (Zhao & Adjei., 2014). The FDA approved Selumetinib in 2020 to treat

patients with neurofibromatosis type 1 (NF1) (U.S. Food and Drug Administration, 2020).
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1.7.2.3 Cobimetinib

Cobimetinib is a highly specific, allosteric non-ATP-competitive inhibitor of MEK1 and
MEK2. Cobimetinib treatment inhibits the MEK pathway in brain tumors (Zhao & Adjei, 2014).
In addition, Cobimetinib treatment inhibited the growth of colon and melanoma tumors with
BRAF mutations in human xenograft models (Grimaldi et al., 2017). In 2015, the FDA approved
Cobimetinib for clinical uses in combination with Vemurafenib, the Raf inhibitor, to treat
advanced melanoma with a BRAF mutation. Cobimetinib is currently being evaluated in phase 2
clinical trial for its safety and efficacy in BRAFV600 melanoma patients with nervous system

metastases.

1.7.2.4 Tak733

Tak733 is a selective, non-ATP-competitive allosteric MEK1 and MEK?2 inhibitor. Tak733
treatment has broad antitumor activity against multiple cancer cell lines and xenograft models of
human melanoma, leukemia, colorectal, pancreatic, and breast cancer (Dong et al., 2011). Phase |
study of TAK733 showed anti-tumor effects in patients with BRAF-mutant melanoma without
causing significant side effects. However, the anti tumor effects of Tak733 in the study were noted

to be limited. (Adjei et al., 2017).
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Table 2: MEK inhibitors used in the study.

MEK Chemical Structure Clinical status References
Inhibitor
Trametinib Approved by FDA in (Neuzillet et
2013 to treat BRAF- al., 2014)
mutated melanoma
patients.
Selumetinib - H Approved by FDA in (Zhao &
o 2020 to treat patients with | Adjei, 2014)
N\@ neurofibromatosis type 1
LA S| (NFD),
\=N
Tak733 F i | Completed phase I (Adjei et al.,
Kj/ clinical trials. 2017)
O HN
HO N | e F
OH SN0
|
Cobimetinib HN FDA Approved by FDA (Zhao &
F Hoi in 2015, in combination Adjei, 2014)
- N OH with Vemurafenib to treat
NH O advanced melanoma with
/@[ a BRAF mutation.
| F
U0126 Not approved for clinical | (Cheng &
studies. Widely used for Tian, 2017)

basic research
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1.7.3 The Ras/MEK Pathway and PplX Accumulation

A previous study by our laboratory demonstrated that inhibition of the Ras/MEK pathway
promotes PplX accumulation in cancer cells treated with 5-ALA (Yoshioka et al., 2018).
Importantly, the promotion of PplX accumulation by MEK inhibition was cancer specific as MEK
inhibition did not increase PpIX accumulation in normal cell lines in vitro or in normal tissues in
vivo. We further identified that MEK inhibition increases PplX accumulation by targeting two
independent pathways (Chelakkot et al., 2020). Hypoxia-inducible factor 1 (HIF-1) is a
downstream element of MEK, which activates FECH to convert PpIX to heme. Therefore, MEK
inhibition reduces FECH-mediated PplX conversion to heme, which increases PpIX accumulation.
The other pathway is PplX efflux through ABCBL1 regulated by p90 ribosomal S6 kinases (RSKSs).
RSKs are direct downstream elements of ERKSs, which is essential to maintain the expression of
ABCBL1. Thus, MEK inhibition decreases ABCB1 expression and subsequently reduces PplX
efflux, promoting PplX accumulation. Figure 4 (Chelakkot et al., 2020) illustrates how MEK

inhibition enhances PpIX accumulation in cancer cells.

These findings suggest that using MEK inhibitors during 5-ALA FGS can be a potential
strategy to selectively increase PplX fluorescence in cancer tissue and result in the more sensitive

tracing of tumor cells and thus improve the efficacy of FGS.
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Figure 4: Schematic diagram illustrating the cellular mechanisms involved in elevating
cellular PplIX Level by MEK inhibition in a cancer cell.

A. Active MEKSs promote FECH activity and ABCB1 expression resulting in increased
conversion of PplX to the heme and PplX efflux from cancer cells. B. MEK inhibition reduces
FECH activity and ABCB1 expression and increases PplX accumulation in cancer cells.

Note: Adapted from “MEK reduces cancer-specific PpIX accumulation through the RSK-
ABCB1 and HIF-1a-FECH axes” by V.S. Chelakkot, K. Liu, E. Yoshioka, S. Saha, D. Xu, M.
Licursi, A. Dorward, and K. Hirasawa, 2020. Scientific Reports, 10(1). doi:10.1038/s41598-020-
79144-x. Attribution 4.0 International (CC BY 4.0).
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1.8 Study Rationale

The FGS using 5-ALA has been approved for brain tumor removal, leading to improved
patient survivability (Stummer, 2006; Polikarpov et al., 2020). However, 5-ALA FGS suffers from
multiple shortcomings, including low level or heterogeneous accumulation of PpIX in tumor
tissue, resulting in photobleaching and difficulty in the visualization of tumor ends. Thus, our
overall research goal is to improve the efficacy of 5-ALA-FGS by selectively enhancing PplX
accumulation in tumors. Previous findings from our lab demonstrated that MEK inhibitor
treatment promoted 5-ALA-mediated PplX accumulation in colon, lung, prostate, and breast
cancer cell lines in vitro and in mice models of subcutaneous tumor in vivo (Yoshioka et al., 2018).
The aim of the thesis was to investigate if we observe increased PplX accumulation in human
glioma cell cells by MEK inhibition. Our study aims to use MEK inhibitors that are either clinically
approved or are in clinical trials and compare their efficacy in promoting PplX fluorescence.
Additionally, we also aim to establish an experimental system to study PpIX accumulation in brain
tumors in mice. If an increase in PplX accumulation is observed in our study, 5-ALA FGS
combined with MEK inhibitors can serve as a strategy to improve the efficacy of tumor removal

and patient survival.

Hypothesis and Objective:

I hypothesized that MEK inhibition increases PplX accumulation in human glioma cells
treated with 5-ALA in vitro. Moreover, systemic treatment of a MEK inhibitor improves the

visualization of brain tumors by 5-ALA-FGS in vivo.
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To test these hypotheses, 1) We screened different MEK inhibitors for their abilities to
promote 5-ALA-mediated PplX accumulation in human glioma cell lines in vitro, 2) We
established an animal model of brain tumors, and 3) We evaluated 5-ALA-mediated PplX

accumulation in brain tumors by histological analysis and 2-Photon microscopy.

33



Chapter 2: Materials and Method

2.1 Cell Culture

This study investigated a panel of human glioma cell lines and one mouse mammary breast
cancer cell line. The human glioma cell lines used in this study include SNB75, U343, and SF539
(Table 3), which were obtained from the American Type Culture Collection (ATCC; Manassas,
VA, USA). The 4T1 mouse mammary carcinoma cell line was obtained from Dr. Jean Marshall
(Dalhousie University). A Luciferase/GFP dual-labeled 4T1 mouse mammary carcinoma cell line
was obtained from Genecopoeia (Cat No. 020, Rockville, MD, USA). All cell lines used in this
study were maintained in high glucose Dulbecco’'s modified Eagle's medium (DMEM) (Invitrogen,
11965-118 Canada), supplemented with 10% fetal bovine serum (FBS) (Invitrogen, 12483020,
Canada), 1 mM sodium pyruvate (Thermo Fisher Scientific, 11360070, Canada) and antibiotic-
antimycotic mixture (Invitrogen, 15240062, Canada) (100 Units/ml penicillin G sodium) in a

humidified atmosphere with 5 % CO2 and 37 °C.
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Table 3: Cancer cell lines

Cancer cell Species Origin Cancer subtype Cell plating Reference
Lines affecting density
(cells/well)
SNB75 Human Brain Glioblastoma 75x10° (Kishi et
al., 2006)
U343 Human Brain Glioblastoma 75x10° (Maletinska
et al., 2000)
SF539 Human Brain Gliosarcoma 75x10° (Rutka et
al., 1986)
4T1 Mice Mammary Adenocarcinoma 75x10° (Pulaski et
(Balb/c) Gland al. 2000)
Luciferase/GFP | Mice Mammary Adenocarcinoma - -
expressing 4T1 | (Balb/c) Gland
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2.2 Reagents

2.2.1 MEK Inhibitors and Their Administration Protocol

MEK inhibitor U0126 was purchased from Cell Signaling Technology (Danvers, USA)
and Selumetinib, Binimetinib, Cobimetinib, Trametinib, and Tak733 (Table 2) from Sellckchem
(Huston, TX). These MEK inhibitors were dissolved in DMSO (Sigma, D2650, USA) at a stock
concentration of 5 mM. The stock solution was kept at -80 °C, prepared as single thaw aliquots for
immediate experimental use. For in vitro studies, cultured cells were treated with one of the listed
MEK inhibitors or DMSO as a diluent control at equivalent percentages to the MEK inhibitor

stock.

2.2.2 5-ALA and its Administration Protocol

5-ALA was purchased from Sigma (Oakville, ON). For in vitro studies, monolayer cells
were treated with 5-ALA prepared as a sterile stock in serum-free Dulbecco’s Modified Eagle
Medium (DMEM) (Invitrogen, Ontario, Canada). The 5-ALA stock solution (125 mM) was
aliquoted in small volumes and kept at -80 °C with immediate experimental use after a single

freeze-thaw cycle.

2.3 Quantification of PpIX Accumulation in vitro

Cells were plated in 24 well plates at the density of 75x103 cells/well, suspended in 500 pl
of medium. The plates were then incubated overnight to reach 70-80 % confluence. The medium
was then replaced with a fresh 500 pl medium containing either a MEK inhibitor or DMSO (1%)

as vehicle control for 24 h. 5-ALA was added to the wells 4 h before sampling at a final
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concentration of 5 mM. The incubation timepoints, and 5-ALA concentrations were based on our
previous publications (Chelakkot et al., 2019; Yoshioka et al., 2018). At the end of MEK inhibitor
and 5-ALA treatment, cells were lysed with 100 pl of radioimmunoprecipitation assay (RIPA)
buffer (PBS pH 7.4, NP-40 1% (Sigma, USA), 0.1% sodium dodecyl sulfate (SDS) (Bio-Rad,
Canada) and 0.5 % sodium deoxycholate (Sigma, USA). The cell lysates were centrifuged at
11,000 x g for 10 min at 4 °C. The supernatant was transferred to a clean tube and stored at -80
°C. Cell lysates were diluted (1:20) in PBS, and 200 pl of the diluted cell lysates were loaded in a
96 well plate. PpIX fluorescence was measured using a Synergy Mx 4 Fluorescence plate reader

(BioTek Instruments Inc. VT) with a 405 nm excitation/630 nm emission filter.

2.4 Western Blot

Following the treatment with the indicated reagents, cells were lysed with 100 pl of
radioimmunoprecipitation assay (RIPA) buffer containing phenylmethylsulfonyl fluoride (PMSF)
(Sigma-Aldrich, Missouri), aprotinin (Sigma-Aldrich), and phosphatase inhibitors (halt
phosphatase inhibitor cocktail, Thermo Fisher Scientific) in a 1:2:1 ratio respectively. The total
cell lysate (TCL) was mixed with 3X Bromophenol Blue (BPB) loading dye in a 1:2 ratio by
volume, and the resulting mixtures were boiled at 100 °C for 5 min. 7 pl of protein samples were
loaded onto 4 to 12% gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gels and run (Bio-Rad, ON, Canada) at a constant current of 20 mA for 1 h. The separated
proteins were transferred onto 0.2 um nitrocellulose membranes (Bio-Rad, ON, Canada) using a
Tran-blot Turbo Transfer System (Bio-Rad) for 7 min and blocked with 5% skim milk in tris-
buffered saline with tween 20 (TBST) buffer for 1 hr. The membranes were then probed with
appropriate primary antibodies in conditions shown in Table 3 overnight at 4°C. The following

day, the membranes were washed three times with TBST, followed by incubation with horseradish
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peroxidase (HRP) conjugated secondary antibodies (anti-mouse IgG or anti-rabbit 1gG) (Santa
Cruz Biotechnology) in conditions shown in Table 4 for 1 hour at room temperature. Protein was
detected by chemiluminescence, using substrates (RPN2235, GE healthcare, Italy; Bio-Rad,

Canada) and ImageQuant LAS 4000 image analyzer (GE Healthcare, Buckinghamshire, UK).
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Table 4: Primary and secondary antibody conditions for western blot

Antibody

Primary antibody
condition

Secondary antibody condition

pPERK1/2 Thr202/Thr204 (Cell
Signalling 9101S)

1:1,000 in 5 % skim milk in
TBST

1:5000 Anti-rabbit IgG in TBST

ERK 1 antibody (K-23) (Santa
Cruz SC-94)

1:30,000 in 5% skim milk in
TBST

1:5000 Anti-rabbit IgG in TBST

GAPDH (Abcam 6C5)

1:500,000 in TBST

1:5000 Anti-mouse IgG in
TBST
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2.5 Animal Studies

2.5.1 Mice Strains

Balb/c female mice, 4 weeks old, were obtained from Charles River Labs (Montreal,
Canada). All mice were housed in isolated ventilated caging units with Bed-O-Cobs bedding (The
Andersons Inc, Maumee, OH) and suitable enrichment; cages were kept in the animal care facility
at the Health Sciences Centre at Memorial University of Newfoundland. All animal experiments
followed the animal care protocols approved by the Institutional Animal Care Committee, in
accordance with Canadian Council on Animal Care guidelines. Mice were fed with Laboratory
Rodent Diet 5010 (27.5 % protein, 13.5 % fat, 59 % carbohydrate; OM Nutrition International,
Richmond, IN) with water ad libitum and were housed individually under a 12:12 hour light/dark

cycle.

2.5.2 Mice Allograft Model

For this study, we developed a luciferase/GFP dual-labeled 4T1 mice mammary carcinoma
cell allograft model in mice brains. First, 4T1 cells expressing luciferase/GFP were grown as a
monolayer in a 10 cm culture dish. Upon reaching confluency, cells were trypsinized and washed
3x in PBS, followed by resuspension in saline to reach a concentration of 10x10° cells/100 pl. To
inoculate the cells, female Balb/c mice of age 8 weeks were anesthetized using isoflurane,
positioned in a stereotactic device using ear bars and injected with buprenorphine (5 mg/Kg). An
incision was made to the skin to expose the skull, and a small burr hole was drilled through the
skull at 1.0 mm anterior and 1.0 mm lateral to the bregma. A 20-gauge needle (Hamilton Company,

USA) was inserted to a depth of 3.0 mm from the skull surface to inject 3x10° cells suspended in
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3 ul ice-chilled saline. Following the surgery, survival and well being of animals were monitored

daily.

2.5.3 PplX Fluorescence Imaging

After an incubation period of 10-12 days, the mice with established brain tumors were
injected intraperitoneally (i.p) with 5-ALA (200 mg/kg body weight (BW)) prepared in 200 uL
sterile saline (0.85% NaCl, Hospira, Canada) at 2 hours prior to sacrifice. Animals were moved to
a dark room to prevent any 5-ALA induced photosensitivity until sacrifice. Brain tissue samples
were collected from all the animals following euthanasia in CO2. For epifluorescence imaging of
brain tumors, collected brain sections were flash-frozen, embedded in optimum cutting
temperature (OCT) compound (Thermo Fisher Scientific, Canada), and stored at -80 C°. The site
of a tumor in the brain samples was identified, and serial coronal sections of 20 [Jm thickness were
mounted on glass slides (Leica, IL, USA). These coronal sections with tumor were imaged using
Carl Zeiss Axio Scan.Z1 Digital Slide Scanner, fitted with a 635 nm emission lens filter. White
light was used for bright field imaging, and blue light (405 nm) was used for PpIX fluorescence
imaging. Precautions were taken to limit the exposure of the sections to light in consideration of

the photosensitivity of PpIX and its decay in bright light.

For 2-Photon microscopy, the mice with established brain tumors, after an incubation period of
10-12 days, received Selumetinib orally (150 mg/kg BW in 100 pl of phosphate buffered saline
(PBS)), or control vehicle (0.5% propyl methyl cellulose in PBS) at 4 hours prior to sacrifice. All
the mice received i.p. 5-ALA (200 mg/kg BW in 200 uL saline) at 2 hours prior to sacrifice.
Animals were moved to a dark room to prevent any 5-ALA induced photosensitivity until sacrifice.

The mice were anesthetized by isoflurane inhalation, and the brains were removed. The collected
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mice brains were placed in ice-cold slicing solution, and thick coronal sections (350 [1m) were
obtained using a vibratome (Leica, IL, USA). The 2-Photon microscope is fitted with Gallium
arsenide phosphide (GaAsP) photomultiplier tubes (PMTs) to detect light. To excite the
fluorophore, a laser of 800 nm wavelength, generated by Chameleon Vision Il (Coherent) was
used. The microscope was not fitted with an excitation filter as the laser source was tuned to 800
nm. Once the fluorophores were excited, fluorescence emission was collected using a Nikon
16x/0.8 NA water-immersion objective, and a 620/60 nm bandpass filter directed the PplX
emission to the PMT, where the fluorescence signal was detected. The coronal sections were
imaged in artificial cerebrospinal fluid (ACSF) (Barnes et al., 2020). We used galvo-galvo
scanning mirrors to scan images at a resolution of 2048 x 2048 pixels. Z-stacks were collected
using a 1-micron step interval. Images were acquired using Scanimage Premium Software (Vidrio

Technologies, VA, USA) according to a published protocol.

2.6 Statistical Analysis

One-way ANOVA with Dunnett’s post-hoc test was performed using GraphPad Prism 8.0c
software (GraphPad Software, La Jolla, CA, USA) to compare multiple groups. P <0.01 was

considered statistically significant.

42



Chapter 3: Results

3.1 Screening of Different MEK Inhibitors Promoting PpIX Accumulation:

To determine which MEK inhibitors could promote the accumulation of PplX
fluorescence, we tested 4 MEK inhibitors Trametinib, Tak 733, Selumetinib, and Cobimetinib, on
human glioma cell lines. In addition, we also used mouse breast cancer 4T1 cells, which form brain
tumors in inbred BALB/c mice. MEK inhibitor U0126 was included in each experiment as a
positive control because previous studies in our lab showed that U0126 treatment promotes PplX

accumulation in a majority of human cancer cell lines tested (Yoshioka et al., 2018).

3.1.1 SNB75

PpIX accumulation was significantly promoted in human glioma SNB75 cell line by
treatment of Trametinib (p<0.0001, one-way ANOVA), Tak733 (p<0.0001, one-way ANOVA),
Selumetinib (p<0.0001, one-way ANOVA), or Cobimetinib treatment (p<0.0001, one-way

ANOVA) at all the concentrations tested (Figure 5A, 5B, 5C and 5D).

43



A. Trametinib B. Tak 733

& *

* ! =

2.5 § 259 ————
> L T >
£ £ L
o 1.5 o 1.5+
[72] W
P @
G 1.0 5 1.0
£ £
2 0.5 3 0.5
LL L
0.0- 0.0-
SR F oF oF oF oF
9\ S S S i o P\ Sl S Sl S o
@e’o o’d'b Q\?é\ QQ\&\ °>$ \f"o S‘r& s‘§ Q§ 6:.5'@
Q N .Qq' .so\ » < o ‘bq' "J\ 52
& & & SR
A XN ) A A +
& & PP
.q& «(
C. Selumetinib D. Cobimetinib
254 ———— ' 250 ————
x T = T
£ 2.0+ T T 2 2.0
£ — £
o 1.5 @ 1.5
8 8
<5}
S 1.0 S 1.0-
£ £
2 0.5 S 0.5-
LL L
0.0- 0.0-
SIS SRS SRS S NSNS SRS SRS S
‘g el \ ol Aol A\l Aol \od el Aol el
* X b3 x * x x t3 L3 L3
O 0 & & & O & & &
SRS IR ¥ & oY oY of
C VS & & e &
S S N
SIS & & €
> o S S
& & @ & & d

Figure 5: Effect of MEK inhibitors on PplX accumulation in SNB75 human glioma cell line.

Cells were treated with control vehicle (DMSO), U0126 (20uM), or MEK inhibitor ((A)
Trametinib (B) Tak733 (C) Selumetinib (D) Cobimetinib) at indicated concentrations for 24 hours
and with 5-ALA (5 mM) for 4 hours prior to cell lysis. Cellular PplXis presented as a fold increase
compared with vehicle control DMSO. Plot shows mean +/- SD (standard deviation) of three
biological replicates. Statistical analysis was conducted using one-way ANOVA, Dunnett’s post
test *p<0.01.
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3.1.2 SF539

We tested if the MEK inhibitors could promote 5-ALA induced PplX accumulation in
human glioma cell line SF539. No significant increase in PplX accumulation was noted in cells
treated with any MEK inhibitors (Trametinib (p=0.1999, one-way ANOVA), Tak733 (p=0.1781,
one-way ANOVA), Selumetinib (p=0.3204, one-way ANOVA), Cobimetinib (p=0.2931, one-way
ANOVA)) including the positive control U0126 (Figure 6). This result suggested that PpIX

accumulation in SF539 cells is not sensitive to MEK inhibition.
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Figure 6: Effect of MEK inhibitors on the PpIX accumulation in SF539 human glioma cell
line.

Cells were treated with control vehicle (DMSO), U0126 (20uM), or MEK inhibitor ((A)
Trametinib (B) Tak733 (C) Selumetinib (D) Cobimetinib) at indicated concentrations for 24 hours
and with 5-ALA (5 mM) for 4 hours prior to cell lysis. Cellular PpIX is presented as a fold increase
compared with vehicle control DMSO. Plot shows mean +/- SD (standard deviation) of three
biological replicates. Statistical analysis was conducted using one-way ANOVA.
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3.1.3 U343

We examined if the MEK inhibitors promote 5-ALA-induced PpIX accumulation in human
glioma cell line U343. PplX accumulation was significantly increased by treatment with
Trametinib (p<0.0001, one-way ANOVA), TAK733 (p<0.0001, one-way ANOVA), or
Selumetinib (p<0.0001, one-way ANOVA) at all the concentrations we tested (Figure 7A, 7B and
7C). In contrast, Cobimetinib treatment (p<0.0001, one-way ANOVA) did not increase PplX
accumulation at any of the concentrations tested (Figure 7D). Meanwhile, the U0126 treatment
(positive control) significantly promoted PpIX accumulation in the same experiment, suggesting

that Cobimetinib is not effective in increasing the PplX accumulation in U343.
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Figure 7: Effect of MEK inhibitors on the PplX accumulation in U343 human glioma cell
line.

Cells were treated with control vehicle (DMSO), U0126 (20uM), or MEK inhibitor ((A)
Trametinib (B) Tak733 (C) Selumetinib (D) Cobimetinib) at indicated concentrations for 24 hours
and with 5-ALA (5 mM) for 4 hours prior to cell lysis. Cellular PplXis presented as a fold increase
compared with vehicle control DMSO. Plot shows mean +/- SD (standard deviation) of three
biological replicates. Statistical analysis was conducted using one-way ANOVA, Dunnett’s post
test *p<0.01.
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3.144T1

Given that the brain is one of the target organs of breast cancer metastasis, we examined
the efficacy of the MEK inhibitors on 5-ALA-induced PpIX accumulation in mouse mammary
cancer 4T1 cell line. We selected 4T1 cells as they form brain tumors in inbred BALB/c mice, and
unpublished observations from our lab show that 4T1 cells are most sensitive to PplX upregulation
mediated by MEK inhibition among a panel of murine cancer cell lines. Moreover, the 4T1 brain
tumor model was an efficient model system for us to optimize in vivo experiments compared to
using immune compromised mice bearing tumors originating from human cancer cell lines. It also
gave us an opportunity to test the efficacy of MEK inhibitor treatment in an immune competent in

vivo model.

For this in-vitro experiment, we used broader ranges of the drug concentration (Trametinib
(20 uM, 10 pM, 5 pM, 1 pM, 500 nM and 250 nM), Tak733 (20 uM, 10 pM, 5 pM, 1 pM, 500
nM and 250 nM), Selumetinib (20 uM, 10 uM, 5 uM, 1 uM, 500 nM and 250 nM) and Cobimetinib
(20 puM, 10 pM, 5 pM, 1 pM, 500 nM and 250 nM)). PpIX accumulation was significantly
promoted in 4T1 cells by treatment with Trametinib (p<0.0001, one-way ANOVA), Tak733
(p<0.0001, one-way ANOVA), or Cobimetinib (p<0.0001, one-way ANOVA) at all the
concentrations we tested (Figure 8A, 8B, and 8D), but we failed to see any dose-response pattern
with the application of these MEK inhibitors. MEK inhibition by Selumetinib (p<0.0001, one-way
ANOVA) also resulted in the promotion of PpIX accumulation at higher concentrations of 20 uM,
10 pM, and 5uM but not at lower concentrations of 1 uM, 500 nM, and 250 nM (Figure 8C). In
addition, we observed a dose-response pattern in PpIX accumulation with Selumetinib treatment.
To determine whether the MEK inhibitors were effective in inhibiting the MEK pathway, we

performed western blot analysis using antibodies against phosphorylated ERK (p-ERK), total ERK
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(t-ERK), and GAPDH. As ERKSs are the direct downstream elements of MEK, inhibition of MEK
activity is expected to reduce the phosphorylation levels of ERKs. As shown in Figures 9A, 9B,
and 9D, p-ERK was not detected in 4T1 cells treated with Trametinib, Tak733, or Cobimetinib at
all the concentrations tested. Similarly, Selumetinib treatment inhibited the MEK pathway
completely at higher concentrations (20 uM, 10 uM, and 5 pM) (Figure 9C). Overall, all the
inhibitor treatments were effective in inhibiting the activation of the MEK pathway. Moreover, the
expression levels of GAPDH were not reduced by the treatments of the inhibitors, suggesting that

the drug concentrations used in the experiments did not affect cell viability and metabolism.
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Cells were treated with control vehicle (DMSO), U0126 (20uM), or MEK inhibitor ((A)

Trametinib (B) Tak733 (C) Selumetinib (D) Cobimetinib) at indicated concentrations for 24 hours
biological replicates. Statistical analysis was conducted using one-way ANOVA, Dunnett’s post

and with 5-ALA (5 mM) for 4 hours prior to cell lysis. Cellular PpIX is presented as a fold increase
test *p<0.01.

compared with vehicle control DMSO. Plot shows mean +/- SD (standard deviation) of three
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Figure 9: MEK Inhibition resulted in reduced ERK phosphorylation in mouse mammary
cancer 4T1 Cell line.

4T1 cells were treated with DMSO (vehicle control), U0126 (20uM) or MEK inhibitors (A)
Trametinib (B) Tak733 (C) Selumetinib and (D) Cobimetinib) at concentrations of 20uM, 10uM,
SuM, 1uM, 500nM and 250nM for 20 hours. Western blot was conducted using antibodies against
total ERK (t-ERK), phosphorylated ERK (pERK), and GAPDH.
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3.2 Effect of MEK Inhibition on PpIX Accumulation in vivo.

3.2.1 Establishment of an Animal Model of Brain Tumor

Our long-term goal is to determine if systemic treatment of a MEK inhibitor promotes
cancer specific PpIX fluorescence in in vivo brain tumors. As the first step, we sought to develop
a luciferase/GFP dual-labeled 4T1 allograft model of brain tumors using Balb/c mice (Figure 10
A). As seen in Figure 10B, brain tumors were developed by injecting 4T1 cells expressing GFP
(3x10° cells/3 ml) intracranially in the right hemisphere of the brain. At 10-12 days after surgery
(Figure 10C), the mice received an i.p. injection of 5-ALA (5 mM) and 2 hours later euthanized in
COs». The presence of brain tumors was confirmed under white light (Figure 10D) and under blue
light (Figure 10E), which shows cancer-specific pink fluorescence of PpIX. The brain was then
embedded in OCT and flash frozen in dry ice (Figure 10F). Serial coronal sections of 20 pum
thickness were prepared from the frozen tissue samples and mounted on glass slides (Figure 10G).
Some of these sections were stained with hematoxylin and eosin (H&E) staining to confirm tumors

in the brain (Figure 11H).
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Figure 10: Generation of an animal model of a brain tumor in Balb/c mice strain.

(A) For in vivo studies, a 4T1 brain tumor model was generated in the Balb/c mice strain. (B)
Intracranial injection of GFP-expressing 4T1 cells into the right hemisphere of the brain. (C) Mice
with a developed tumor in the brain 12 days post injection. Extracted brains with tumors were
visualized (D) under white light and blue light (E). (F) Sectioning of flash-frozen brain sample
embedded in OCT. (G and H) Coronal sections of the brain (20 um) mounted on a glass slide were
stained with H&E to confirm the location of tumors (black arrows) (Scale bar reflects 2000 pum).
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3.3 Establishing Protocol for Fluorescence Microscopy

The brain sections were visualized using Zeiss Axio scan Z1 high throughput slide scanner
for PpIX and GFP fluorescence. As we used luciferase/GFP-expressing 4T1 cells for the in vivo
experiments, GFP fluorescence demonstrates the location of brain tumors. As shown in Figure
11A, GFP fluorescence was observed in the right hemisphere of the brain, indicating that the tumor
was developed at the injection site of 4T1 cells. The GFP fluorescence signal was stronger at the
edge of the tumor, with diffuse fluorescence throughout the other tumor areas. Additionally, the
red fluorescence of PplX was also observed at the same region of the brain, but not outside of
tumor areas (GFP) positive, suggesting tumor specific accumulation of PpIX in the brain tumor
(Fig 11B). Moreover, when GFP and PplX fluorescence were compared, they mostly overlapped
(Fig 11C). However, the PpIX fluorescence contrast between normal and tumor tissue was

insufficient to generate a sharp delineation of tumor ends.
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Figure 11: Visualisation of brain tumor fluorescence in vivo.

Fluorescence images of GFP-expressing 4T1 tumors in the brain were obtained from BALB/c mice
treated with 5-ALA (200 mg/kg BW) at 2 hours prior to sacrifice. (A) GFP fluorescence and (B)
PplIX fluorescence images were taken on the coronal section of the mice's brain with a tumor. (C)
Overlay image of PplX channel over GFP channel. Fluorescent images were taken on brain
samples from a minimum of three different mice. The images represent brain sample from one of
the mice.
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3.4 Tumor Imaging Using 2-Photon Microscopy

We investigated if 2-Photon microscopy analysis can be used as another approach to
evaluating PplX fluorescence of tumors in the brain. Here, we also conducted preliminary
experiments to determine the efficacy of in vivo MEK inhibitor treatment on PpIX fluorescence in
brain tumors. For this experiment, we decided to use Selumetinib as the MEK inhibitor as it
showed a consistent and high degree promotion of PpIX accumulation in in vitro experiments
(Figure 5C, 7C, and 8C). Selumetinib is also a well-established inhibitor of MEK in animal models

of cancer (Bartholomeusz et al., 2012; Ryu et al., 2017).

The ex vivo 2-Photon microscopy analysis showed the promotion of PpIX accumulation in
brain tumors of mice treated with Selumetinib (Figure 12), consistent with the results we observed
in in vitro studies (Figure. 8C). In addition, we found that the fluorescence distribution across the
tumor tissue was more homogenous and the fluorescence contrast between the tumor and adjacent
healthy tissue was more pronounced, resulting in clear visualization of tumor ends. Although the
experiments are still preliminary, they indicate the potential use of the MEK inhibitor treatment to

promote cancer specific PplX fluorescence promotion during brain tumor removal surgery.
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Figure 12: Brain tumor imaging of PplX fluorescence by 2-Photon microscopy.

Fluorescence images of 4T1 brain tumors obtained from BALB/c mice treated with control vehicle
(A, C, and E) and with Selumetinib (250 mg/kg BW) (B, D, and F) for 4 hours, and with 5-ALA
(200 mg/kg BW) for 2 hours. (A and B) 2-D Tumor image at a depth of 100 um into the tissue
showing PplIX fluorescence from the control group (A) or experimental group (B). (C and D) A
stack of 300 images of the brain slices at a spacing of 1 um, representing tissue z-axis (volume
view) from the control group (C) or experimental group (D). (E and F) 3-D fluorescence intensity
map. (E) was generated from images A and C, and (F) generated from images B and D. The color
corresponds to the PpIX fluorescence intensity, ranging from blue (low) to red (high).
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Chapter 4: Discussion

4.1 In vitro Screening of MEK Inhibitors

We identified two candidate MEK inhibitors that may be useful for enhancing PplX
accumulation in tumor cells. To screen for MEK inhibitors capable of promoting PplX
accumulation, a panel of human glioma cell lines was selected and treated with 5-ALA plus various
MEK inhibitors at different concentrations. MEK inhibition by Selumetinib increased PplX
accumulation in 2 of 3 glioma cell lines (Figure 5 and 7). Selumetinib treatment also showed the
greatest promotion of PplX accumulation (1.68 fold) in mouse breast cancer 4T1 cells among the
MEK inhibitors we tested (Figure 8). Additionally, we observed a dose-dependent increase in PplX
accumulation with Selumetinib treatment. This dose-dependency can be explained by the western
blot of phosphorylated ERK in 4T1 cell line (Figure 9), where Selumetinib treatment did not
completely inhibit MEK activity at lower concentrations (1 uM to 250 nM), while at higher
concentrations (5 UM to 20 pM) we saw a complete inhibition of MEK activity. Moreover,
Selumetinib was approved for treating patients with neurofibromatosis type 1 (NF1) by the FDA
in 2020 (U.S. Food and Drug Administration, 2020). Based on these, we prioritized Selumetinib

as our first MEK inhibitor for further investigation.

Our second candidate is Trametinib, which has been evaluated in multiple clinical trials as
an anti-tumor therapeutic and has been approved for treating BRAF mutated melanoma patients
(Neuzillet et al., 2014; Falchook et al., 2012; Grimaldi et al., 2017). Trametinib treatment similarly
promoted PplX accumulation in human glioma cell lines (Figure 5 and 7), while it was less
effective than Selumetinib in the 4T1 cell line (Figure 8). Given this, and because we used 4T1
allograft brain tumor mice for our in vivo studies, we selected Selumetinib in this thesis project to

test its efficacy in in vivo experiments. The in vivo efficacy of Trametinib will be evaluated in the
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Hirasawa lab in the future. The selection of MEK inhibitors that are already approved for clinical
use, such as Selumetinib and Trametinib, was critical since any improvement in PplX fluorescence
and tumor visualization in our in vivo preclinical studies can pave the way for future clinical

investigations.

As seen in Figure 8, the use of MEK inhibitor Trametinib and Selumetinib at a
concentration of 20 UM resulted in a decrease in PpIX accumulation in 4T1 cells, compared to
lower concentrations. A reason for such observation can be attributed to the effects of MEK
inhibitors on cancer cell lines. Several studies indicate that MEK inhibitors in high concentrations
may induce cytostatic effects, limiting cell division and growth (Selvasaravanan et al., 2020;
Smalley & Flaherty, 2009). Suppression on the proliferation kinetics of the cancer cells, treated
with MEK inhibitors, can lower the cellular activity required to generate PpIX from 5-ALA
metabolically. However, the western blot from Figure 9 suggests that the drug concentrations did
not affect cell viability. In future studies, we can perform MTT assays and metabolic assays to
assess cell viability and confirm this further. Another reason can be the blockage of cell membranes
and the prevention of endosmosis at a higher concentration of the MEK inhibitors, which is

permitted at lower concentrations.

Cobimetinib treatment did not promote PpIX accumulation in U343 and SF539 cell lines
(Figure 6 and Figure 7) at any of the concentrations tested. Additionally, the degree of increase in
PpIX accumulation with Cobimetinib treatment in SNB75 cell line was lowest among all the MEK
inhibitors tested in the study (Figure 5). These results suggest that Cobimetinib is not as effective
in promoting PpIX accumulation in human glioma cell lines compared to the other MEK inhibitors
we tested, such as Trametinib, Tak733, and Selumetinib. Nevertheless, Cobimetinib successfully

promoted PplX accumulation (Figure 8) and reduced the amount of phosphorylated ERK in 4T1
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cells throughout the concentrations tested (Figure 9). To examine why Cobimetinib is not as
effective in human glioma cell lines, we will need to compare the phosphorylation levels of ERK

in glioma cell lines to those in 4T1 cell line by Western Blot analysis in the future.

The different mechanisms by which the MEK inhibitors used in our study achieve MEK
inhibition may explain the disparity in levels of PplX upregulation observed. Trametinib,
Selumetinib, and Tak733 inhibit RAF-dependent phosphorylation of MEK1 on S217 (Luke et al.,
2014). In contrast, Cobimetinib binds to phosphorylated MEKSs and prevents their binding to the
downstream elements, ERKSs (Spain et al., 2016). These mechanisms of action may contribute to
the different effects of Cobimetinib on PpIX accumulation in the glioma cell lines. Alternatively,
MEK inhibition downregulates ABCB1 expression and FECH activity to promote PplX
accumulation (Yoshioka et al., 2018). Therefore, any off-target effects of Cobimetinib treatment
directly regulating the activity of FECH and ABCBL1 can negate the effect of MEK inhibition on
PpIX accumulation. To address these questions, a Western Blot analysis to measure the effects of
Cobimetinib treatment on activity levels of FECH and ABCB1 expression can be performed in the

future.

Among the three human glioma cell lines tested, MEK inhibitors increased PplX
accumulation in SNB75 (Figure 5) and U343 (Figure 7) but not in SF539 (Figure 6). This result
was not surprising because we previously found that approximately 30% of human cancer cells do
not promote PpIX accumulation when treated with a MEK inhibitor (Yoshioka et al., 2018). There
are a few possible mechanisms for the different responses among the glioma cell lines. First, we
reported that MEK inhibition promotes PplX accumulation by reducing ABCB1 expression and
FECH function (Yoshioka et al., 2018; Chelakkot et al., 2020). If a cancer cell line has aberrant

activation of downstream elements of MEK, which regulates ABCB1 and FECH, MEK inhibition
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will not increase PplX accumulation. RSKSs are considered to be responsible downstream elements
of MEK regulating PplX accumulation (Chelakkot et al., 2020). If RSKs are activated by another
oncogenic pathway, PplX accumulation could occur independently of the MEK pathway. Second,
SF539 may not have a high activity level of the MEK pathway. Oncogenic cell lines without highly
activated members of the RAS/MEK signaling pathway are unlikely to show sensitivity to MEK
inhibitors. McCubrey et al. (2007) investigated prostate cancer cell lines with low MEK activity
levels and reported no enhancement in PplX fluorescence when treated with U0126 MEK
inhibitor. If this is the case with SF539, MEK inhibition will not change accumulation levels of
PpIX. However, to the best of my knowledge, no study looked at the activation level of different
RAS and its effector pathways in SF539 cell line. To address this, we will need to compare
phosphorylation levels of ERKs in SF539 to those in SNB75 or U343 by western blot analysis.
Lastly, the potency of MEK inhibitors in upregulating PplX may be limited unless the RAS/MEK
pathway is directly responsible for the proliferation of the particular cancer type (McCubrey et al.,
2010). One pathway that is often aberrantly hyperactivated in various types of cancer, including
colorectal, breast, and GBM, is the PI3K pathway. A study by Wee et al. (2009) reported a loss of
sensitivity to MEK inhibitors in multiple cancer cell lines that harbor an activating mutation in the
PI3K pathway. Therefore, the resistance of SF539 cell line to MEK inhibitor-mediated PplX
upregulation suggests either a hyper-activated PI3K pathway instead of RAS/MEK contributing
to its tumorigenesis or co-activation of both PI3K and RAS/MEK pathway resulting in masking
of the MEK inhibition effect. To determine if SF539 cell line is resistant to the action of MEK

inhibitors, we can perform a western blot analysis of phosphorylated ERK in the future.
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4.2 In vivo Experimental Models

We faced several challenges when developing the in vivo brain tumor model. One of them
was quenching of PplX fluorescence due to exposure to light, as previously reported (Belykh et
al., 2018). The exposure to light occurred at different sample preparation steps, such as mice brain
tissue sectioning and coverslipping. Therefore, the preparation of brain samples and sections was
conducted in a dark environment. Furthermore, we observed the fluorescence quenching of PpIX
while taking images under the microscope. Another challenge we faced was the loss of PpIX
fluorescence due to formalin fixation of the brain samples. Although I tried different durations of
the fixation and fixative agents, we could not find optimal ways to fix the brain samples. Instead,
we decided to use flash freezing of the brain samples in the OCT compound and section them
using a cryotome, which is currently the best way to detect PplX fluorescence in brain sections
with tumors. With this method, we detected PpIX fluorescence of tumors in the brain sections (Fig
11B). Lastly, when brain sections were imaged again after 3-4 weeks, the samples were found to
have lost PplX fluorescence almost entirely. This observation led us to believe that PpIX molecules
in tissues spontaneously decay when stored for an extended period. Therefore, the brain sections
are not suitable for long term storage, and we suggest imaging the brain samples with PplX

molecules immediately after preparation.

For the PDD of brain tumors, it is essential for both 5-ALA and the MEK inhibitors to
cross the blood brain barrier (BBB) to reach the tumors. The BBB is responsible for the selective
uptake of various molecules from the peripheral bloodstream to the brain. It is comprised of a
monolayer of endothelial cells, which are connected to each other by tight junctions, forming a
physical barrier that protects the brain. Therefore, transport of molecules across the BBB happens

mostly through paracellular transport or transcytosis, which is limited. This is the case for 5-ALA
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as 5-ALA transport through the BBB is limited in healthy brains (Stepp & Stummer, 2018; Ennis
et al., 2003). Similarly, other pre-clinical studies have demonstrated the limited ability of MEK
inhibitors to penetrate the BBB, including Trametinib, Selumetinib, Binimetinib, and Cobimetinib
(Gampa et al., 2018, Vaidhyanathan et al., 2014). An impaired brain penetration can limit the
therapeutic efficacy of the MEK inhibitors against intracranial tumors. There are MEK inhibitors
such as SL327 and E6201, which can penetrant the BBB (Zhao et al., 2012; Gampa et al., 2018).
Unfortunately, these MEK inhibitors have not been tested in clinical trials for their safety and
efficacy. However, the leakiness of the BBB under disease conditions has been reported (Sarkaria
et al., 2018; Arvanitis et al., 2020; Stewart, 1994; Gampa et al., 2016). Especially in the case of
brain tumors, the neo-vascularization caused during tumor development generates new and leaky
blood vessels, which may allow the penetration of 5-ALA and other small molecules, such as MEK
inhibitors, into the brain (Stepp & Stummer, 2018). However, other regions of such tumors,
especially tumor edge and metastases, may have a relatively intact BBB (Gampa et al., 2018).
Therefore, to improve the efficacy of 5-ALA-PDD, it is essential to identify other new ways to
increase the penetration of 5-ALA and MEK inhibitors across the BBB. The polymeric

nanocarriers could be one strategy for future study (Bikhezar et al., 2020).

4.3 Microscopic evaluation of PplX fluorescence in brain tumors

In the in vivo experiments, we used mouse 4T1 breast cancer cells expressing GFP as a
reference for tumor locations. As shown in Figure 11, we confirmed the co-localization of PplX
fluorescence and GFP in the brain sections using an epifluorescence microscope, suggesting that
GFP is valuable as a reference for tumor locations. However, we found that GFP was much more

resistant to fluorescence quenching than PpIX fluorescence.
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We also used the 2-Photon microscopy analysis to evaluate PplX fluorescence in brain
tumors. We believe that the 2-Photon microscopy analysis is more suitable for future studies. This
is because the photobleaching of PplX fluorescence is less in the 2-Photon microscopy analysis
than with epifluorescence microscope. Unlike epifluorescence microscopy, where the whole tissue
section is exposed to light, the excitation of the fluorophore is achieved only at the optical section
during 2-Photon microscopy. Therefore, photobleaching and photodamage to the regions above
and below the focal plane are minimized. During the 2-Photon microscopy analysis, brain slices
are kept alive, and tumor cells are capable of synthesizing PplX, which would cause less technical
variation caused by the photobleaching than the histological analysis. Furthermore, the 2-Photon
microscopy analysis can generate 3-D images of the brain tumors, which give us a better evaluation

of PpIX fluorescence at the tumor ends and in satellite tumors.

For 2-photon imaging analysis, we used brain slices from tumor-bearing mice injected with
5-ALA and with or without the MEK inhibitor Selumetinib (Figure 12). Alternatively, we could
also treat the brain slice with the tumor with the MEK inhibitor ex vivo during 2-Photon
microscopy analysis. This would allow us to compare PplX fluorescence before and after treatment

of the MEK inhibitor on the same brain slice.

In our study, we visualized PplX fluorescence in both thin brain sections (20 pm) using
traditional epifluorescence microscopy and thick brain sections (350 pm) using 2-Photon
microscopy. 2-Photon microscopy is more suitable for imaging thick brain sections as there is a
heightened possibility for photodamage of visible fluorescent probes, such as PplX, in thin brain

sections imaged using 2-Photon microscopy (Benninger & Piston, 2013).

Due to the heterogeneous tumor growth, glioma cell diversity, and differences in

metabolism among glioma cells, 5-ALA mediated visual PplX fluorescence in gliomas is typically
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patchy with areas of high and low fluorescence intensity (Belykh et al., 2018). Tumor areas with
strong PplX fluorescence are associated with a solid tumor, while areas with low or vague
fluorescence feature tumor infiltrating into normal tissue. This low intensity tumor fluorescence is
often hard to visualize in situ, given that the signal amplitude from these tissues is an order of
magnitude lower than that from a solid tumor (Stummer et al., 2000). This sub-optimal tumor
fluorescence often results in a lack of clear visualization of tumor ends, leading to a problem where
5-ALA treatment alone may miss certain areas with tumor tissue during FGS and result in cancer
regrowth. The preliminary results from 2-Photon microscopy of brain tumors show that
Selumetinib treatment reserves the potential to overcome the suboptimal and non-homogenous
PpIX distribution across tumor tissues. A substantial increase in PpIX fluorescence was observed
in brain tumors treated with Selumetinib and 5-ALA compared to those treated only with 5-ALA.
Additionally, the PplIX fluorescence with Selumetinib treatment was more robust and evenly
distributed throughout the tumor mass, with tumor ends clearly visible. If this observation is further
confirmed in the future, our research could offer a solution to the shortcomings of 5-ALA

PDD/FGS in clinical settings.

The goal of my MSc research was to establish an experimental system to evaluate cancer
specific PpIX fluorescence in animal models of brain tumors. | was able to collect only one brain
tumor sample to evaluate the efficacy of MEK inhibitor treatment on PplX fluorescence in vivo,
which is not sufficient to conduct statistical analysis. Nevertheless, we have obtained preliminary
findings using 2-photon microscopy indicating that treatment of a MEK inhibitor may improve the
efficacy of 5-ALA FGS of brain tumors (Figure 12). However, we did not detect any obvious
satellite tumors in the brain section. This may be because the 4T1 allograft model used in this study

does not form satellite tumors in the brain. In the future, systemic injection of 4T1 to develop
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animal models of breast cancer brain metastasis can be explored (Kim et al., 2018). It is also
possible that the 2-Photon microscopy analysis is not sensitive enough to detect small tumors in
the brain. Additionally, we may need to optimize the dosage of 5-ALA and MEK inhibitors or test
other MEK inhibitors that were evaluated in vitro in our study. This remains to be clarified in Dr.

Hirasawa’s lab in the future.

4.5 Feasibility of MEK Inhibitors for Use in FGS Applications

In addition to improving the sensitivity of FGS, combination therapy of 5-ALA plus MEK
inhibitor may offer a host of other advantages: 1) Given the antitumor properties of MEK
inhibitors, they could work additively or synergistically with other anticancer treatments
prescribed to the patient. For example, the upregulation of PpIX in cancer cells by MEK inhibition
can promote cancer cell death induced by 5-ALA-PDT. 2) The use of a MEK inhibitor can
potentially reduce the dosage of 5-ALA in patients, therefore reducing the side effects of 5-ALA
such as hypotension, gastrointestinal, liver function, and hematological disorders experienced by
patients (Kemmner et al., 2008; Teixidor et al., 2016; Chung & Eljamel, 2013). Therefore, we
believe that using MEK inhibitors to improve 5-ALA FGS efficacy is realistic and could directly

impact its applications in clinical settings.

4.6 Summary

Altogether, in vitro screening demonstrated Selumetinib and Trametinib to be the best
MEK inhibitors for promoting PpIX accumulation in cancer cell lines. Although we evaluated the

efficacy of Selumetinib in vivo, the potential of Trametinib in upregulating PpIX will be evaluated
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in future studies. Our screening also revealed that 2 out of 3 glioma cell lines to be sensitive to the
effect of MEK inhibitors to upregulate PpIX. In contrast, the other glioma cell line, SF539, was
completely non-responsive. Therefore, it is crucial to investigate the cellular mechanisms that
render certain cancer cell lines resistant to PplX accumulation induced by MEK inhibition in the
future. The commonly reported shortcomings of 5-ALA PDD/FGS were addressed with the
application of Selumetinib during 2-Photon microscopy. Selumetinib treatment enhanced PplX
fluorescence in brain tumors and enhanced tumor end visualization. The preliminary findings from
the in vivo studies warrant further animal and pre-clinical studies in the future. Both 5-ALA and
several MEK inhibitors are already approved for clinical use, suggesting their safety. Therefore, a
5-ALA and MEK inhibitor combination treatment to enhance PplX accumulation for FGS

applications is a realistic approach and could directly impact patient outcomes in clinical settings.
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An Event [Annual Report] will be required following each year of protocol activity.

Should you encounter an unexpected incident that negatively affects animal welfare or the research

project relating to animal use, please submit an Event [Incident Report].
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NOTE: You can access a copy of this email at any time under the “Shared Communications” section
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