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1.1 GENERAL INTRODUCTION
1.1.1 History of photodynamic therapy

The concept of photodynamic therapy (PDT) was first found in 1900, where Oscar
Raab, a medical student in Germany, accidentally found that paramecia incubated with
certain dyes were dead following exposure to light but remain alive in the dark (Moan & Peng,
2003). This therapy was then quickly adapted in cancer research and several other fields
such as dentistry and skin problems (ltoh ef. al., 2001; Konopka & Goslinski, 2007;
Abrahamse & Hamblin, 2016). PDT has been an important therapy involved in various

cancer clinical trials over the past decades (Dolmans et. al., 2003; Huggett et. al., 2014).

1.1.2 Mechanism of photodynamic therapy following light irradiation

This therapy utilized a photosensitizer to induce localized cell death and killing of
solid tumors when irradiated with light (Peng et. al., 1997; Krammer and Plaetzer, 2008).
Photosensitizers enter a singlet-excited state when they absorbed a photon of light at
specific wavelength, preferably between 650 nm to 800 nm (Agostinis et. al., 2011). This is
then followed by the conversion of the photosensitizer into a more stable excited triplet state
with parallel spins where it transfers its energy by colliding with molecular oxygen (O2),
leading to formation of singlet oxygen ('02) (Figure 1.1) (Abrahamse & Hamblin, 2016). This
process is known as a Type |l photochemical process whereby Reactive Oxygen Species
(ROS) is generated and initiates the cell-killing action (Agostinis et. al., 2011). PDT is
believed to kill tumor cells via three main pathways, namely apoptosis, necrosis and
autophagy. Although other factors such as the subcellular localization of photosensitizer in
different organelles (e. g. mitochondria) and overall PDT doses were also possible

candidates involved in this cell-killing action, it is generally believed that apoptosis is the
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Figure 1.1 Conversion of singlet-excited photosensitizer into a more stable excited triplet
state
(Leann & Ross, 2008)

main cell-death pathway following PDT (Abrahamse & Hamblin, 2016). However, since
singlet oxygen have an unusually short lifetime (~10 — 320 ns), the maximum depth of cell
diffusion is only approximately 10 — 55 nm, prompting the society to continue their effort in

looking for new ways to enhance this therapy (Moan et. al., 1989; Dysart & Patterson, 2005).

1.2 AMINOLEVULINIC ACID IN PHOTODYNAMIC THERAPY AND
DIAGNOSIS

1.2.1 Aminolevulinic acid as a prodrug

5-aminolevulinic acid (ALA), a naturally-occurring heme precursor, is currently being
used as a prodrug in PDT and PDD (Figure 1.2) (Krammer and Plaetzer, 2008). ALA and its
derivatives are identified as prodrugs, as they need to be converted into protoporphyrin
(PplIX) through the heme biosynthesis pathway metabolically before being able to function
as an active photosensitizer (Figure 1.2 & 1.3) (Kennedy & Pottier, 1992; De Rosa & Bentley,

2000).The benefits of ALA include rapid clearance from the body, which is vital in reducing
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Figure 1.2 Diagram showing a 5-aminolevulinic acid (ALA) molecule
(Plaunt et. al., 2014)
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possible side effects such as cutaneous photosensitivity following the therapy (Rick et. al.,
1997). Based on study by van den Boogert et. al., 1998, ALA have a good oral bioavailability
where it produces a plasma ALA level of similar dosage compared to that attained by
intravenous delivery within an hour. It also exhibited outstanding results in diffusing into the
blood brain barrier and tumor interface in brain tumors, where no other compound could

achieve that (Ennis et. al., 2003; Collaud et. al., 2004; Valdés et. al., 2011).

1.2.2 Mechanism of protoporphyrin accumulation following addition of
aminolevulinic acid

Aminolevulinic acid is the natural precursor PplX and heme whereby intrinsic ALA is
produced from succinyl-CoA and glycine via the action of ALA synthase, which is regulated
by heme through a feedback mechanism (Figure 1.3) (Rodriguez et. al., 2006). In the heme
synthesis pathway, ALA dehydratase (ALAD), a rate-determining enzyme, converted ALA
into porphobilinogen (PPB) where it undergoes a series a metabolic transformation before
being entering the mitochondria as coproporphrinogen 1l (CPgen Ill). CPgen lll is then
converted into protoporphyrinogen and finally into PplX (Jichlinski et. al., 1997). Exogenous
administration of ALA in excess contributes to an increase in intracellular PplX production
through uptake transporters, resulting in selective accumulation of PpIX within the cells
(Kennedy & Pottier, 1992). These accumulated PplX would then emit a red fluorescence
under violet light at 405 nm (Jichlinski et. al., 1997). Scientists manipulated this phenomenon
to be applicable in photodynamic diagnosis (PDD) for fluorescent-guided resection of tumors
(e.g., malignant glioma) under light irradiation (Stummer et. al., 2006). Despite exact
reasons of why PplX excessively accumulated in cancer cells specifically still remain
unknown, it is believed to be due to three main factors: malfunction ferrochelatase (FECH),

uptake and efflux transporters in cancer cells. Ferrochelatase (FECH), an enzyme



Chapter 1

responsible in conversion of PplX to heme, played a significant role in the accumulation of
PplX in mitochondria (van Hillegersberg et al., 1992; Hunter et. al., 2011; Yutaka et. al.,
2017). Enzymes, such as ALA synthase (ALAS) and heme oxygenase | (HO-1), in the heme
synthesis pathway are also suggested to be influencing on PplX accumulation via feedback
inhibition (Nishio et. al., 2014; Yang et. al., 2015). Role of transporters in PplX accumulation

would be discussed in the next sub-chapter.

1.2.3 Tailor-made therapy

Similar to the name of the therapy, tailor-made therapy is a cancer therapy specially
tailored or suited for a specific individual by predicting disease outcome through the
identification of gene-expression signatures of that individual (Van't Veer et. al., 2002).
Based on a study by Van't Veer et. al. (2002), it was observed that over 5,000 genes had
significant changes in expression levels out of isolated RNAs of 98 tumors from patients with
lymph-node-negative, primary breast cancer. This is especially important as a diagnosis of
breast cancer could result in a completely different long-term treatment. This is one of
example why tailor-made therapies come in handy (Chung et. al., 2001). These genes which
were used in predicting tumor prognosis were usually genes involved in cell-cycle
progression, invasion, metastasis, angiogenesis and signal transduction, which were usually
upregulated in tumors with poor prognosis (Greenwood, 2002).

The effectiveness of tailor-made therapy was proven to be significantly higher
compared to conventional methods of classifying tumors. Disease outcome was correctly
predicted in 17 out of 19 patients using this therapy, which was a significant improvement of
currently used prognostic factors, such as tumor size, grade and angioinvasion (Caldas &

Aparicio, 2002). This method could be utilized in this study to enhance the mechanism of



Chapter 1

action of ALA-PDT and ALA-PDD through the inhibition or activation of transporters in

cancer cells by targeting highly expressed transporters using specific drugs.

1.3 TRANSPORTERS INVOLVED IN AMINOLEVULINIC ACID UPTAKE
Another factor causing the accumulation of PpIX is believed to be due to
transporters. Solute carrier (SLC) and ATP-binding cassette (ABC) families drug
transporters have received increasing attention in drug development as they are found to
affect drug absorption and disposition (Giacomini et. al., 2010). Studies suggest that
exogenous ALA are being uptake into intracellular space through peptide transporter 1
(PEPT1/ SLC15A1), peptide transporter 2 (PEPT2/ SLC15A2), proton amino-acid
transporter 1 (PAT1/ SLC36A71), taurine transporter (TauT/ SLC6A6) and
gamma-aminobutyric acid (GABA) transporter 1 (GAT1/ SLC6A13) (Doring et. al., 1998;
Moretti et. al., 2002; Rodriguez et. al., 2006; Frglund et. al., 2010; Tran et. al., 2014). PpIX
produced in the cells following ALA addition may also exit the cell due to expression of
ATP-binding cassette sub-family G member 2 (ABCG2) transporters (Hagiya et. al., 2012).
High expression of these uptake transporters would induce an increase in ALA intake which
in turn increased accumulation of PplX in the cells, thus improving the efficiency of ALA-PDT
and ALA-PDD (Xie et. al., 2016). On the other hand, low expression of ABCG2, an efflux
transporter, would lower the efflux of accumulated PplX in the cell, resulting in rising of
efficiency of ALA-PDT and ALA-PDD (Hagiya et. al., 2012; Kobuchi et. al., 2012). However,
these transporters are not only expressed at different levels depending on the location of
organs, but also vary in specificity and ALA transport rate among them. Table 1.1 shows

where these transporters are being expressed in the human body while Figure 1.4 illustrate
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the roles of these transporters in heme synthesis pathway. These transporters would be

further discussed in sub-chapter 1.3.1 and 1.3.2.

Table 1.1 Different transporters found in various organs of the human body

Transporters Organs Expressed Citations

PEPT1 (SLC15A1) Duodenum, jejunum, ileum, renal Smith et. al., 2013
proximal tubule S1 region, pancreas,
bile duct, liver

PEPT2 (SLC15A2) Renal proximal tubule S3 region, Smith et. al., 2013
brain choroid plexus, cerebral cortex,
olfactory bulb, basal ganglia,
hindbrain, lung, mammary gland,

spleen
PAT1 (SLC36AT1) Esophagus, stomach, stomach, Thwaites & Anderson,
cecum, colon, rectum, kidney, 2007

placenta, liver, pancreas, cup, heart,

brain, skeletal muscle, testes, spleen
of the intestinal cells of the
duodenum, jejunum, ileum

TauT (SLC6A6) Brain, retina, liver, kidney heart, Kristensen et. al., 2011
spleen, pancreas

GAT2 (SLC6A13) Brain, liver, kidney Kristensen et. al., 2011
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1.3.1 Uptake Transporters
1.3.1.1 Peptide transporter 1

While peptide transporter 1 (PEPT1) was known as the only peptide transporter in
the small intestine, studies on this transporter were long carried out since the early 1970s
(Rubio-Aliaga & Daniel, 2002). Research by Addison et. al. (1975) using glycylsarcosine
(Gly-Sar) showed that only dipeptides and tripeptides could be transported across the
membrane, thus giving rise to the current name of peptide transporter 1. This finding was
further supported by Adibi & Morse (1977) where no uptake of tetra-Gly or larger peptides
were observed, proving that dipeptide and tripeptide as the only substrate for PEPT1. Study
by Doring et. al. in 1998 is one of the earliest evidence of the involvement of PEPT1 and
PEPT2 in ALA cellular uptake by measuring the uptake of radiolabeled ALA in Picia pastoris.
It was also found that this uptake action is coupled with the co-transport of H*/H3O* (Novotny
et. al., 2000). The role of PEPT1 in ALA uptake in cancer cells is further strengthened
following findings by Rodriguez et. al. (2006) and Hagiya et. al. (2012), whereby the
knockdown of PEPT1 decreased PplX accumulation while overexpression of PEPT1

resulted in a significant increase in PplX accumulation in cancer cells.

1.3.1.2 Proton amino acid transporter 1

Proton amino acid transporter 1 (PAT1) is an H* coupled amino acid transporter
found to be involved in various small neutral amino acid uptake such as proline and GABA
(Anderson et. al., 2009). Coincidently, structure of ALA is highly similar to GABA, thus raising
questions whether ALA might be involved with a GABA uptake system (Figure 1.4). Boll et. al.
(2002) showed an increase in ALA uptake in mPAT1-expressing Xenopus laevis oocytes,

suggesting the role of PAT1 in ALA influx. Several other studies also further strengthened

11
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O

Figure 1.4 Diagram showing a gamma-aminobutyric acid (GABA) molecule
(Boonstra et. al., 2015)

this finding, showing that PAT1 is involved in the uptake of ALA through a competitive
inhibition study against proline and Gly-Sar (Chen et. al., 2003; Frglund et. al., 2010).
Despite many researches had shown that PEPT1 played a major role in ALA uptake, most of
the available studies are carried out in gastrointestinal cell lines (Doring et. al., 1998;
Meredith et. al., 2000; Casas & Batlle, 2002; Xie et. al., 2016). Cell lines that express only
PAT1, but lacking PEPT1 in expression, should be further studied to identify the role of this

transporter in ALA uptake.

1.3.1.3 Taurine and GABA transporter 2

Similar to PAT1, GABA is also a substrate for TauT and GAT2, sparking questions on
whether these two transporters are involved in ALA uptake (Gether et. al., 2006; Tomi et. al.,
2008; Yahara et. al., 2014). Both transporters are known to be highly expressed especially in
brain and liver cells (Kristensen et. al., 2011). ALA is also known as a substrate of TauT and
GAT2 (Moretti et. al., 2002; Tran et. al., 2014) whereby studies by Tran et. al. (2014) showed
that HEK293 cells, when overexpressed with either TauT or GATZ2, induced a significant
increase in PplX production. Tran et. al. (2014) also further proved that the knockdown of

TauT and GAT2 in DLD-1 and HelLa cells exhibited a significant drop in PplX level,

12
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suggesting these results to be a result of increase in ALA uptake through these two

transporters.

1.3.1.4 Transporters in normal cells

All transporters, namely PAT1, TauT and GATZ2, introduced in the previous sections
were also found to be expressed in normal cells except PEPT1 (Ogmundsdottir et. al., 2012;
Zhou et. al., 2012; Scimemi, 2014). Past researches on liver and gastrointestinal cells
showed that PEPT1 was known to be highly expressed only in cancer cells but not in normal
cells (Rodriguez et. al.,, 2006; Hagiya et. al., 2012; Chung et. al., 2013). PEPT1 was
currently known as the specific transporter found only in cancer cells and is identified as the
major contributor for selective accumulation of PpIX in tumors (Hagiya et. al., 2012). In
human normal cells, PAT1 was found to be involved in intestinal absorption of a wide range
of amino acids in gastrointestinal cells and activates mammalian Target of Rapamycin
Complex 1 (mTORC1) by forming complexes with Rag GTPases in late endosomal and
lysosomal membranes (Ogmundsdottir et. al., 2012). On the other hand, TauT and GAT2
were essential transporters that are vital in maintaining normal taurine levels in liver and

brain tissues (Zhou et. al., 2012).

1.3.2 Efflux transporter

The only efflux transporter currently identified as the transporter responsible in
causing PplX efflux is the adenosine triphosphate-binding cassette G2 (ABCG2) transporter
(Zhou et. al., 2005, Hagiya et. al., 2012; Kobuchi et. al., 2012). ABCG2, formally known as
breast cancer resistance protein 1, is a member of the ATP-binding cassette (ABC) family of

cell surface transport proteins, which comprises of around 50 members and involved in the

13



Chapter 1

transfer of various substrates around cellular membranes (de Paiva et. al., 2005). Similar to
its former nomenclature, ABCG2 is previously known to contribute to drug resistance in
breast cancers (de Paiva et. al., 2005). This transporter is also expressed in a variety of
normal and cancerous tissues (Trosko & Ruch, 1998). Low expression of ABCG2 is believed
to lower the efflux of accumulated PplX in the cell, contributing to an increase in PDT and
PDD efficiency. Past studies showed that PplX efflux reduced significantly following the
inhibition of ABCG2 using siRNA and inhibitors in cancers following the administration of
ALA (Hagiya et. al., 2012; Kobuchi et. al., 2012). On the other hand, cells which have a high
ABCG2 expression also caused problems in Hoechst 33342 dye in fluorescence microscopy
(Kim et. al., 2002). Solving unintended proteins efflux is important, however, had been
proven difficult as ABCG2 transporter gene is a highly conserved evolutionary gene in most

cells (Cooray et. al., 2002; Kim et. al., 2002).

1.4 TRANSPORTERS’ INVOLVEMENT IN THE EFFECTIVENESS OF
PHOTODYNAMIC THERAPY UNDER DIFFERENT CANCER MALIGNANCY

1.4.1 Introduction to cancer malignancy

The malignancy of cancer cells is defined as the degree of genetic stability in them,
usually having reduced expression levels of DNA repair enzymes and higher proliferative
capabilities (Wang & Wheeler, 2014). Cancer cells with higher malignancy would resembled
later disease stage, which correlates to higher invasiveness and drug resistance (Chen et.
al., 2006). Receptor associated nuclear factor-kB ligand (RANKL) have been recently
identified as a marker of cancer disease stage and functional regulation in prostate cancer
(Chen et. al., 2006). RANKL, originally known as TNF ligand superfamily member 11
(TNFSF11), is a type Il membrane protein encoded by TNFSF11 gene in humans (Anderson

et. al., 1997). Study by Chen et. al., (2006) showed that RANKL is highly expressed in

14
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malignant prostate cancer cells and the addition of RANKL could further increase

proliferative capability of prostate cancer cells.

1.4.2 Relationship between transporters and cancer malignancy

As mentioned in Section 1.3 above, uptake transporters are essential in bringing
ALA into the cell. Therefore, an increase in uptake capability of ALA by the cells would
contribute to a higher production of PplX, which would lead to the increase in cancer killing
effect and efficiency of ALA-PDT (Hagiya et. al., 2008). Nakayama et. al. (2016) showed that
transporters involved in ALA, such as PEPT1, was found to be highly expressed when
incubated in high cell density. This led scientists to believe that the relationship between
malignancy and efficiency of ALA-PDT may be closely associated with the expression levels
of these transporters.

Another study by Kraff et. al. (2012) has suggested a possible relationship between
malignancy and cell density of tumours. This suggest the involvement of Yes-associated
protein (YAP), which control tissue growth based on cell density, in the regulation of cancer
malignancy. YAP is an oncoprotein known to be a transcription factor regulating various
downstream processes such as proliferation and metastasis (Varelas et. al., 2010). In
addition, a recent study by Li et. al., (2020), showed that inhibition of YAP significantly
enhanced the efficiency of ALA-PDT, highlighting the importance of YAP in ALA-PDT (Li &
Zhou, 2020). Several studies using highly malignant cancer cells, such as nerve sheath
cancer cells, urothelial carcinoma and prostate cancer, have been carried out in the past and
showed the effectiveness of ALA-PDT against highly malignant cancers (Lee et. al., 2017;
Fukuhara et. al., 2020). All these findings suggest a possible relationship between uptake

transporters and malignancy.
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1.5 AIMS & OBJECTIVES

The main aim of this research is to study the roles of transporters involved in
cellular uptake of ALA across cellular membrane in ALA-PDT in vitro. Studies on ALA uptake
are carried out in order to improve the concentration of intracellular PpIX accumulation in
cells which will lead to higher effectiveness of cancer killing effect in ALA-PDT. This research
served as a fundamental study to increase the efficiency of PDT and PDD in clinical field in

the future. The specific objectives were:

[ERN

. To investigate the role of transporters involved in cellular ALA uptake in cancer cells.
2. To clarify the effect caused by transporters on porphyrin production in normal human
cells.
3. To improve selectivity and specificity of drugs for tumors by preventing ALA uptake in
normal cells
4. To determine the effectiveness of ALA-PDT under different malignancy.
5. To evaluate the relationship of malignancy and ALA uptake transporters
At the end of this thesis, transporter(s) involved in cellular uptake of ALA only in
normal cells but not in tumors would be identified. Targeting these transporter(s) using
inhibitory drugs will further enhance the specificity of ALA-PDT and PDD to prevent
unnecessary cytotoxic damage or PplX accumulation in normal cells. The roles of uptake
transporters on the effectiveness of ALA-PDT will also be evaluated. Results obtained from

this thesis would serve as a fundamental knowledge for future in vivo and clinical studies.
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2.1 INTRODUCTION

Past researches had suggested that peptide transporter 1 (PEPT1) as the dominant
transporter in ALA uptake, as suggested by Hagiya et. al. & (2012) Xie et. al. (2016),
whereby overexpression and knockdown of this transporter showed a visible influence on
the cellular uptake of aminolevulinic acid (ALA). These data, however, were mostly based on
gastric cancer cell models, raising doubts where the role of PEPT1 still remain significant in
other organs of the human body (Faria, et. al., 2004; Anderson et. al., 2010; Hagiya et. al.,
2012; Xie et. al., 2016). ALA-photodynamic therapy (PDT) and ALA-photodynamic diagnosis
(PDD) could only be efficient with a high concentration of protoporphyrin (PplX)
accumulation. Therefore, the most direct method would be to identify the dominant
transporter responsible in uptaking ALA, a precursor of PplX, to induce a higher production
of intracellular PpIX.

Being one of the most prominent cancers in developed countries such as the USA
and Japan, prostate cancer still failed to accumulate at sufficient levels to induce
photocytotoxicity in ALA-PDT, hindering scientists’ efforts in eradicating the disease
(Gheewala et. al., 2017). A few papers on the cellular uptake of ALA had been published
over the past few years and findings shown that different transporters were involved in ALA
uptake in different parts of the body. Studies by Anderson et. al. (2010), for example, showed
that proton amino acid transporter 1 (PAT1) was responsible in cellular uptake of ALA.
Despite both PAT1 and PEPT1 were known to be expressed in gastric cancer cells, PEPT1
was believed to contribute more in ALA uptake gastric cancer cells (Xie et. al., 2016).
However, since PAT1 was also known to be relatively highly expressed in prostate cancer
cells, it might be possible that this high expression level may result in a more dominant role

in ALA uptake in prostate cancer (Okudaira et. al., 2011). On the other hand,
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neurotransmitter family transporters, taurine transporters (TauT) and gamma-aminobutyric
acid transporter 2 (GAT2), were also found to be involved in ALA uptake in HelLa and
HEK293T cancer cells, pushing further a need to identify the dominant ALA uptake
transporter (Tran et. al., 2014). In this chapter, the expression level of these transporters and
the identity of the dominant transporter in ALA uptake would be evaluated as a fundamental

knowledge in the cellular uptake of ALA into cancer cells.

2.2 MATERIALS & METHODS
Chemicals

RPMI-1640 culture medium, DMEM-high glucose culture medium and
antibiotic-antimycotic mixed stock medium (ABAM) were purchased from Nacalai Tesque
(Kyoto). Fetal bovine serum (FBS) was purchased from Equitech-Bi, Inc. (Kerrville, Texas,
USA). Aminolevulinic acid (ALA) was purchased from Cosmo Oil Ltd. (Tokyo). Ibuprofen,
tryptophan, taurine and gamma-aminobutyric acid (GABA), used in this study were
purchased from Sigma Aldrich Corporation (Tokyo). All inhibitors used were of analytical

grade.

Cell Culture

Human gastric cancer cell line, TMK1, was obtained from Assoc. Prof. Dr. Endo
Yoshio from Kanazawa University, Japan. Human prostate cancer cell lines, DU145 and PC3,
were obtained from Prof. Inoue Keiji from Kochi University, Japan. Human gastric cancer cell
line, MKN45, was obtained from RIKEN, Japan. TMK1, MKN45 and PC3 cells were cultured
in RPMI 1640 culture medium. DU145 cells were cultured in DMEM-high glucose culture

medium. All cell lines were incubated with respective culture medium followed by the
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-addition of 10% FBS and 10% ABAM, at 37°C in a 5% CO: incubator. Experiments were

only carried out when cell density achieve 50% - 80% confluency. Cell number for seeding in

various experiments is tabulated in Table 2.1.

Table 2.1 Amount of cell seeded for each cell line respectively in different experiment

Chapter Experiment Seeding cell number (cells / well)

2.3.1  PplIX production of four selected cell TMK1 : 0.05x10°%
lines MKN45, DU145, PC3 . 5 5106

2.3.2 mRNA expression of various TMKA1 *0.05x106
transporters in four selected cell lines  MKN45, DU145, PC3 . 5 5 106

2.3.2  Protein expression of various TMKA1 - 0.05x106
transporters in four selected cell lines  MKN45, DU145, PC3 . 4 5« 106

2.3.3 PplX and CPIIl production of DU145 DU145 :0.2x108
following different ALA concentration

2.3.3  ALAuptake inhibitors in DU145 cell DU145 :0.2X108

2.3.3 RNAi knockdown study in DU145 cell DU145 :0.02x108

Quantitative reverse transcription-polymerase chain reaction (QRT-PCR)

Total RNA extractions from cultured cells were carried out using RNA extraction kit

NucleoSpin® RNA Il (MACHEREY-NAGEL, Diren, Mannheim, Germany). Extracted RNA

were transcript into 1 pg single stranded cDNA via a reverse transcription reaction using

PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa Bio, Shiga). The expression levels of

PAT1, PEPT1, TauT and actin (internal control) were then quantified using Thermal Cycler

Dice® Real Time System Single (TaKaRa Bio, Shiga). The primers used in amplification were

tabulated in Table 2.2. Primers set specific to each gene were used in QRT-PCR. Expression
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level of each targeted gene were then standardized by dividing with the expression level of

actin which is used an internal control.

Table 2.2 Primers sequences used in gene amplification

Gene Sense / Antisense Sequence

PEPT1 Sense 5-TCACCTGTGGCGAAGTGGTC-3
Antisense 5-GCCACGATGAGCACAATGATG-3’

PAT1 Sense 5-CATAACCCTCAACCTGCCCAAC-3’
Antisense 5-GGGACGTAGAACTGGAGTGC-&

TauT Sense 5-TATCTGTATCCTGACATCACCCG-3’
Antisense 5-CCCAGGCAGATGGCATAAGAG-3

Actin Sense 5 -TGGCACCCAGCACAATGAA-3’
Antisense 5-CTAAGTCATAGTCCGCCTAGAAGCA-3’

Agarose gel electrophoresis

Total RNA was extracted from cultured cells, and first-strand cDNA was prepared from total
RNA by RT reaction, based on methods by Hagiya et. al. (2008). Thereafter, the first-strand
cDNA preparations encoding PAT1, PEPT1, TauT and actin were individually amplified by
PCR in a Thermal Cycler Dice Mini (TaKaRa Bio, Otsu, Japan) with specific primer sets in
Table 2.2. Actin is used as the internal control. The PCR reaction consisted of hot-start
incubation at 95°C for 5 min and 35 cycles each of 95°C for 30 s and 60°C for 1 min. The
resulting amplicons were separated by 2.5% agarose gel electrophoresis and detected with

ethidium bromide under ultraviolet light.
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Western blotting

Western blotting experiments were carried out to quantify the expression level of
proteins in cells using modified methods based on Tamura et. al. (2007). Cells were first
washed with PBS (-), followed by addition of Lysis Buffer A[50 mM Tris-HCI (pH 7.4), 20 mM
N-methylmaleimide, 1 mM DTT, 1% (v/v) Triton X-100 and Protease inhibitor cocktail
(Nacalai Tesque)]. The cell suspensions were homogenized using a 27 G syringe for at least
10 times and centrifuge at 1000 XG for 10 minutes at 4°C. Protein samples were then
recovered and stored at -80°C freezer for future use.

Protein samples were next treated with SDS-PAGE sample buffer where they were
then separated through SDS-PAGE electrophoresis using 7.5% and 11.25% polyacrylamide
gel. These separated proteins were then transferred onto an Immobilon-P PVDF membrane
(Milipore Corp., M.A.) whereby blocking and antibody treatment would be carried out next.
Blocking was carried out by incubating the membrane at room temperature for 60 minutes in
5% (w/v) skimmed milk dissolved in TBST [20 mM Tris-HCI (pH 7.4), 150 mM NacCl, 0.05%
(v/v) Tween 20].

Anti-human PAT1 antibody (Novus Biologicals, Littleton, Colorado, USA; 1:1000),
anti-human PEPT1 antibody (Abcam, Cambridge, Massachusetts, USA; 1:200), anti-human
TauT antibody (Santa Cruz Biotechnology, Dallas, Texas, USA; 1:500), anti-human GAT2
antibody (Medical & Biological Laboratories, Naka-ku, Nagoya, Japan; 1:1000) and human
actin antibody (MP Biomedicals, Santa Ana, CA; 1:200 dilution), which served as internal
control, were used in primary antibody treatment. Secondary antibody used in this study
were horseradish peroxidase (HRP)-conjugated anti-mouse (Cell Signalling Technology,
Beverly, MA) and anti-rabbit IgG (Santa Cruz Biotechnology, Dallas, Texas, USA)

concentrate, which were diluted 3000 times in TBST solution. Substrate for HRP used in this
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study were Western Lightning Chemiluminescent Reagent Plus . Western Lightning
Chemiluminescent Reagent Pro (PerkinElmer Life and Analytical Sciences, Waltham, MA),
Western BLoT Ultra-Sensitive HRP Substrate (TaKaRa Bio, Inc., Shiga, Japan).
Chemiluminescent were used to quantify protein expression levels using Lumino Imaging

Analyzer LAS-4000 mini (GE Healthcare UK, Amersham Place, England).

ALA uptake inhibition assay

Ibuprofen and tryptophan were utilized to suppressed PEPT1 and PAT1 transporter activity
via non-competitive inhibition and competitive inhibition respectively. Taurine and GABA
were used as TauT and GAT2 inhibitors. Ibuprofen was dissolved in DMSO (Final
concentration: 0.2 M). Tryptophan was dissolved in 0.5 M HCI (Final concentration: 0.25 M).
Taurine and GABA were dissolved in distilled water with a final concentration of 0.4 M and
0.25 M respectively. 1 mM ALA was added together with respective inhibitors for 24 hours for

the reaction to occur.

RNAi knockdown

Cells were transfected using transfection medium comprising of small interfering RNA
(siRNA) and 0.1% Dharmafect 4 solution (Dharmacon, Lafayette, Colorado, USA). PAT1 and
PEPT1 siRNA were designed using siRNA template designing tools (Sigma Genosys siRNA
service). Sequence of these siRNA can be found in Table 2.3. Both siRNAs, together with
Opti-MEM™ reduced serum medium (OPTI-MEM) (Thermo Fisher Scientific, Minato-ku,
Tokyo, Japan) were mixed at specific proportion to give rise to a final concentration of 10 nM
while Dharmafect 4 were prepared by mixing with OPTI-MEM to produce a 0.1% Dharmafect

4 solution. Both solutions were incubated at room temperature for 10 minutes before mixing
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both solutions at a 1: 1 proportion. The transfection medium is then incubated again for 20
minutes to allow formation of siRNA-liposome complex. This transfection medium is then
added into seeded cells containing 1.6 mL ABAM-free DMEM high glucose culture medium

and incubated for 48 hours before recovering the cells.

Table 2.3 siRNA duplex sequence for PAT1 and PEPT1
SsiRNA Sequence
PEPT1 5-CAAGAGUGGGAAAGUUUA-3’
5-UAAACUUUCCCACUCAUUG-3’
PAT1 5-GCGCUUUGGUCAAAGCAAU-3
5-AUUGCUUUGACCAAAGCGC-3’

Porphyrin production quantification using High Performance Liquid Chromatography
(HPLC)

Cells were first seeded at specific cell number (As stated in Table 2.1) in 35 mm
dishes and incubated at 37°C under 5% COz2 in a COz2 incubator for 24 hours. Experiments
were carried out in triplicates per sample. Co-addition of ALA and inhibitors (if applicable),
were carried out and cells were further incubated under the same condition for another 24
hours. For RNAIi knockdown study, siRNAs were first added and incubated under the same
condition for 24 hours, followed by another 24 hours of incubation with 1 mM ALA.

Extracellular porphyrins were then extracted first by recovering all culture medium,
followed by a 3000 XG centrifugation for 10 minutes in order to separate dead cells. A
volume of 50 uL of the supernatant from each sample were then taken out and added into a
new 1.5 mL centrifuge tube containing 150 pL Dimethylformamide (DMF): 2-propanol
solution (100: 1, v/v). This step is essential for the denaturation of unwanted proteins and to

ensure pure extraction of porphyrins. Separation of denatured proteins were then carried out
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by centrifuging at 10000 X G for 10 minutes. Supernatants were recovered and pellets were
discarded.

In order to isolate intracellular porphyrins, cells were first washed using PBS (-) twice,
followed by addition of 150 uL of 0.1 M NaOH. A volume of 50 pL of cell suspension from
each sample were taken out and added into a new 1.5 mL centrifuge tube containing 150 pyL
of DMF: 2-propanol solution (100: 1, v/v) as mentioned in the previous paragraph. Cell
suspensions then underwent centrifugation under 10000 X G for 10 minutes. Supernatants
were recovered and pellets were discarded.

HPLC analysis of porphyrin was carried out using Type Promonence System
(Shimadzu Manufacturing Co., Kyoto) equipped with reverse phase C18 column (CAPCELL
PAK, C18, SG300, 5 uym, 4.6 mm x 250 mm, Osaka Soda Co. Ltd., Osaka) while maintaining
at a temperature of 40°C. Mobile phase A, comprising of 1 M ammonium acetate solution
containing 12.5% acetonitrile (adjusted to pH 5.2), and mobile phase B, made up of 50 mM
ammonium acetate solution containing 80% acetonitrile, were used in elution of porphyrin.
50% mobile phase B was first directed at a flow rate of 1.0 mL / min for 10 minutes following
by driving mobile phase B into the column from a linear gradient ranging from 90% for 10
minutes and finally 90% mobile phase B at a flow rate of 2.0 mL / min for another 10 minutes
in the elution program. 100uL of each eluate was injected and detected using with a detector
equipped with a fluorescence spectrometer at an excitation wavelength of 404 nm and a
detection wavelength of 624 nm. The protein concentrations of each samples were
-determined using Bradford’s method using Quickstart Bradford 1 XDye Reagent (Biorad
Laboratories, Inc., Hercules, California, USA). Coproporphyrin | dihydrochloride,
Coproporphyrin | dihydrochloride, Protoporphyrin | dihydrochloride, used as standard

material for porphyrin were purchased from Frontier Scientific, Inc. (Logan, Utah, USA).
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Chromatograms and standard curves using each porphyrin standard are shown in Figure 2.1

and Figure 2.2, respectively.
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Figure 2.1 Chromatogram for each porphyrin molecule
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Figure 2.2 Standard curve using CPIIl and PpIX standard substrate

Statistical analysis of data
Microsoft Excel 2010 was used for data analysis in this study. One-way ANOVA (Tukey’s
Test) were performed for each set of data to show that there were significant differences in

mean values between treated and non-treated samples, p < 0.05.
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2.3 RESULTS
2.3.1 PpIX production in selected cell lines

The concentration of PplX was first evaluated on gastrointestinal cancer cells, TMK1
and MKN45, and prostate cancer cells, DU145 and PC3 cell lines. This study is required to
identify which cell lines could take in most ALA following the addition of a fixed ALA
concentration, which in turn resulted in production of PplX. All four cell lines were
administered with 1 mM ALA for 24 hours at 37°C under 5% CO2 condition. These cells were
then collected where concentration of both intracellular and extracellular PplX were
analyzed using high-performance liquid chromatography (HPLC). The results were recorded
and a graph was plotted (Figure 2.3). TMK1 cell line showed the lowest total PplX production
(0.21 nmol / mg-protein), followed by PC3 at 0.23 nmol / mg-protein. On the other hand,
DU145 cell line produced the highest amount of PplX (0.29 nmol / mg-protein) whereas
MKN45 cell line produced around 0.25 nmol / mg-protein of PplX. No significant difference

were observed for these graphs (p > 0.05). The high production of PplX in DU145 cells
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Figure 2.3 Concentration of PpIX produced following addition of 1 mM aminolevulinic acid
(ALA) in four selected cancer cell lines
(*; p < 0.05)
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suggested that a different transporter(s), which is not found or lowly expressed in the
remaining cell lines, were involved and thus enabling a higher uptake of ALA, which
subsequently leaded to a rise in PplX production. The expressions of various transporters
involved in ALA uptake were then evaluated in sub-chapter 2.3.2 in order to identify the

possible reasons for high PplX production in DU145 cell line.

2.3.2 Expression of transporters in selected cell lines

The expression levels of ALA transporters, namely PEPT1, PAT1 and TauT, were
studied to identify the possible dominant transporter(s) in cellular uptake of ALA. mRNA and
protein expression levels of these transporters were studied in four selected cancer cell lines
(namely TMK1, MKN45, DU145 and PC3) in the presence or absence of 1 mM ALA addition
for 24 hours at 37°C in a 5% CO2 incubator. The samples were then collected and being
analyzed using agarose gel electrophoresis, quantitative reverse transcriptase-polymerase
chain reaction (QRT-PCR) and Western blotting as stated in page 18-20. Results of mMRNA
expression levels of these transporters using agarose electrophoresis and qRT-PCR were
shown as in Figure 2.4 and Figure 2.5 respectively whereas results of Western blotting and
band intensity graphs were plotted as in Figure 2.6 and 2.7.

Findings from agarose gel electrophoresis and qRT-PCR generally showed very
similar results (Figure 2.4 and Figure 2.5). mRNA expression of PAT1 was observed to be
around 5 times higher in DU145 cell line compared to other cell lines, where PEPT1 was
almost exclusively found to be expressed only in MKN45 cell line. TauT, on the other hand,
was found to be highly expressed in TMK1 and DU145, but lowly expressed in MKN45 and
PC3. The results here also indicated that expressions of these transporters were slightly

lowered following the addition of ALA, although the effect appears to be larger in PEPT1.
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Figure 2.4 Comparison of mRNA expression of various transporters in the presence or
absence of aminolevulinic acid (ALA) addition in four selected cancer cell lines using
agarose gel electrophoresis
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Figure 2.5 Comparison of mMRNA expression of various transporters in the presence or
absence of aminolevulinic acid (ALA) addition in four selected cancer cell lines using

quantitative real time-polymerase chain reaction (QRT-PCR)
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Results of Western blotting (Figure 2.6) did not completely correlate with findings
from mRNA expression study in Figure 2.4 and Figure 2.5. This is believed to be due to the
difference in decomposition rate of mMRNA following the translation into protein transporters
(Gygi et. al., 1999; Yang et. al., 2003; Chen et. al., 2008). Studies using mammalian cell
models also shown that the decomposition rate of the same mRNA also varied among cell
lines (Chen et. al., 2008). Protein expression of PAT1 was observed to be highest in DU145
cell line compared to other cell lines. PEPT1, whose mRNA expression was almost
exclusively only in MKN45 cell line, was found out to be equally highly expressed in MKN45,
DU145 and PC cell line. TauT was found to be highly expressed in TMK1 cell line, followed
by MKN45 cell line. DU145 and PC3 both exhibited relatively low expression level of TauT
despite DU145 cell line showed equally high mRNA expression with TMK1 cell line. On the
other hand, GAT2 was found to be highly expressed only in DU145 cell line. The results here
indicated that expressions of PEPT1 and TauT transporters were slightly lowered following
the addition of ALA, although the effect is reversed in the case of PAT1.

Study on protein expression was believed to be more accurate as transporters were
generally translated proteins. The band intensities from Figure 2.6 were plotted as in Figure
2.7. Based on this figure, PEPT1, PAT1 and GAT2 appeared to be possible candidates that
might play a significant role in cellular ALA uptake in DU145 cell line. The significance of
these transporters was studied in the next sub-chapter to identify the dominant transporter

for cellular ALA uptake in this cell line.
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Figure 2.6 Protein expressions of PEPT1, PAT1, TauT & GAT2 in four selected cell lines
using Western blotting in the absence or presence of aminolevulinic acid
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Figure 2.7 Band intensity of protein expressions of PEPT1, PAT1, TauT & GAT2 in four
selected cell lines using Western blotting without ALA administration
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2.3.3 Roles of transporters in ALA uptake

PEPT1 and PAT1 gene knockdown studies were carried out to identify the dominant
transporter(s) responsible in the role of ALA uptake in in DU145 cells. Cells were seeded at
0.02 <1068 cells / mL for 24 hours with ABAM-free DMEM high glucose culture medium. This
is to prevent ABAM substrates from inhibiting the formation of complex in transfection
medium. Transfection medium were prepared and inserted into each dish for 48 hours.
1 mM ALA was added into each dish after the first 24 hours of inoculation of transfection
medium. The cell samples were collected and total PpIX production levels were analyzed
using HPLC. Proteins of these cell samples were also extracted and Western blotting was
carried out to show the change in expression levels of PEPT1 and PAT1 after gene
knockdown.

Optimum concentration for knocking down PAT1 and PEPT1 were first determined
using Western blotting as described in page 19 & 20. Figure 2.8 showed the expression level
of PEPT1 and PAT1 under different concentration. Band intensity graphs were also plotted
(Figure 2.8). The bands showed more than 60% decrease in the expression of PAT1 at a
concentration of 100 nM siPAT1. There were no observable changes in PAT1 expression
level at concentration lower than 100 nM. On the other hand, a concentration of 10 nM
SiPEPT1 decreased PEPT1 expression by 40% when compared to the control. A 60%
decrease in PEPT1 expression were observed at 50 nM siPEPT1 and a staggering 95%
decrease at 100 nM.

The production of total PplX production (intracellular and extracellular PplX)
following the knockdown of mRNA using siRNAs (siPEPT1 and siPAT1) were plotted in
Figure 2.9. PplX produced following PEPT1 or PAT1 knockdown showed a significant

reduction of 70 % and 60%, respectively, compared to the siNC control (p < 0.05). No
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significant difference was found between the siPAT1 and siPEPT1 samples (p > 0.05). A
double-gene knockdown study (W-KD) was also carried out using both siPAT1 and siPEPT1
at 100 nm each. It exhibited a 70% drop in PplX production when compared to the control
(p < 0.05). No significant difference was observed between the PpIX production of siPAT1,
siPEPT1 and W-KD samples (p > 0.05). This result showed that inhibition of PAT1 and
PEPT1 decreased PplX production significantly in DU145 cells, suggesting that both
transporters played a significant role in cellular uptake of ALA in this cell line, which
coincided with their high expression levels in DU145 cells.

After showing both PAT1 and PEPT1 were involved in ALA uptake, inhibitors of
PEPT1, PAT1, TauT and GAT2 were added to evaluate the effect on PplX production
following the suppression of each transporter’s activity respectively. Studies were carried out
by carrying out co-administration of ALA and inhibitors at least two different concentrations,
followed by 24 hours of incubation at 37°C in a 5% CO: incubator. Cell samples were then
collected for HPLC analysis. Findings of these studies were plotted into graphs in Figure
2.10.

Addition of ibuprofen, a non-competitive inhibitor of PEPT1, showed a 40%
decrease in PplX production in DU145 cells (p < 0.05) (Figure 2.10A). No significant
difference in PpIX production was observed among the three different concentration of
ibuprofen (p > 0.05). This result correlated with previous studies by past researchers where
PEPT1 played a significant role in the cellular uptake of ALA. On the other hand, study using
tryptophan, taurine and GABA, competitive inhibitors of PAT1, TauT and GATZ2, respectively,
were also carried out in DU145 cells. Production of PplIX showed a gradual decrease as the
concentration of inhibitors increased. PplX production halved when co-administered with

1 mM ALA and 5 mM tryptophan (p < 0.05) and dropped sharply by 75% at 10 mM
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tryptophan (p < 0.05) (Figure 2.10B). This result also indicated the importance of PAT1 in
cellular uptake of ALA. Similar trends were also observed after the addition of taurine and
GABA, suggesting TauT & GAT2 may also play significant roles in ALA uptake (Figure 2.10C
& 2.10D).

Inhibition studies of all four transporters in the remaining cell lines, TMK1, MKN45
and PC3, were also studied and the data were plotted in a bar chart as in Figure 2.11. In
general, all these results correlated with expression of all four transporters in all cell lines
(except PAT1 inhibition in TMK1, where it was lowly expressed), whereby inhibition of
transporters which were highly expressed resulted in a significant drop in PpIX production.
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Figure 2.10 PpIX production of DU145 cells following the co-addition of 1 mM ALA and
5 mM inhibitors, namely (A) ibuprofen, (B) tryptophan, (C) taurine and (D) GABA
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In short, results obtained in this sub-chapter showed that factors affecting cellular
uptake is highly dependent on the expression levels of transporters and is not fixed to a

specific transporter.

2.4 DISCUSSION

The definition of cellular uptake varies under different circumstances. In medicine, it
is defined as the absorption and incorporation of a substance by living tissue (Uptake, 2003).
Understanding the cellular uptake of ALA, such as identifying dominant uptake transporters
and possible naturally occurring inhibitors, is important in enhancing the efficacy of ALA-PDT
and ALA-PDD.

Results from the protein expression levels of various transporters, namely PEPT1,
PAT1, TauT and GAT2, in four selected cancer cell lines from Figure 2.6 and 2.7 were
quantified and tabulated in Table 2.4. It is seen that correlation between the trend of mRNA
and protein expression levels were observed only in PAT1, but not in the other three
transporters. However, the trend observed is not surprising as expression levels of mRNA
and protein of a gene do not often correlate which one another and have only around 40%
explanatory correlations across many studies as reported in Koussounadis et al. (2015). In
this study, protein expression levels were given priority over the expression level of mMRNAs
as transporters exist as protein complex structure on the cellular membrane instead of the
mRNA form. DU145 was identified as the only cell line that highly expressed PEPT1, PAT1
and GAT2, emerging as a valuable model for transporters study.

Table 2.4 showed the expressions of these transporters were independent of organ
origins, where TMK1 and MKN45 did not expressed similar transporter expression trends

despite both originating from stomach. Prostate cancer cells, DU145 and PC3 also failed to
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Table 2.4 Summary on protein expression of various transporters in selected cell lines

TMK1
PEPT1 | 0.39
PAT1 045 | 0.65
TauT 055 | 017 |
GAT2 | 024 | 0.33

Table 2.5 Effect on PpIX production following the co-addition of inhibitors and ALA

Low
Inhibitors Cell lines
TMK1 MKN45 DU145 PC3
Ibuprofen -
Tryptophan -
Taurine l ]
GABA ]

Inhibitor / ALA ratio

Ibuprofen : PEPT1 non-competitive inhibitor 0.1
Tryptophan : PAT1 competitive inhibitor 5
Taurine : TauT & GAT2 competitive inhibitor 5
GABA : TauT & GAT2 competitive inhibitor 5

exhibit similar trends in transporter expression. These findings suggested that the
expression levels and activity of these four transporters, namely PEPT1, PAT1, TauT and
GAT2, might be independent of their origin. Sensitivity of ALA uptake in different cell lines
are believed to be dependent on their expression levels as shown in Table 2.5. On the other
hand, the results showed that expressions of various transporters were only slightly or not
affected following the addition of ALA (Figure 2.6). The reason of this phenomenon remained
unknown but coincided with mRNA expression levels (Figure 2.4 & 2.5). Further studies
were essential to determine if there is a possibility of addition of ALA affects the expression
and activity of uptake transporters.

Inhibition of PAT1 and PEPT1 via siRNA showed a significant drop in PplX

production, suggesting a decrease in uptake of ALA by these two transporters (Figure 2.9).
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No significant differences in PplX production were observed between PAT1 and PEPT1-
knocked-downed samples, suggesting both transporters were equally important in ALA
uptake, which is different from previous studies (Hagiya et. al., 2012; Xie et. al., 2016). The
decrease in uptake of ALA is believed to result in a lower ALA pool within the cell, which in
turn reduced the production of porphyrin intermediates and lastly, lowered the production of
PplX. These findings were further verified and validated by the inhibition studies of all four
transporters using DU145 cells (Figure 2.10). Inhibition studies on the remaining three cell
lines, TMK1, MKN45 and PC3, in general, also showed similar trends whereby inhibition of
highly expressed transporters caused a drop in cellular uptake of ALA, leading to a lower
production level of PplIX.

Identifying the dominant transporter is essential in understanding the sensitivity of
cells towards ALA-induced PplX accumulation. Different from past studies from various
researchers, this chapter proved that not only the expression level of PEPT1, but PAT1,
TauT and GAT2 also showed a correlation with the response to ALA-induced PplX
accumulation in these four cell lines in vitro although further tests are necessary to discover
the actual contribution of each transporter (Anderson et. al., 2010; Hagiya et. al., 2012;
Xie et. al., 2016).

In conclusion, these results showed that role of transporters involved in ALA uptake
differed among different cell lines and were highly dependent of expression levels of
respective transporters. The study also proved, for the first time that, all four transporters
could be dominant transporters responsible in cellular uptake of ALA, dependent on cell
lines. This findings overwritten past studies which raised doubts on transporters besides
PEPT1 having a significant role in ALA uptake in cancer cells. However, definitive evidence

using knock-out models are required to obtain an accurate answer.
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3.1 INTRODUCTION

Specificity has always been a problem for cancer treatment as cancer cells often
showed highly similar genetic structure with normal cells (Morgan et. al., 2010). An ideal
treatment would exhibit high killing effect on cancer cells while keeping side effect to minimal
to the surrounding normal cells (Delaney et. al., 2005). Cancer cell treatment with such
therapeutic qualities is relatively uncommon and thus future complicates the efficacy of
treatment. More in-depth researches should be carried out to solve this problem.

Results from previous chapter on cancer cells from different origins suggested that
PEPT1, PAT1, TauT and GAT2 played a role in aminolevulinic acid (ALA) uptake as long as
they were highly expressed; suggesting tailor-made therapy might be the best way to cure
cancer as different patients might exhibit tumors with different genetic materials. Therefore,
in this chapter, the focus will be on the usage of chemical compounds to target specific
transporters in various normal and cancer cells of the same organ origin with different
expression levels of various transporters in cellular uptake of ALA. Identifying the roles of all
four transporters would be important in determining the suitable drug (s) used in treatment

especially in tailor-made therapy.
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3.2 MATERIALS & METHODS

Chemicals

DMEM-high glucose culture medium, antibiotic-antimycotic mixed stock medium
(ABAM) and prostate epithelial growth medium (PrEGM) and its supplements, were
purchased from Nacalai Tesque (Kyoto). Fetal bovine serum (FBS) was purchased from
Equitech-Bi, Inc. (Kerrville, Texas, USA). Aminolevulinic acid (ALA) was purchased from
Cosmo Oil Ltd. (Tokyo). Ibuprofen, tryptophan and gamma-aminobutyric acid (GABA), used
in this study were purchased from Sigma Aldrich Corporation (Tokyo). All inhibitors used

were of analytical grade.

Cell Culture

Human lung carcinoma cell line, A549, and human lung normal cell line, WI38, were
obtained from RIKEN, Japan. Human prostate cancer cell line, DU145, was obtained from
Prof. Inoue Keiji from Kochi University, Japan. PrEC cells were obtained from SBI
Pharmaceuticals Ltd., Tokyo, Japan. All cells (except PrEC cells) were cultured in
DMEM-high glucose culture medium. PrEC cells were cultured in and routinely grown in
PrEGM culture medium, supplemented with BPE, hydrocortisone, hEGF, epinephrine,
transferring, insulin, retinoic acid, triidothyronine, GA-1000. All cell lines were incubated with
respective culture medium followed by the addition of 10% FBS and 10% ABAM, at 37 °C in
a 5% COz2 incubator. Experiments were only carried out when cell density achieve 50% -
80% confluency. All cells were seeded at 0.2 X108 cells / well and incubated for 24 hours

before treatment.
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Western blotting

Western blotting experiments were carried out to quantify the expression level of
proteins in cells using modified methods based on Tamura et. al. (2007). Cells were first
washed with PBS (-), followed by addition of Lysis Buffer A [50 mM Tris-HCI (pH 7.4), 20 mM
N-methylmaleimide, 1 mM DTT, 1% (v/v) Triton X-100 and Protease inhibitor cocktail
(Nacalai Tesque)]. The cell suspensions were homogenized using a 27 G syringe for at least
10 times and centrifuge at 1000 XG for 10 minutes at 4°C. Protein samples were then
recovered and stored at -80°C freezer for future use.

Protein samples were next treated with SDS-PAGE sample buffer where they were
then separated through SDS-PAGE electrophoresis using 7.5% and 11.25% polyacrylamide
gel. These separated proteins were then transferred onto a Immobilon-P PVDF membrane
(Milipore Corp., M.A.) whereby blocking and antibody treatment would be carried out next.
Blocking was carried out by incubating the membrane at room temperature for 60 minutes in
5% (w/v) skimmed milk dissolved in TBST [20 mM Tris-HCI (pH 7.4), 150 mM NacCl, 0.05%
(v/v) Tween 20].

Anti-human PAT1 antibody (Novus Biologicals, Littleton, Colorado, USA; 1:1000),
anti-human PEPT1 antibody (Abcam, Cambridge, Massachusetts, USA; 1:200), anti-human
TauT antibody (Santa Cruz Biotechnology, Dallas, Texas, USA; 1:500), anti-human GAT2
antibody (Medical & Biological Laboratories, Naka-ku, Nagoya, Japan; 1:1000) and human
actin antibody (MP Biomedicals, Santa Ana, CA; 1:200 dilution), which served as internal
control, were used in primary antibody treatment. Secondary antibody used in this study
were horseradish peroxidase (HRP)-conjugated anti-mouse (Cell Signalling Technology,
Beverly, MA) and anti-rabbit IgG (Santa Cruz Biotechnology, Dallas, Texas, USA)

concentrate, which were diluted 3000 times in TBST solution. Substrate for HRP used in this
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study were Western Lightning Chemiluminescent Reagent Plus. Western Lightning
Chemiluminescent Reagent Pro (PerkinElmer Life and Analytical Sciences, Waltham, MA),
Western BLoT Ultra-Sensitive HRP Substrate (TaKaRa Bio, Inc., Shiga, Japan).
Chemiluminescent were used to quantify protein expression levels using Lumino Imaging

Analyzer LAS-4000 mini (GE Healthcare UK, Amersham Place, England).

ALA uptake inhibition assay

Ibuprofen and tryptophan were utilized to suppressed PEPT1 and PAT1 transporter activity
via non-competitive inhibition and competitive inhibition respectively. Taurine and GABA
were used as TauT and GAT2 inhibitors. Ibuprofen was dissolved in DMSO (Final
concentration: 0.2 M). Tryptophan was dissolved in 0.5 M HCI (Final concentration: 0.25 M).
Taurine and GABA were dissolved in distilled water with a final concentration of 0.4 M and
0.25 M respectively. 1 mM ALA was added together with respective inhibitors for 24 hours for

the reaction to occur.

Porphyrin production quantification using High Performance Liquid Chromatography
(HPLC)

Cells were first seeded at 0.2x 108 cells / mL in 35 mm dishes and incubated at 37°C
under 5% COz2 in a COz2 incubator for 24 hours. Experiments were carried out in triplicates
per sample. Co-addition of ALA and inhibitors, were carried out and cells were further
incubated under the same condition for another 24 hours.

Extracellular porphyrins were then extracted first by recovering all culture medium,
followed by a 3000 XG centrifugation for 10 minutes in order to separate dead cells. A
volume of 50 uL of the supernatant from each sample were then taken out and added into a

new 1.5 mL centrifuge tube containing 150 pL Dimethylformamide (DMF): 2-propanol
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solution (100: 1, v/v). This step is essential for the denaturation of unwanted proteins and to
ensure pure extraction of porphyrins. Separation of denatured proteins were then carried out
by centrifuging at 10000 X G for 10 minutes. Supernatants were recovered and pellets were
discarded.

In order to isolate intracellular porphyrins, cells were first washed using PBS (-) twice,
followed by addition of 150 uL of 0.1 M NaOH. A volume of 50 pL of cell suspension from
each sample were taken out and added into a new 1.5 mL centrifuge tube containing 150 pyL
of DMF: 2-propanol solution (100: 1, v/v) as mentioned in the previous paragraph. Cell
suspensions then underwent centrifugation under 10000 X G for 10 minutes. Supernatants
were recovered and pellets were discarded.

HPLC analysis of porphyrin was carried out using Type Promonence System
(Shimadzu Manufacturing Co., Kyoto) equipped with reverse phase C18 column (CAPCELL
PAK, C18, SG300, 5 ym, 4.6 mm X 250 mm, Osaka Soda Co. Ltd., Osaka) while
maintaining at a temperature of 40 °C. Mobile phase A, comprising of 1 M ammonium
acetate solution containing 12.5% acetonitrile (adjusted to pH 5.2), and mobile phase B,
made up of 50 mM ammonium acetate solution containing 80% acetonitrile, were used in
elution of porphyrin. 50% mobile phase B was first directed at a flow rate of 1.0 mL / min for
10 minutes following by driving mobile phase B into the column from a linear gradient
ranging from 90% for 10 minutes and finally 90% mobile phase B at a flow rate of 2.0 mL /
min for another 10 minutes in the elution program. 100uL of each eluate was injected and
detected using with a detector equipped with a fluorescence spectrometer at an excitation
wavelength of 404 nm and a detection wavelength of 624 nm. The protein concentrations of
each sample were determined using Bradford’s method using Quickstart Bradford 1 X Dye

Reagent (Biorad Laboratories, Inc., Hercules, California, USA). Coproporphyrin |
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dihydrochloride, Coproporphyrin | dihydrochloride, Protoporphyrin | dihydrochloride, used as
standard material for porphyrin were purchased from Frontier Scientific, Inc. (Logan, Utah,
USA). Chromatograms and standard curves using each porphyrin standard are shown in

Figure 2.1 and Figure 2.2, respectively.

Statistical analysis of data
Microsoft Excel 2010 was used for data analysis of this study. One-way ANOVA were
performed for each set of data to show that there were significant differences in mean values

between treated and non-treated samples, p < 0.05.
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3.3 RESULTS
3.3.1 PpIX production in selected cell lines

Studies in chapter involved sets of normal and cancer cell lines of the same origin,
namely, WI38 (normal) and A549 (cancer) from lungs, PrEC (normal), PC3 and DU145
(cancer) from prostate gland. The concentration of PplX was first evaluated on all these cell
lines. This study is required to identify which cell lines could take in most ALA following the
addition of a fixed ALA concentration, which in turn resulted in production of PplX. Both cell
lines were administered with 1 mM ALA for 24 hours at 37°C under 5% COz2 condition. These
cells were then collected and concentrations of both intracellular and extracellular PplX were
analyzed using high-performance liquid chromatography (HPLC). The results was recorded
and a graph was plotted (Figure 3.1). WI38 cells (~0.09 nmol / mg-protein) exhibited lower
PpIX production by around 35% compared to its cancerous counterpart, A549 (~0.16 nmol /
mg-protein) (p < 0.05). No significant differences were observed between the total PplX
produced in PrEC-PC3 pair and PrEC-DU145 pair (p > 0.05). These accumulations of PpIX
in normal cells may result in unwanted cytotoxicity in treatment using ALA. Therefore, the
expressions of various transporters involved in ALA uptake were then evaluated in
sub-chapter 3.3.2 in order to identify the potential dominant transporters for ALA uptake in all

these cell lines.
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3.3.2 Expression of transporters in selected cell lines

As discussed in the previous chapter (page 36), study on protein expression was
believed to be more accurate than mRNA as transporters were generally translated proteins.
Therefore, only protein expressions of PEPT1, PAT1, TauT and GAT2 transporters were
studied in this chapter. Protein expression levels of these transporters were studied in all five
cell lines in the absence of ALA addition for 48 hours at 37°C in a 5% COz2 incubator. The
samples were then collected and being analyzed using Western blotting as stated in page 42
and 43. Results of Western blotting and band intensity graphs were plotted as in Figure 3.2
and 3.3.

Protein expression of PAT1 and GAT2 were observed to be higher in A549
compared to WI38 while PEPT1, was found to be highly expressed in WI38 over A549. PAT1
and GAT2 bands in WI38, together PEPT1 bands in A549 were barely visible, suggesting
they have very low abundance in respective cell lines. On the other hand, TauT was found to
be lowly expressed in both WI38 and A549 cells. Unlike in previous chapter, expression
levels of various transporters following ALA addition were not examined as no significant
changes were observed previously (Figure 2.6).

In the case of prostate cells, PEPT1 was the only highly expressed transporter found
in PC3 cells (Figure 3.3). PrEC showed high expression levels of PAT1 and PEPT1. PAT1,
PEPT1 and GAT2 were highly expressed in DU145 cells. GAT2 was found to be the only
transporter expressed in DU145 cells among the three cell lines. Similar to results from
previous chapter (Figure 2.6 & 2.7), PC3 and DU145 did not exhibit similar transporters
expressions patterns despite both are cancerous and originates from the same organ,

further highlighted the importance of a tailor-made therapy.
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Based on the results obtained above and findings from the previous chapter, it is
believed that transporters which were highly expressed would play a significant role in ALA
uptake. Therefore, inhibiting the actions of these highly expressed-transporters would result
in a significant decrease in PplX production. The significance of these transporters was
studied in the next sub-chapter to identify the dominant transporter for cellular ALA uptake in

these cell lines.

3.3.3 Roles of transporters in ALA uptake

Ibuprofen, tryptophan, taurine and GABA were used to evaluate the effect on PplX
production following the suppression of each transporter’s activity respectively. Ibuprofen
and tryptophan were inhibitors of PEPT1 and respectively, while taurine and GABA were
inhibitors of both TauT and GAT2. Studies were carried out by carrying out co-administration
of 1 mM ALA and inhibitors at a concentration of 5 mM for tryptophan, taurine and GABA,
followed by 24 hours of incubation at 37°C in a 5% COz2 incubator. Similar to studies in
previous chapter, concentration of ibuprofen, a non-competitive inhibitor of PEPT1, was
fixed at 100 uM. Cell samples were then collected for HPLC analysis. Findings of these
studies were plotted into graphs in Figure 3.4, 3.5 and 3.6.

Addition of ibuprofen, a non-competitive inhibitor of PEPT1, showed more than 40%
drop in PplX production in WI38 cells but not in A549 cells (Figure 3.4). No significant
difference in PplX production was observed when tryptophan, taurine and GABA were
co-administered with ALA, suggesting PAT1, TauT and GAT2 were not involved in ALA
uptake in WI38 cells (p > 0.05). These results coincided with Western blotting results from
Figure 3.2, where transporters other than PEPT1 were lowly expressed in WI38 cells. The

level of PpIX produced following the addition of ibuprofen in both WI38 and A549 cells
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showed a higher degree of significance (p < 0.01) compared to the control (p < 0.05). On the
other hand, studies using tryptophan, taurine and GABA in A549 cells showed significant
decrease in PplX production but not ibuprofen (p < 0.05), which again coincided with their
protein expression results (Figure 3.2), suggesting the three transporters except PEPT1
were involved in ALA uptake in this cell line.

This inhibition assay was then repeated using the same methods in PrEC and PC3
cells originating from the prostate gland (Figure 3.5). Inhibition of PEPT1 in PrEC and PC3
resulted in a significant drop in PpIX production (p < 0.05). PplX level dropped significantly
following addition of tryptophan in PrEC but the trend was not observed in PC3 (p < 0.05).
No significance difference was observed following the addition of taurine and GABA in both
PrEC and PC3. These results coincided with protein expression levels stated in Figure 3.3.

Studies were carried out again in another pair of prostate cell lines, PrEC and
DU145 as shown in Figure 3.6. PplX production of both cell lines decreased significantly
following the inhibition of PEPT1 and PAT1 (p < 0.05). No significant change in PplX levels in
PrEC cells following the addition of taurine and GABA. An observable drop in PpIX
production were observed in DU145 following the inhibition of TauT and GAT2 (p < 0.05).
Similar to the previous two studies, the inhibition results correlated with protein expression
levels in Figure 3.3.

In general, all these results correlated with expression of all four transporters in both
cell lines, whereby inhibition of transporters which were highly expressed resulted in a
significant drop in PpIX production, possibly due to decrease in cellular uptake of ALA.
Results obtained in this sub-chapter showed that factors affecting cellular uptake is
independent of organ origins and the possibility usage of these drugs for tailor-made therapy

to increase tumor specificity in ALA-PDT and ALA-PDD.
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3.4 DISCUSSION

The study of relationship between the four transporters, namely PEPT1, PAT1, TauT
and GAT2, and cellular uptake of ALA in cancer cells had been discussed in Chapter 2.
However, it is more important to address the specificity of target transporters in order to
allow maximum exogenous ALA-induced PplX accumulation only in cancer cells but not in
normal cells. Three sets of cell lines, from two different origins, were studied in order to
obtain more comprehensive results on the cellular uptake of ALA by transporters.

Similar to results obtained from previous chapter, Table 3.1 also showed the
expressions of these transporters were independent of organ origins, where all five cell lines
studied in this chapter did not expressed similar transporter expression trends despite
originating from the same organ, suggesting again that the expression levels and activity of
these four transporters may be independent of their origin. Sensitivity of ALA uptake in
different cell lines were believed to be dependent on their expression levels as shown in
Table 3.2 and their expression levels would be vital in a tailor-made therapy. Two major
findings were obtained from these studies, PEPT1 being expressed only in normal lung cells
but not in its cancerous counterpart; and PAT1, which was expressed only in normal prostate
cells but not in its cancerous counterpart (Figure 3.2 & 3.3). The inhibition of these
transporters in these cell lines saw a significant drop in PpIX production in normal cells but
not in cancer cells (Figure 3.3.4 & 3.3.5). This suggests ibuprofen and tryptophan might be
useful in tailor-made therapy by increasing its specificity towards tumors.

Using mathematical calculations, the production of PplX in the controls of A549 and
WI38 cells were different, whereby A549 cells produced approximately 1.7 times more PplIX
than the latter (Figure 3.4A). However, the difference in PplX production of these cell lines

increased further to about 3.2 times following the inhibition of PEPT1 using ibuprofen,
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Table 3.1 Summaryv on protein expressions of various transporters in selected cell lines

Low Medium
Lung Prostate Stomach
Normal Cancer Normal Cancer Cancer
WI38 A549 PreC PC3 DU145 TMK1
PEPT1 1 0.03 0.98 0.90 1 0.42
PAT1 009 [ 034 0.11 0.45
TauT 0.01 0.19 0.01 0.21 0.17 1
GAT2 0.07 g 0.06 0.04 1

Table 3.2 Effect on PpIX production followina co-addition of inhibitors and ALA

Lung Prostate
Inhibitors Normal Cancer Normal Cancer
WI38 A549
Ibuprofen
Tryptophan
Taurine
GABA
Inhibitor/ALA ratio
Ibuprofen : PEPT1 non-competitive inhibitor 0.1
Tryptophan : PAT1 competitive inhibitor 5
Taurine : TauT & GAT2 competitive inhibitor 5
GABA : TauT & GAT2 competitive inhibitor 5

indicating a significant decrease in PplX production in WI38 cells but not in A549 cells

(p < 0.05) (Figure 3.4 & Figure 3.7A). In the case of prostate cells, despite no significant

difference in PplX production was observed between PrEC and PC3 cells, difference in PpIX

production was approximately 1.6 times higher in PC3 compared to PrEC cells following the

addition of tryptophan, proving that inhibition of ALA uptake occurred only in PrEC cells

(p < 0.05) (Figure 3.5 & Figure 3.7B). The increase in ratio values of both cases indicated

that these two drugs are specifically targeted to normal cells, and could be used as a

tailor-made therapy together with ALA treatment to increase specificity of ALA-induced PpIX
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accumulation in tumors. The flow of a tailor-made therapy for ALA-PDT or PDD was stated in
Figure 3.8. ALA-induced PpIX accumulation in cells is important in identifying or killing
cancer cells and administration of these drugs could increase specificity of the therapy by
preventing cellular uptake of ALA in normal cells.

In addition, this study also pointed out the abundance of PEPT1 in cancer and
normal cells. Based on research by Chung et. al. (2013), PEPT1 is highly expressed in
gastric cancer cells compared to normal cells, prompting that normal cells might exhibit a
much lower production of PplX. Results in this chapter suggested otherwise, whereby
normal lung cell (WI38) expressed much more PEPT1 compared to its cancerous
counterpart (A549) (Table 3.1). Normal prostate cells, PrEC, also exhibited equal levels of

PEPT1 together with its cancerous counterparts, PC3 and DU145 (Table 3.1).

(A) |, PPIX(A549) _ 0155
" PpIX(WI38) _ 0.094

PpIX(A549)  0.165

PpIX(WI38) _ 0.052

1.7

ALA & Ibuprofen: 3.2

(B) PpIX(PC3)  0.220

' PpIX(PrEC) _ 0.194
PpIX(PC3)  0.212
PpIX(PrEC) _ 0.137 _

1.1

ALA & Tryptophan:

Figure 3.7 Ratio on the differences between production of PpIX between ALA-only and
ALA-inhibitor treatment samples among (A) WI38 and A549 cells; and, (B) PrEC and PC3
cells
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Obtain Check Choose ALA with

patients' transporters' appriopriate inhibitor(s)
samples expression inhibitor(s) therapy

Figure 3.8 Flow chart showing chronological order of tailor-made therapy to enhance the
specificity of ALA-PDT and ALA-PDD

In conclusion, these results showed that usage of drugs targeted specifically to
transporters in normal cells is essential in reducing the PplX accumulation in normal cells in
order to increase the specificity of ALA-PDT and ALA-PDD in tumors. This study also
showed the role of transporters involved in ALA uptake differ among different cell lines (even
of the same origin) and are highly dependent of expression levels of respective transporters.
These findings also overwritten past studies which suggested PEPT1 may be not highly

expressed in normal cells.
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CHAPTER 4
EFFICIENCY OF ALA-PDT BASED ON ALA UPTAKE
TRANSPORTERS IN A CELL DENSITY-
DEPENDENT MALIGNANCY MODEL

4.1 INTRODUCTION
4.2 MATERIALS & METHODS
4.3 RESULTS & DISCUSSION

4.3.1 Establishing a cell density-dependent malignancy model

4.3.2 Role of YAP in regulation of malignancy markers and ALA
uptake transporters

4.3.3 Effectiveness of ALA-PDT under different cell density

4.3.4 Role of transporters in PplX accumulation under different
cell density

4.4 DISCUSSION
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4.1 INTRODUCTION

Wang et. al. (2014) stated that the definition of cancer malignancy is the degree of
genetic stability in cancer cells, primarily reduced expression levels of DNA repair enzymes
and higher proliferative capabilities. This change in genetic stability and advance in
malignancy level result in acquirement of drug resistance of cancer cells, leading to a
significant reduction in effectiveness of conventional cancer chemotherapy. Cancer cells or
tumours with higher malignancy typically resemble later disease stage which possess higher
invasiveness, density and drug resistance (Chen et. al., 2006). Highly malignant cells have
been problematic to researchers and medical doctors in treating patients.

Previous chapters have shown the role of ALA uptake transporters, such as PEPT1
and PAT1, in uptaking ALA into cells, leading to accumulation of PplX. The amount of PpIX
accumulation in the cell is important in determining the effectiveness of ALA-PDT. Study by
Nakayama et. al. (2016) has shown that the expression levels of PEPT1 is significantly higher
when incubated under high density. Therefore, in this chapter, the study will be focused on
the discovering the relationship between the efficiency of ALA-PDT and ALA uptake
transporters using a cell density-dependent malignancy model. The relationship between ALA

uptake transporters and cell density-induced malignancy will also be determined.
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4.2 MATERIALS & METHODS

Chemicals

DMEM-high glucose culture medium and antibiotic-antimycotic mixed stock medium
(ABAM) were purchased from Nacalai Tesque (Kyoto). Fetal bovine serum (FBS) was
purchased from Equitech-Bi, Inc. (Kerrville, Texas, USA). Aminolevulinic acid (ALA) was
purchased from Cosmo Oil Ltd. (Tokyo). Ibuprofen, tryptophan and verteporfin used in this
study were purchased from Sigma Aldrich Corporation (Tokyo). All inhibitors used were of

analytical grade.

Cell Culture

Human prostate cancer cell line, DU145, was obtained from Prof. Inoue Keiji from
Kochi University, Japan. Cells are cultured in DMEM-high glucose culture medium. These
cells are incubated with respective culture medium followed by the addition of 10% FBS and
10% ABAM, at 37 °C in a 5% CO:2 incubator. In this study, a cell density-dependent

malignancy model using DU145 cancer cell line was established.

Western blotting

Western blotting experiments were carried out to quantify the expression level of
proteins in cells using modified methods based on Tamura et. al. (2007). Cells were first
washed with PBS (-), followed by addition of Lysis Buffer A [50 mM Tris-HCI (pH 7.4), 20 mM
N-methylmaleimide, 1 mM DTT, 1% (v/v) Triton X-100 and Protease inhibitor cocktail (Nacalai
Tesque)]. The cell suspensions were homogenized using a 27 G syringe for at least 10 times
and centrifuge at 1000 X G for 10 minutes at 4°C. Protein samples were then recovered and

stored at -80°C freezer for future use.
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Protein samples were next treated with SDS-PAGE sample buffer where they were
then separated through SDS-PAGE electrophoresis using 7.5% and 11.25% polyacrylamide
gel. These separated proteins were then transferred onto a Immobilon-P PVDF membrane
(Milipore Corp., M.A.) whereby blocking and antibody treatment would be carried out next.
Blocking was carried out by incubating the membrane at room temperature for 60 minutes in
5% (w/v) skimmed milk dissolved in TBST [20 mM Tris-HCI (pH 7.4), 150 mM NacCl, 0.05%
(v/v) Tween 20].

Anti-human PAT1 antibody (Novus Biologicals, Littleton, Colorado, USA; 1:1000),
anti-human PEPT1 antibody (Abcam, Cambridge, Massachusetts, USA; 1:200), anti-human
TauT antibody (Santa Cruz Biotechnology, Dallas, Texas, USA; 1:500), anti-human GAT2
antibody (Medical & Biological Laboratories, Naka-ku, Nagoya, Japan; 1:1000), anti-human
RANKL antibody (NSJ Bioreagents, San Diego, California, USA; 1:500), anti-human RANK
antibody (Biorbyt Ltd., Cambridge, UK; 1:500), anti-human YAP antibody (Cell Signaling
Technology, Chiyoda-ku, Tokyo, Japan; 1:1000) and human actin antibody (MP Biomedicals,
Santa Ana, California; 1:200 dilution), which served as internal control, were used in primary
antibody treatment. Secondary antibody used in this study were horseradish peroxidase
(HRP)-conjugated anti-mouse (Cell Signaling Technology, Beverly, MA) and anti-rabbit IgG
(Santa Cruz Biotechnology, Dallas, Texas, USA) concentrate, which were diluted 3000 times
in TBST solution. Substrate for HRP used in this study were Western Lightning
Chemiluminescent Reagent Plus ., Western Lightning Chemiluminescent Reagent Pro
(PerkinElmer Life and Analytical Sciences, Waltham, MA), Western BLoT Ultra-Sensitive
HRP Substrate (TaKaRa Bio, Inc., Shiga, Japan). Chemiluminescent were used to quantify
protein expression levels using Lumino Imaging Analyzer LAS-4000 mini (GE Healthcare UK,

Amersham Place, England).
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Porphyrin production quantification using High Performance Liquid Chromatography
(HPLC)

Cells were first seeded at specific cell densities in 35 mm dishes and incubated at
37°C under 5% CO2 in a COz2 incubator for 24 hours. Experiments were carried out in
triplicates per sample. Co-addition of ALA and inhibitors, were carried out and cells were
further incubated under the same condition for another 24 hours.

Extracellular porphyrins were then extracted first by recovering all culture medium,
followed by a 3000 X G centrifugation for 10 minutes in order to separate dead cells. A volume
of 50 uL of the supernatant from each sample were then taken out and added into a new 1.5
mL centrifuge tube containing 150 yL Dimethylformamide (DMF): 2-propanol solution (100:
1, v/v). This step is essential for the denaturation of unwanted proteins and to ensure pure
extraction of porphyrins. Separation of denatured proteins were then carried out by
centrifuging at 10000 X G for 10 minutes. Supernatants were recovered and pellets were
discarded.

In order to isolate intracellular porphyrins, cells were first washed using PBS (-) twice,
followed by addition of 150 uL of 0.1 M NaOH. A volume of 50 pL of cell suspension from
each sample were taken out and added into a new 1.5 mL centrifuge tube containing 150 pyL
of DMF: 2-propanol solution (100: 1, v/v) as mentioned in the previous paragraph. Cell
suspensions then underwent centrifugation under 10000 X G for 10 minutes. Supernatants
were recovered and pellets were discarded.

HPLC analysis of porphyrin was carried out using Type Promonence System
(Shimadzu Manufacturing Co., Kyoto) equipped with reverse phase C18 column (CAPCELL
PAK, C18, SG300, 5 pym, 4.6 mm X 250 mm, Osaka Soda Co. Ltd., Osaka) while
maintaining at a temperature of 40 °C. Mobile phase A, comprising of 1 M ammonium acetate

solution containing 12.5% acetonitrile (adjusted to pH 5.2), and mobile phase B, made up of
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50 mM ammonium acetate solution containing 80% acetonitrile, were used in elution of
porphyrin. 50% mobile phase B was first directed at a flow rate of 1.0 mL / min for 10 minutes
following by driving mobile phase B into the column from a linear gradient ranging from 90%
for 10 minutes and finally 90% mobile phase B at a flow rate of 2.0 mL / min for another 10
minutes in the elution program. 100uL of each eluate was injected and detected using with a
detector equipped with a fluorescence spectrometer at an excitation wavelength of 404 nm
and a detection wavelength of 624 nm. The protein concentrations of

each sample were determined using Bradford’s method using Quickstart Bradford 1 X Dye
Reagent (Biorad Laboratories, Inc., Hercules, California, USA). Coproporphyrin |
dihydrochloride, Coproporphyrin | dihydrochloride, Protoporphyrin | dihydrochloride, used as
standard material for porphyrin were purchased from Frontier Scientific, Inc. (Logan, Utah,
USA). Chromatograms and standard curves using each porphyrin standard are shown in

Figure 2.1 and Figure 2.2, respectively.

ALA-PDT assay

The assay was carried out as previously described with slight modifications [16].
DU145 cells were first seeded for 24 h and incubated with 1 mM ALA in culture media under
5% COz2 gas at 37 °C in the dark for 4 h. The samples were then exposed to light irradiation
(635 nm, 1080 mJ/cm?) for 5 min by placing the dishes under an LED irradiation unit (provided
by SBI Pharma CO., Ltd., Tokyo, Japan). Cells were then further incubated again in the dark
under 5% CO:2 at 37 °C for 24 h. Cell viability was determined with trypan blue and the number
of living cells were quantified using Countess Il FL cell counter (Thermo Fisher Scientific,

Waltham, MA, USA).
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Confocal Microscopy

Cells were cultured in 35 mm dishes under specific cell densities in the dark under
5% COz2 at 37 °C for 24 h. 1 mM ALA were added and the dishes were incubated for another
24 h. The ALA-containing dishes were washed twice with PBS solution and 3 mL of HBBS
solution were added. Zeiss LSM 780 upright laser scanning confocal microscope (Carl Zeiss
SAS, Jena, Germany) was used for cell imaging. The excitation for PpIX was set at a
wavelength of 405 nm while emission wavelength was maintained at 620-700 nm. Laser
illumination was set at 2.0 % power for all experiments. Images were acquired using a 40X

water immersion lens for PplX and later analyzed using ZEN 3.3 (Blue) software.

In silico analysis

In order to analyze the overall survival of RANKL, the PrognoScan platform
(http://www.prognoscan.org) was utilized on patient samples with the probe name,
“210643_at [HG-U133A]”, under the DUKE-OC dataset (Mizuno et. al., 2009). Samples of
133 ovarian cancer patients were separated into two groups (n=91 of low RANKL expression
and n=42 of high RANKL expression groups) according to a median quantile expression cut-
off (50%). The expression cut-off value is 0.7 FPKM (fragments per kilobase of transcript per
million mapped reads). The two patient cohorts were compared by a Kaplan-Meier survival
plot with 95% confidence intervals and logrank P value was calculated using the Cox

regression model.
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Statistical analysis of data
Microsoft Excel 2010 was used for data analysis of this study. One-way ANOVA
were performed for each set of data to show that there were significant differences in mean

values between treated and non-treated samples, p < 0.05.
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4.3 RESULTS
4.3.1 Establishing a cell density-dependent malignancy model

Fig. 4.1 showed clinical data obtained from Prognoscan website on the overall
survivability based on RANKL expression — a malignancy marker. Fig. 4.1A-B showed the
expression value of RANKL in 133 ovarian cancer patients. The data are being separated
into high and low RANKL expression levels. Fig. 4.1C showed a Kaplan-Meier plot, which
represents an overall survival plot based on the expression level of RANKL. The blue line
represents low expression plots and red line represents high expression plots. It is shown
that patients with higher level of RANKL expression level exhibits lower overall survivability.

In order to study the relationship between malignancy and transporters, the
establishment of a cell density-dependent malignancy model is needed. DU145 cells were
incubated under four different cellular density, starting from 2.1, 5.3, 10.5 and 31.6 x 103 cells
/ cm?. The change in cell density is shown morphologically in Fig. 4.2A using images from a
phase contrast microscope. A steady increase in the number of cells was observed in these
images. Fig. 4.2B showed the change in total cellular proteins in the four samples. The
increase in amount of cellular protein showed a positive correlation with the increase in cell
density. Yes-associated protein (YAP), a protein from the Hippo pathway, also showed an
increase in expression level under high density (Fig. 4.2C-D). This result coincided with past
studies that suggest YAP expression increases as cell density increase (Kraff et. al., 2012).
The expression level of RANKL protein, a malignancy marker, under these circumstances
were being studied using Western blotting. It is found that the expression level of RANKL
steadily increased as cell density increased (Fig. 4.2E-F). This suggest that the increase in
cell density could possibly resulted in an increase in malignancy (RANKL expression). These

results showed a correlation was identified between RANKL and YAP which suggest a
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Figure 4.1 In silico analysis of RANKL expression on overall survival in ovarian cancer
patients. (A) Attribution plot based on the 133 patients with various types of ovarian cancer. (B)
Expression value of RANKL in each patient, and (C) Kaplan-Meier plot showing overall survival of
cancer patients over time based on the expression level of RANKL.
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Figure 4.2 Establishment of a cell density-dependent malignancy model. Cells were
seeded at 2.1, 5.3, 10.5 and 31.6 x103 cells / cm?. The changes in (A) cell morphology
using phase contrast microscope and (B) protein concentrations using Bradford method
were studied. (C) (D) Protein expression levels of YAP under different cell density were
evaluated using Western blotting. (E) (F) Protein expression levels of RANKL under
different cell density were evaluated using Western blotting. One representative blot is
shown out of three independent experiments. (*, p < 0.05; **, p < 0.01. n =3).
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pivotal role of YAP in regulating the expression level of RANKL.

4.3.2 Role of YAP in regulation of malignancy markers and ALA
uptake transporters

Results from previous section exhibited a correlation between RANKL and YAP
whereby expression levels of YAP and RANKL increases as cell density increases (Fig. 4.2).
As an important protein involve in cell density, the relationship of YAP between malignancy
markers and ALA uptake transporters was evaluated in this section. Fig. 4.3 showed the
change in protein expression levels of YAP, malignancy markers and ALA uptake transporters
following the inhibition of YAP using verteporfin. The inhibition of YAP using verteporfin was
successful, as shown by significant decrease in the protein expression levels (p < 0.005) (Fig.
4.3A-3B). Previous study showed that the expression level of YAP decrease in a
concentration dependent manner as concentration of verteporfin added increased (Wang et.
al.,, 2016). On the other hand, expression levels of RANKL showed a significant 40%
decrease following the addition of verteporfin (p < 0.05) (Fig. 4.3C). Similar trend was
observed in the expression level of receptor activator of nuclear factor kB (RANK), another
malignancy marker (p < 0.005) (Fig. 4.3D). RANK expression was also significantly
suppressed following verteporfin addition. These findings suggest that YAP played an
important role in regulating cell density and malignancy markers. Interestingly, it is observed
that the inhibition of YAP using verteporfin also lead to the downregulation of expression

levels of ALA uptake transporters (Fig. 4.3E).
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Figure 4.3 Role of YAP in the regulation of malignancy markers & ALA uptake
transporters. YAP inhibition assay was carried out using 5 uM verteporfin. (A) The protein
expression level of YAP and malignancy markers, RANKL and RANK, were studied using
Western blotting. (B) (C) (D) Band intensity graph of expression levels of these proteins
were plotted. (E) Protein expression level of YAP and various ALA uptake transporters.
One-way ANOVA (Tukey’s test) was performed for each set of data to show that there were
significant differences in mean values between treated and untreated samples, *, p < 0.05;
*** p < 0.005. n =3. Bars represent standard deviation (SD).
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4.3.3 Efficiency of ALA-PDT under different cell density

In this section, the effectiveness of ALA-PDT was studied by separating the DU145
cells into high and low cell density samples. Since expression levels of malignancy markers
are higher in high cell density samples, this difference in cell density may be related to cancer
malignancy. Low cell density samples were prepared at 2.1 x 102 cells / cm? while high cell
density samples were prepared at 31.6 x 103 cells / cm?. The cells were being incubated for
24 hours in the dark following ALA addition and light irradiation. The concentration of living
cells following light irradiation were being studied using trypan blue dye. In low cell density
samples, the concentration of living cells decreased by 11% following light irradiation (Fig.
4.4A). However, the number of living cells in high cell density condition decreased to about
one-fifth following irradiation of light (p < 0.0001). This result suggest ALA-PDT is significantly
more effective in cancer cells of higher cell density.

In Fig. 4.4B, the effect of cell density on the expression levels of two ALA uptake
transporters, PAT1 and PEPT1 was evaluated. These findings showed that the expression
levels of both transporters gradually increase as cell density increase. On the other hand,
Osaki et. al. (2019) reported that effectiveness of ALA-PDT in vitro correlates with PpIX
concentrations in carcinomas [23]. Therefore, the concentration of PplX in DU145 samples
under various cell density was being studied using HPLC (Fig. 4.4C). PplIX concentration
was found to be significantly higher in high cell density samples (p < 0.01). The fluorescence
intensity of PplX under different density was also carried out using confocal microscope (Fig.
4.5). An increase in red fluorescence intensity was observed as cell density increase. These
results coincided with findings from Fig. 4.4A which showed that cytotoxicity of ALA-PDT is

significantly higher in high cell density samples. This result suggests the enhancement of
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Figure 4.4 Effectiveness of ALA-PDT and PpIX accumulation under different cell
density. (A) DU145 cells were seeded at high (31.6 x 103 cells / cm?) and low (2.1 x 103
cells / cm?) cell density for 24 hours before 4 hours of ALA administration. The samples
were then directed with 5 minutes of light irradiation. Samples were then incubated for 24
hours and the number of live cells were then quantified using trypan blue solution and
analysed using an automated hemocytometer. (B) Changes in expression levels of ALA
uptake transporters under different cell density. (C) PplIX concentration under various
cellular density (2.1, 5.3, 10.5 and 31.6 x 103 cells / cm?) in DU145 cells were studied. One-
way ANOVA (Tukey’s test) was performed for each set of data to show that there were
significant differences in mean values between treated and untreated samples, **, p < 0.01;
** p <0.005; #, p < 0.0001. n =3. Bars represent standard deviation (SD).
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Figure 4.5 Confocal microscopy images showing PpIX fluorescence under different
cell density. DU145 cells were seeded at 2.1, 5.3, 10.5 and 31.6 x102 cells / cm? for 24
hours before 4 hours of ALA administration. Samples were then incubated for 24 hours and
the samples are observed under a confocal microscope.
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efficiency of ALA-PDT is a result of higher expression levels of transporters in high cell

density samples.

4.3.4 Role of transporters in PpIX accumulation under different cell
density

In order to identify the roles of PAT1 and PEPT1 in high and low cell density cancer
cells, transporters’ inhibition assays were carried out using tryptophan (PAT1 inhibitors) and
ibuprofen (PEPT1 inhibitors). Inhibition of PAT1 only showed a significant decrease in the
high cell density sample (Fig. 4.6A). This suggest that PAT1 is non-functional during low cell
density condition, or in other words, not involved in ALA uptake. On the other hand, inhibition
of PEPT1 showed a more significant decrease in the high cell density sample (p < 0.001)
compared to low cell density sample (p <0.05) (Fig. 4.6B). Similar to the PAT 1 inhibition study,
the result suggests that PEPT1’s function in ALA uptake is significantly hindered during low
cell density culture condition. This study suggest that ALA uptake is more effective in cancer

cells of higher cell density due to higher expression levels of ALA uptake transporters.
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Figure 4.6 PpIX accumulation following transporter inhibition under different cell
density. DU145 cells were first seeded at high (31.6 x 103 cells / cm?) and low (2.1 x 103
cells / cm?) cell density. (A) Tryptophan, a PAT1 inhibitor, and (B) ibuprofen, PEPT1 inhibitor,
were co-administered together with 1 mM ALA. The concentration of intracellular PpIX were
then studied using HPLC. One-way ANOVA (Tukey’s test) was performed for each set of
data to show that there were significant differences in mean values between treated and
untreated samples, *, p < 0.05; **, p < 0.01; ***, p < 0.005. n =3. Bars represent standard
deviation (SD).
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4.4 DISCUSSION

Highly malignant cancers are much more difficult to treat, particularly due to their high
metastatic capabilities and drug resistance characteristics (Kerbel, 1992). Therefore, it is
imperative that scientists study the effect of cancer therapies on different cancer malignancy
so that it could execute its cancer-killing properties at its maximum potential. In order to
understand the efficiency of ALA-PDT on cell density and its possible relationship with cancer
malignancy, a novel malignancy model induced by cell density was developed (Fig. 4.2). The
reason behind this is that highly malignant cells have higher proliferation rate, leading to
formation of highly dense lumps of cancerous cells (Jones et. al., 1998). YAP is an oncogene
that regulates various downstream processes, such as proliferations and metastasis, based
on the cell density through cell contact inhibition (Zhao, et. al., 2007; Varelas et. al., 2010].
This study showed that YAP expression increased following the increase in cellular density
(Fig. 4.2C). It is hypothesized that as long as nutrient and space availability are present, YAP
expression and activity would continue to increase indefinitely. The increase in expression
level of YAP would stop when these conditions are no longer satisfied, possibly due to the
increase in frequency of cell contact inhibition and regulation of tissue growth (Zhao et. al.,
2007). However, there is currently no information on a precise cellular density value which
may result in the occurrence of contact inhibition.

Results from Fig. 4.2 suggest the increase in expression levels of malignancy marker and
YAP could be related. Next, the potential role of YAP was studied in regulating the expression
of malignancy markers (Fig. 4.3). Verteporfin was used to suppress YAP expression in this
study. Wang et. al. (2016) reported that verteporfin suppressed YAP function through the
upregulation of a YAP chaperon protein known as 14-3-30. This study showed that inhibition

of YAP using verteporfin resulted in a decrease in expression levels of malignancy markers,
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RANKL and RANK (Fig. 4.3). These findings suggest the possible role of YAP in regulating
malignancy in cancer cells. The effectiveness of ALA-PDT under different cell density were
also being studied using trypan blue solution (Fig. 4.4A). Samples of high cell density showed
a sharp decrease in concentration of live cells to only about one-fifth of the control following
light irradiation (p < 0.0001) (Fig. 4.4A). On the other hand, only an 11% decrease in live cell
concentration was observed in the low cell density samples. This result suggests that the
cancer-killing effect of ALA-PDT appears to be more potent in high cell density cancer cells.
The concentration of PplIX in DU145 cells under different cell density was then evaluated
using HPLC. This is because PplIX levels has been known to be an indication of the
effectiveness of ALA-PDT (Lai et. al., 2019; Osaki et. al., 2019). It is observed that PpIX level
increases following the increase in cell density (Fig. 4.4C & Fig. 4.5). This finding coincided
with results from Fig. 4.5A whereby ALA-PDT was observed to be more effective at high cell
density condition. Several papers have reported that PplX fluorescence increased as cell
density increased in vitro while this effect was more profound in malignant cells compared to
normal cells (Steinbach et. al., 2005; Krammer et. al., 1996; Moan et. al., 1998). Other studies
by Collaud et. al., (2004) and Juzeniene et. al., (2009) suggest that ALA-induced PplIX
accumulation was efflux out of the cell at a higher rate when cultured in low density than in
high density. The reason for this phenomenon is due to the expression level of ABCG2, a
PplX efflux transporter, was found to be significantly higher when cultured at low density
compared to higher density (Nakayama et. al., 2016).

Based on previous studies, the expression levels of ALA uptake transporters, namely
PAT1 and PEPT1, are responsible for the change in PplXlevels due to their role in ALA uptake
in DU145 cell line (Lai et. al, 2019). This study showed the expression levels of these

transporters gradually increase as the cell density increase (Fig. 4.4B). Previous study also
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showed the involvement of these transporters in different cell lines are dependent on their
expression levels and irrespective of their origins (Lai et. al., 2019). Both PAT1 and PEPT1
are known to be highly expressed in DU145 cell line. Nakayama et. al (2016) also showed
an increase in PEPT1 expression level as cell density increases in prostate cancer cell line
(Krafft et. al., 2012). These data suggest that ALA uptake increase due to higher expression
of transporters at higher cell density, which leads to an increase in cancer-killing action of
ALA-PDT in Fig. 4.4A.

Next, the roles of transporters under various cell density were determined using
transporters inhibition assay (Fig. 4.6). Similar to previous studies, the inhibitors used for
PAT1 and PEPT1 are tryptophan and ibuprofen respectively (Lai et. al., 2019). PAT1 inhibition
of samples with high cell density showed a significant decrease by 50% in intracellular PpIX
levels (p < 0.01) (Fig. 4.6A). However, the effect of PAT1 inhibition under low cell density
showed no significant changes. It is believed that PAT1 may not be functional and failed to
uptake significant level of ALA during low cell density, leading to none or negligible amount of
reduction in intracellular PplX level. This result suggests that PAT1 might not be involved in
ALA uptake in low cell density samples.

Inhibition of PEPT1 was carried out using the same protocol as above (Fig. 4.6B). PEPT1
inhibition showed much lesser significant decrease in intracellular PplX level under low cell
density condition (p < 0.05) compared to higher cell density condition (p < 0.001). PpIX level
decreased by approximately 50% in high cell density DU145 cells following PEPT1 inhibition
whereas only a slight decrease was observed in low cell density samples. PEPT1’s function
in ALA uptake is believed to be significantly hindered under low cell density culture condition.
Based on both transporters’ inhibition assay, it is believed that both transporters showed a

more dominant role in ALA uptake when cultured in high cell density due to their higher
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expression levels. This also suggest a possible, more dominant role in ALA uptake in cancer
cells of which have higher expression level malignancy markers. It is believed that ALA-PDT
is more effective when cultured under high cell density as expression levels of transporters
are significantly higher.

In a nutshell, the results obtained from this study show that ALA-PDT is more effective in
cancer cells of higher cell density due to the upregulation of transporters involved in ALA
uptake. There is also a potential connection whereby ALA-PDT may be more effective in
cancer cells of higher malignancy. In addition, it is also found that there is a possibility that
YAP might play an important role in the regulation of both malignancy markers and ALA
uptake transporters, although this statement requires further clarification in the future. This
study showed the ALA-PDT is more effective in high cell density cancer cells due to the

upregulation of ALA uptake transporters.
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5.1 CONCLUSION

The main aim of this study was to study the roles of transporters involved in cellular
uptake of ALA across cellular membrane in ALA-PDT in vitro. In summary, the findings of
this study can be concluded as follows:

All four uptake transporters, namely, PEPT1, PAT1, TauT and GAT2 were involved in
ALA uptake in both normal and cancerous cells based on their respective expression
levels. In general, expression levels of transporters were found to correlate with their
degree of involvement in cellular uptake of ALA. Higher uptake of ALA will lead to higher
production of PplX, which is important in ALA-PDT and PDD.

The expression levels of all four transporters were also found to be independent of
organ origin and vary across cell lines. TMK1 and MKN45 cells did not show similar
patterns of transporter expression levels despite both being gastrointestinal cell lines.
Another pair of prostate cancer cell lines, DU145 and PC3, also failed to show similar
trend of transporter expression levels. This finding is consistent with past knowledges
whereby cancer cells are heterogenous in nature and therefore specific treatment may
be required to ensure effective recovery for each respective patient (Caldas et. al., 2002).

Findings from Chapter 3 showed that there is no correlation of upregulation of
specific transporters between cancerous or normal cell lines of the same origin. This
finding overwritten past researches whereby PEPT1 expression was believed to be only
highly expressed in cancer cells but not in normal cells (Chung et. al., 2013). Cancer
cells contains various genetic mutations compared to normal healthy cells. In this case, it
is important to identify which transporters are highly expressed only in cancer cells to
allow maximum effectiveness of ALA treatment while keeping the undesirable damages

to surrounding healthy cells to a minimal level. Through this process, the effectiveness
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and specificity of ALA-PDD and ALA-PDT could be significantly increase to achieve
maximum results without causing further damage to the cancer patient.

Results from Fig. 3.4 and 3.5 showed significant decrease in PplX levels in lung and
prostate normal cells but not in their cancerous counterparts when inhibitors of highly
expressed ALA uptake transporters were added. This phenomenon can be utilized to
increase specificity of ALA-PDT and PDD. Since the expression levels of ALA uptake
transporters varies in normal and cancer cell lines despite having the same origin, the
co-administration of transporters inhibitory drugs targeted specifically to highly expressed
transporters together with ALA could be a new therapeutic option for tailor-made therapy
in ALA-PDT and PDD. This method of targeting highly expressed transporters in cancer
patients is believed to be able to improve the effectiveness and specificity of ALA-PDT
and ALA-PDD.

Findings from Chapter 4 showed that the efficiency of ALA-PDT is found to be
affected by the expression levels of ALA uptake transporters, which changes under
different cell density conditions. The study was carried out using a newly established cell
density-dependent malignancy model, where expression level of malignancy markers is
higher in higher cell density samples. When DU145 cancer cells were cultured under
high cell density samples, a higher cancer killing effect of ALA-PDT and increase in
expression level of ALA uptake transporters were observed. This showed that ALA-PDT
is significantly more effective in high cell density cancer cells due to the upregulation of
ALA uptake transporters. In addition, this study also showed a possibility that YAP might
play an important role in the regulation of both cancer malignancy markers and ALA

uptake transporters.
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5.2 FUTURE CONSIDERATIONS

Even though this research has successfully identified the roles of transporters
involved in cellular uptake of ALA across cellular membrane in ALA-PDT, more in-depth
investigations are required to study their roles under a more cancer-like environment.
Two important investigations should be further considered:

Findings from Fig. 2.3 showed the amount of intracellular and extracellular PpIX vary
across different cell lines. This dissertation had showed the amount of ALA uptake by the
cell is important in allowing sufficient PplX production for ALA-PDD and PDT. However,
retaining a significant amount of PplX within the cell is also an important factor in order to
maximise the effect of ALA-PDD and PDT. Therefore, the difference between the
production of intracellular and extracellular PplX among each cell line should be
thoroughly studied in the hope of retaining as much PplX produced within the cell without
being efflux out.

Secondly, past studies had suggested that adenosine triphosphate-binding cassette
G2 (ABCG2) transporter was involved in the efflux of PplX in cells (Zhou et. al., 2005,
Hagiya et. al., 2012; Kobuchi et. al., 2012). Therefore, inhibition of this efflux transporter
is believed to be able to prevent PplX efflux and retain the PplX produced within the cells.
A comparative study on various cell lines should be carried out to examine the
expression level of ABCG2 and how they affect the efflux and accumulation of PplX in
the cells.

On the other hand, it is also important to study the expression level of ABCG2 in
normal cell lines and compare their expression levels with respective cancerous
counterparts. This study is essential to evaluate whether is there any potential specificity

issue following the inhibition of ABCG2. Past studies have suggested that ABCG2 is
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found to be highly expressed in cancer patients (Zhou et. al., 2005; Kobuchi et. al., 2012).
Scientists believed that high expression of ABCG2 contribute to drug resistance of
cancer cells. Therefore, clarifying the expression levels of normal and cancer cells could
be pivotal in increasing the specificity and effectiveness of ALA-PDD and PDT.

The second future investigation is targeted on understanding the role of verteporfin,
a YAP inhibitor, and its effect on the effectiveness of ALA-PDT. Under normal
circumstances, the number and proliferation capability of cells are well regulated.
However, this is not the case for cancer cells. Cancer cells were known to be able to
proliferate indefinitely to form tumours, regardless of the cell densities, leading to the
formation of tumours (Zhao et. al., 2007). This indefinite proliferative capability is
exceptionally prevalent in malignant cells and is generally believed to be due to the effect
of YAP and Hippo pathway (Li et. al., 2020).

Findings in Chapter 4 suggest the role of YAP in regulating expression levels of ALA
uptake transporters and cell density. The expression level of malignancy markers is
found to be higher in high density samples. Therefore, it may be important to look into
how YAP regulate cell densities and cancer malignancy, leading to regulation of
expression levels of transporters and the effect on ALA uptake in vitro and in vivo. As one
of the major components in the Hippo pathway, the connection of YAP and other Hippo
pathway components, such as LATS1 and TAZ, with the malignancy of cancer cell should
be carried out. This research is important as cancer malignancy has always been closely
related to the proliferative capabilities and cell density of cancer cells — both which are

important roles of YAP and the Hippo pathway.
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