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Abstract
Nasopharyngeal carcinoma (NPC) is one of the top ten cancers highly prevalent in
Hong Kong with more than 800 new cases reported annually. The epidemiologic
evidence implies that Epstein-Barr virus (EBV) infection is strongly associated with
the NPC tumourigenesis. Among the EBV proteins expressed in NPC patients,
latent membrane protein 1 (LMP1) is documented as the principal onco-protein
contributes to EBV-associated oncogenesis via modulation of the intracellular
signaling pathways, such as mitogen-activated protein kinases (MAPK) signaling
pathways. Conventional treatment of NPC is mainly based on chemo-radiotherapy,
however, the treatment outcomes of high grade (poorly differentiated and
undifferentiated) NPC tumours remain poor. The extensive use of chemodrugs
further complicated the situation by inducing drug resistant NPC tumours. Therefore,
a novel treatment is crucial for patients suffering from high grade NPC.

Photodynamic Therapy (PDT) is FDA approved cancer treatment regimen in the
USA, European Union, Japan and China. It employs a combination of lightactivated photosensitizer (PSs) and oxygen to selectively destroy the tumours. The
PDT efficacy could be further enhanced by improved photosensitizers and novel
light source.

In the present work, two improved photosensitizers, namely H-ALA (5aminolevulinic acid hexylester) and FosPeg® (liposomal formula of mTHPC) with
LED light activation were comparatively studied on three NPC cells, namely EBV
positive C666-1 cells (undifferentiated), EBV negative CNE2 cells (poorly
differentiated) and EBV negative HK1 cells (well differentiated). Their antitumour
mechanisms were investigated, including: uptake and localization of PSs,
phototoxicity, regulation of EBV LMP1 related miRNAs, mRNA and protein, mode
of cell death, and modulation of intracellular signaling proteins (MAPK and EGFR)
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and their downstream proteins on NPC. Apart from these, the action of FosPeg®
PDT on the drug resistant properties in NPC cells was also addressed.
Our findings indicated that both H-ALA and FosPeg® were localized in the
mitochondria of all three NPC cells. FosPeg®-PDT demonstrated a better
phototoxicity in NPC cells than that of H-ALA-PDT. FosPeg®-PDT showed
phototoxic effect on all three tested cell lines; whereas H-ALA-PDT was ineffective
in HK1 cells. In order to achieve LD50 FosPeg®-PDT, a 48-fold lower PDT dose
was needed than that of H-ALA. Similarly, a 24-fold lower PDT dose was needed
for FosPeg® than that of H-ALA in CNE2 cells. No dark toxicity was identified in
both PSs.

EBV LMP1 miRNAs, mRNA and proteins were expressed only in EBV positive
C666-1 cells among the three cell lines. FosPeg®-PDT induced a down-regulation of
EBV encoded miRNAs (ebv-miR-BART1-5p, 16 and 17-5p). A significant upregulation of LMP1 mRNA and protein were also obtained (P<0.05). H-ALA also
caused a significant up-regulation of LMP1 protein in C666-1 cells.
Both H-ALA and FosPeg® mediated PDT significantly provoked a down-regulation
of MAPK and EGFR signal proteins in all NPC cells at LD70, thereby triggered
apoptosis cell death pathway and caused cell cycle and DNA content changes in
NPC cells.
The PDT efficacy towards drug resistance counterpart was investigated. FosPeg®PDT increased the P-glycoprotein (P-gp) mRNA and protein expression levels in all
NPC cells. Interestingly, FosPeg® was not the substrate of P-gp transporter proteins
and the PDT efficacy was not affected by the up-regulation of P-gp/MDR
transporter proteins expression.

V

In conclusion, this study offered new evidence and insights for potential PDT to
EBV positive and EBV negative NPC cells. Further investigations are warranted
for the benefit of PDT clinical applications in NPC patients.

List of Publications and presented work
Journal Articles:
1.

WU RWK, CHU ESM, HUANG Z, XU CS, IP CW, YOW CMN. FosPeg®
PDT alters the EBV miRNAs and LMP1 protein expression in EBV positive
nasopharyngeal carcinoma cells. Photochem Photobiol B. 127(5): 114-122,
2013.

2.

“WU RWK, CHU ESM, HUANG Z, XU CS, IP CW, YOW CMN. Impact of
FosPeg® mediated photoactivation on P-gp/ABCB1 protein expression in
human nasopharyngeal carcinoma cells.” Manuscript was submitted to Cancer
Letters, April.

Conference

Papers

from

International

and

Local

Conferences:
1.

WU RWK, CHU ESM, Huang Z, YOW CMN. FosPeg® mediated
photodynamic therapy with LED activation induced LMP1 protein expression
in EBV positive C666-1 cell line. The 14th World Congress of the International
Photodynamic Association. (IPA), Seoul, Republic of Korea, 28 May -31May,
2013. Abstract no.: P-47, pp. 134.

2.

WU RWK, CHU ESM, IP CW, HUANG Z, YOW CMN. FosPeg®-mediated
photocytotoxicity down-regulates the expression of epidermal growth factor
receptor (EGFR) and vascular endothelial growth factor (VEGF) in EBV
positive nasopharyngeal carcinoma cell line (C666-1). 1st Singapore Pathology
Conference, Singapore. 19-20 October, 2012. Pp. 70.

3.

WU RWK, CHU ESM, LO KW, YOW CMN. 5-aminolevulinic acid hexyl
ester PDT induces cell cycle arrest in nasopharyngeal carcinoma cells (C666-1).
18th Hong Kong International Cancer Congress. LKS Faculty of Medicine,

VI

The University of Hong Kong, HK. 3-5 November, 2011. Abstract no.: A33.
4.

WU RWK, HUANG Z, YOW CMN. FosPeg® mediated photocytotoxicity
suppresses cancer cell growth through down-regulation of MEK pathways. The
13th International Photodynamic Association in Association with EPPM &
HNODS. Innsbruck, Austria. 10-14 May, 2011. Abstract no.: 210.

VII

Acknowledgements

First of all, I would express my heartfelt respect and appreciation to my supervisor,
Dr. Yow Christine. She has led me to the field of photodynamic therapy and guided
me patiently throughout the course of this study. Her enthusiasm and insights in
research inspired and delighted me to go through this project. It is my pleasure to be
her student.
I would like to thank my co-supervisor, Professor Yung Benjamin, for his advice of
this study.
I value Dr. Huang Zheng from the University of Colorado Denver, USA, Dr. CHU
Ellie, Mr. KEUNG WT and Mr. IP CW for their invaluable advice and help in
various ways throughout my study.
Thanks also go to the academic, technical staff, and my friends in the Medical
Laboratory Science section, Department of Health Technology and Informatics for
their encouragement and support.
Last but not least, I would like to express gratitude to my family for their patience,
encouragement, and confidence. I dedicate this thesis to my wife Karen and my
daughter Jade.

VIII

Preface

This thesis is presented in the form of journal articles.
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Thesis overview
The thesis was present in four parts:

Part I
-

Chapter 1 literature review provided an introduction to nasopharyngeal
carcinoma, photodynamic therapy and drug resistance in tumour. The aims and
key objectives of this study were also listed.

Part II
This part presents a series of investigations to illustrate the H-ALA-PDT efficacy
and antitumour effects on three NPC cell lines.
-

Chapter 2 addressed the H-ALA-PDT efficacy, mode of cell death, and
regulation of cell cycle on three NPC cell lines by flow cytometry. The
alteration of EBV LMP1 protein expression mediated by H-ALA was also
addressed via Western blot analysis.

-

Chapter 3 explained the modulation of MAPK and EGFR signaling proteins
and their downstream proteins mediated by H-ALA-PDT on NPC cells via
Western blotting analysis.

Part III
This part presents a series of investigations to illustrate the FosPeg®-PDT efficacy
and antitumour effects on three NPC cell lines.
-

Chapter 4 addressed the FosPeg® PDT efficacy and alteration of EBV
LMP1 protein expression on three NPC cell lines via MTT cytotoxicity
assay, Real Time PCR analysis and Western blot analysis.
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-

Chapter 5 explained the modulation of MAPK and EGFR signaling proteins
and their downstream proteins mediated by FosPeg®-PDT on NPC cells via
Western blotting analysis. The mode of cell death and modulation of cell
cycle and DNA content by FosPeg®-PDT were also addressed via flow
cytometric analysis.

-

Chapter 6 illustrated the alteration of P-gp/MDR1 transporter proteins
triggered by FosPeg®-PDT via Real Time PCR analysis and flow cytometric
analysis.

Part IV
-

Chapter 7 included conclusion and future investigations for this study.
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Background and Literature Review
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Chapter 1

1.1

Overview of nasopharyngeal carcinoma (NPC)

Nasopharyngeal carcinoma (NPC) is endemic in Asia. It is one of the top ten cancers
highly prevalent in Hong Kong with more than 800 new cases reported annually
(Hong Kong Cancer Registry, 2011; Sizhong et al., 1983; Vokes et al., 1997). The
overall incidence is 6.5/100,000 persons-year in southeastern Asia. However, in
some cities such as Guangdong and Hong Kong, the incidence rate sharply increases
to 30.94/100,000 persons-year and 12.2/100,000 persons-year, respectively (Hong
Kong Cancer Registry, 2011; Jia et al., 2006).

Nasopharyngeal carcinoma (NPC) cells encompass any squamous cell carcinoma
arising in the epithelial lining of the nasopharynx, a tubular space situated at the base
of the skull. It is characterized by poorly differentiated or undifferentiated carcinoma
with increased radio- and chemosensitivity, and a greater tendency for distance
metastasis (Yoshizaki et al., 2012).

Figure 1.1 Diagram shows the region of nasopharynx, which comprises the
upper portion of the pharynx that runs from nasal cavity to the top of
esophagus in the neck.
(Modified from http://www.mayoclinic.com/health/nasopharyngealcarcinoma/DS00756/DSECTION=2)

3

Chapter 1

1.1.1 Classification of NPC
The histopathological classification of NPC was distinguished into three types
according to the degree of differentiation by The World Health Organization. Type I
is keratinizing squamous-cell carcinoma (well differentiated) similar to carcinomas
that arise from other sites of the head and neck. Type II is non-keratinizing
epidermoid

carcinoma

(poorly

differentiated).

Type

III

represents

the

undifferentiated carcinoma (Brennan, 2006; Vokes et al., 1997). Among these, NPC
Type I is uncommon in endemic areas while type II and type III NPC are more
prevalent. Reports indicated that type II and type III NPC were closely related to
EBV infection (Tulalamba & Janvilisri, 2012).
NPC can also be staged clinically according to the 7th edition of the International
Union Against Cancer (UICC) and the American Joint Committee on Cancer (AJCC)
staging-system manual. AJCC classifies NPC into 4 stages according to the TNM
system. TNM system consists of 3 key pieces of information, includes T) describes
whether the primary tumour has invaded into nearby tissues or organs, N) describes
whether the primary tumour has spread to nearby lymph nodes, and M) describes
whether the cancer has metasisized. Different scores are given by the TNM system in
order to provide more details about each of these descriptions for NPC staging. The
number 0 to 4 indicate the degree of spread, while X will be given to those cases
which cannot be assessed. Stage I NPC is T1-N0-M0, indicates the tumour is in the
nasopharynx and may spread to nearby soft tissues. Stage II NPC is T2-N0-M0 or
T1/T2-N1-M0, indicated the tumour has spread into nearby tissues. Stage III NPC is
T3-N0 to N2-M0 or T1/T2-N2-M0, indicates the tumour has spread to lymph nodes.
Stage IV NPC is T4-N0 to N2-M0 or any T-N3-M0 or any T-any N-M1, indicates the
tumour may spread to distant sites (Zhang et al., 2013).

1.1.2 Aetiology
The aetiology of NPC is complex. The epidemiologic evidence implies that Epstein Barr virus (EBV) infection, environmental factors and genetic factors play roles in
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the tumourigenesis of NPC. EBV is listed as one of the major carcinogens and is
strongly associated with NPC tumourigenesis. People with family history of NPC
will have a 4 to 10 fold excess risk of NPC development (Chen & Huang, 1997;
Friborg et al., 2005). Medical conditions in the ears, nose or throat have also been
proposed as risk factors for NPC (Ekburanawat et al., 2010; Henderson et al., 1976).
Others non-viral environmental risk factors include salted and pickled food
consumption, alcohol consumption, hearable product consumption and tobacco
smoking.

The first report revealed the association between salted fish intakes and NPC
development was published by Ho in 1972 (Ho, 1972). A follow-up study with 2041
cases from Hong Kong was carried out by Ho to further illustrate the association
between salted fish and NPC (Ho et al., 1978). The N-nitrosamine contained in saltpreserved fish and vegetables might be the source of carcinogens that act on
nasopharynx. Salted fish is a traditional favourite item in the Cantonese diet and that
could explain why the incidence rate of NPC is particularly high among Cantonese.

Alcohol consumption is correlated with NPC risk and is in a complex manner.
Recent meta-analysis indicated large volume of alcohol intake will increase NPC risk
significantly (3-4 drinks per day) while low volume of alcohol intake will result as
beneficial effect (Chen et al., 2009; Marron et al., 2010).

Tobacco smoking is well documented as a risk factor for NPC. The pattern of
association between tobacco smoking and NPC risk depends on the tobacco dose.
The longer and greater cigarette smoking habit people have, the higher the risk of
developing NPC. Current smokers with a history of more than 60 packs per year
have the highest risk. People with a lifetime exposure of more than 30 packs per year
have a 2 fold higher chance in NPC risk (Vaughan et al., 1996; Yu, Garabrant et al.,
1990).
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Studies have proposed that the use of herbal medicine was associated with NPC
development through re-activation of Epstein-Barr virus (Jia & Qin, 2012; Zeng et
al., 1983). However, limited evidence was found about the association between
herbal tea/soups containing herbal ingredients and NPC development. Report even
suggested that slow cooked soups with herbal ingredients and herbal tea decreased
risk in associated with NPC development, although result was not statistically
significant (Jia et al., 2010).

1.1.3 Role of Epstein-Barr Virus (EBV) in NPC tumourigenesis
It is widely accepted that Epstein–Barr virus (EBV) infection plays a major role in
the tumourigenesis of NPC. EBV is a herpes virus that infects over 90% of adult
population. It is a successful virus which establishes a life-long persistent
relationship with human B-cell and remains asymptomatic (Farrell et al., 1997).
However, EBV is also known as the most potent transforming agent for human cells.
A number of malignancies are associated with EBV infection, including Burkitt’s
lymphoma, nasopharyngeal carcinoma, T cell lymphomas, lung carcinoma and
gastric carcinoma (He et al., 2011; Herrmann & Niedobitek, 2003; Tsao et al., 2012).
EBV has an envelope with viral glycoproteins carrying a double stranded DNA
genome with approximately 172 kbp. The viral genome enters the infected cell
nucleus and forms a circular episome. It is rare to observe viral replication in EBVinfected cells. On the other hand, EBV establishes a latent infection with a restricted
set of latent genes being expressed, including two EBV-encoded nuclear RNAs
(EBER1, EBER2), six EBV-encoded nuclear antigens (EBNA1, EBNA2, EBNA3A,
EBNA3B, EBNA3C, EBNA-LP), and three latent membrane proteins (LMP1,
LMP2A, LMP2B). It is now identified at least three different latent viral gene
expression patterns in EBV associated tumours, which is known as latency I, II and
III. In latency I, only the EBERs and ENBA1 are expressed. In latency II, the
EBERs, EBNA1, LMP1 and LMP2 are expressed. And in latency III, all latent
genes are expressed (Herrmann & Niedobitek, 2003; Raab-Traub, 2002; Zheng et al.,
2007).
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The association between EBV and NPC was first discovered from serological
studies. EBV DNA is consistently detected in NPC patients (Okano et al., 1988).
There are lines of evidences showing that EBV implicated in the molecular
abnormalities leading to pathogenesis of NPC. In NPC, EBV replicates and hides in
cells followed by type II latency infection cycle, with expression of a limited
number of viral proteins. The tumourigenic potential of EBV has been proven both
in vitro and in vivo.

EBV immortalizes primary primate B lymphocytes and

epithelial cells in vitro, while EBV induces B-cell lymphomas and enhances
epithelial tumour cell growth in nude mice models (Dawson et al., 2012; Eliopoulos
& Young, 2001; Teramoto et al., 2000; Yoshizaki et al., 1999). The tumourigenic
potential of EBV is mainly related to a unique set of latent gene products, including
the latent membrane proteins (LMP1, LMP2A and LMP2B) and EBV-encoded
nuclear antigens (EBNA1 and EBNA2).

Among these, LMP1 is the principal

oncogene involved in the process of EBV-associated oncogenesis of NPC (Figure
1.2) (Dawson et al., 2012; Goormachtigh et al., 2006; Kung & Raab-Traub, 2008;
Raab-Traub, 2002).

LMP1 is a 66kDa integral membrane protein consists of 6 transmembrane domains
and a carboxyl-terminus containing 3 signaling domains called C-terminal
activating regions 1, 2 and 3 (CTAR 1, CTAR 2 and CTAR 3). The short
cytoplasmic N-terminal segment is responsible for membrane attachment and
orientates LMP1 protein to the plasma membrane while the six transmembrane
loops are involved in self aggregation and oligomerization. The three CTAR
domains provide docking sites for signaling adaptor proteins. Among these, CTAR 1
and CTAR 2 are two of the distinct functional domains responsible for the process
of LMP1 signaling activity via directly activation of mitogen-activated protein
kinases (MAPKs), nuclear factor kappa B (NF-kB), and Janus Kinase/Signal
Transducer and Activator of Transcription (JAK/STAT) pathway (Dawson et al.,
2012). LMP1 induced signal pathways attributed to the inhibition of apoptosis;
induction of cell immortality; promotion of cell proliferation and influence the cell
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invasion and metastasis (Figure 1.3) (Lo et al., 2007; Raab-Traub, 2002; Tsai et al.,
2006).
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Figure. 1.2 Mechanisms of Epstein-Barr virus (EBV) latent proteins in
nasopharyngeal carcinoma (NPC) development.
 Stimulatory effect. (adopted from Josephine et al., 2008)

Figure 1.3 Signal transduction pathways regulated by the viral protein LMP1.
(Modified from Tsao et al., 2002)
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1.1.3.1

EBV associated intracellular signaling pathways

Modulation of intracellular signaling pathways by EBV LMP1 is one of the
elemental factors controlling the biological behaviors in NPC. These signaling
pathways are critical for various cell functions, including cell survival, cell growth,
cell differentiation and metastasis (Brennan, 2006). Researches on molecular
signaling pathways reveal the role of different signaling proteins to tumourigenesis
of NPC. Knowledge generated provides opportunity in the development of novel
diagnostic, prognostic and therapeutic markers for NPC patients. Alteration of
signaling proteins induced by EBV in NPC includes the mitogen-activated protein
kinases (MAPKs) pathways and the epidermal growth factor receptors (EGFRs)
pathway (Chan, 2010; He et al., 2012; Tulalamba & Janvilisri, 2012).

MAPK signaling pathways induced in the cell death mechanism
The MAPK pathway is a chain of proteins in cells which communicates a signal
from cell surface receptor to the nucleus by phosphorylation, which has been proved
to be very important in cancer development. The signals are transmitted by a
cascade of kinases, including the extracellular signal-regulated kinase (ERK), p38
(p38 MAPK) and c-Jun N-terminal kinase (JNK) and they plays an important role in
regulating cellular responses to a multitude of environmental stimuli.

JNKs are known as the stress-activated protein kinases and their normal functions
are in response to growth stimuli, cellular transformation and tumour metastasis.
Prolonged activation of JNK results in pro-apoptotic effect in normal cells via
tumour necrosis factor. Down regulation of JNK results as increased cancer cells
tolerance to cell death (Chen et al., 1996; Tang et al., 2002). Interestingly, JNK
activity is consistently up-regulated in NPC via LMP1-dependent route (Eliopoulos
& Young, 1998; Tsai et al., 2006). LMP1 induced JNK activity may be regarded as a
growth advantage to NPC due to the versatile nature of this important signaling
pathway. Constitutive activation of JNK in NPC increased p53 phosphorylation via
phosphorylation of methyltransferase, resulted as reduction in E-cadherin gene
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expression and leading to cell cycle deregulation (Eliopoulos & Young, 1998; Tsai
et al., 2006; Tsao et al., 2002).

Another possibility of JNK activation is that the

pro-apoptotic effect of prolonged JNK activation is overwhelmed by other
proliferative signals present in NPC.

Together with the JNK family, p38 are known as stress activated protein kinases.
Evidences indicate that p38 activity is essential for normal immune and
inflammatory responses. However, they could also be strongly activated in vivo by
environmental stresses. In response to stimuli, p38 protein has been shown to
regulate a wide range of cellular functions, including the self-sufficiency of growth
signals, unlimited replication of proteins, angiogenesis, tissue invasion and
metastasis, regulation of the cell cycle, and protection against apoptosis (Roux &
Blenis, 2004). For example, p38 could induce progression or inhibition at G1/S
transition depends on the cell type via regulation of cyclin proteins expression level.
Any defects in p38 MAPKs function may contribute to cell cycle defects and
tumourigenesis. Recent study reported that hypericin mediated PDT induced p38
expression, which counteracting the hypericin mediated PDT in HK-1/NPC cells
(Chan et al., 2009).

It is not surprised that EBV induced ERK in various carcinomas, such as
hepatocellular carcinoma, renal cell carcinoma and NPC. ERKs activation could be
triggered via LMP1-dependent route (Oka et al., 1995; Schmidt et al., 1997). ERKs
are constitutively expressed MAP kinases which regulate a diverse range of cellular
functions, including cell growth and development. Phosphorylation of ERK is via
the Ras/Mek/ERK cascade, resulted in activating the production of transcription
factors NF-kB. The normal function of ERK activation is to control the cell growth
and cell differentiation via regulation of cellular levels cyclin D1 and c-myc
(Treinies et al., 1999).

C-myc is critical to the regulation of G1/S phase via

inhibition of p27 protein (Henderson et al., 1991; Kawanishi, 1997; Luo et al., 1997;
Sheng et al., 2001). LMP1 activated ERK could also promote cell motility and
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invasion by coordinating actin filament dynamics and focal adhesion turnover.
Activated ERK proteins regulate the production and secretion of matrix
metalloproteinases, resulting in extracellular matrix remodulation (Dawson et al.,
2008; Shair et al., 2008). Studies also reported that the over-expression of the
epidermal growth factor receptors (EGFRs) is associated with ERKs signal pathway
activation, resulted in abnormal cell proliferation in NPC cells (Downward, 2003;
Roberts & Der, 2007). Figure 1.4 illustrates the MARK signaling pathway.
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Stimuli
(e.g. stress, inflammatory cytokines, growth factors, etc)

MAPK

ERK
Growth and
differentiation

p38

JNK

Inflammation,
apoptosis, growth,
differentiation

Figure 1.4 A simplified diagram of MAPK signal pathways trigger cellular
responses.
The MAPK signal pathways are triggered by several extracellular stimuli, including stress,
inflammatory cytokines, growth factors, mitogens, neurotransmitters etc. MAPK pathways activate
through sequential phosphorylation events. Activation of ERK1/2 pathways resulted in cell growth,
differentiation and development. Activation of p38 and JNK resulted in inflammation, apoptosis,
growth

and

differentiation.

(Adopted

http://www.cellsignal.com/reference/pathway/pdfs/MAPK_Cascades.pdf)

from
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The epidermal growth factor receptors (EGFRs) pathway
The epidermal growth factor receptor is a seven transmembrane receptor. It belongs
to the member of tyrosine kinase receptors. Over-expression of EGFRs in NPC is
quite frequent and reports indicated that as high as 80% of NPC primary biopsies
with EGFRs over-expression (Kung et al., 2011; Miller et al., 1995; Ruan et al.,
2011). Interestingly, LMP1 promotes growth and proliferation via the up-regulation
of epidermal growth factor receptor (EGFR) expression and increase the
phosphorylation of EGFR (Zheng et al., 2007).

Studies indicated that LMP1

stimulated the endocytosis of EGFR and translocation into the nucleus.

Intra-

nuclear EGFR serves as a transcription factor to promote the expression of cellular
proliferation components while cytoplasmic EGFR binds to cyclin D1 and cyclin E
proteins to accelerate G1/S transition (Cho, 2007; Chou et al., 2008; Tao & Chan,
2007). Therefore, the signal pathway mediated by EGFR plays a vital role in the
carcinogenesis of NPC and causes uncontrolled cell proliferation (Arteaga, 2002;
Miller et al., 1995). Thus EGFR could be a rational target for antitumour strategies
mediated by PDT.

NF-kB and telomerase mediated cell immortalization
In NPC, LMP1 activates NF-kB through the binding of tumour necrosis factor
receptor-associated factors. NF-kB normally plays 2 main roles in normal cells,
which are regulation of cell growth and modulation of inflammation. Dysregulation
of NF-kB is one of the important components of NPC tumourigenesis. Studies found
that NF-kB is over-expressed in almost all NPC tumours (Lee et al., 1997; Lo et al.,
2006). NF-kB is a protein complex present in the cytoplasm which serves as a
transcription factor (Gilmore, 2006). Translocation of activated NF-kB into the
nucleus allow binding to their conjugate DNA binding sites. The binding of NF-kB
to its DNA binding sites regulates a large number of genes transcription, such as
cytokines (IL-6 and IL-8); anti-apoptotic proteins (Bcl-2); angiogenesis factors
(VEGF); Matrix Metalloproteases-9 (MMP-9); and Epidermal Growth Factor
Receptor (EGFR) signaling (Deng et al., 2003; Murono et al., 2001; Zheng et al.,
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2007). Activation of NF-kB by LMP1 also contributes to NPC cell immortalization
through up-regulation of telomerase activation. NF-kB binds to hTERT protein and
subsequent activate the telomerase.
LMP-1 induced NF-kB activity and increased c-myc expression, lead to telomerase
activation and cell immortalization. Telomerase is highly expressed in germ cells,
stem cells and cancer cells. Telomerase is responsible for the maintenance of the
length of the chromosome telomeres (Poole et al., 2001). Telomere is a specialized
nucleoprotein complex located at the end of eukaryotic chromosomes.

It is a

tandem repeated DNA sequences of “TTAGGG” in Human DNA (Kim et al., 1994).
The function of telomere is to stabilize and protect chromosomal ends in cells from
exonucleolytic degradation and fusion. The human telomerase is a complex enzyme,
which composed of a ribonucleic acid component known as hTR, a protein
component, known as hTEP1 and a catalytic subunit called hTERT (Kirkpatrick &
Mokbel, 2001; Poole et al., 2001). hTERT is the catalytic subunit with reverse
transcriptase activity and is critical to telomerase activity (Chu et al., 2008; Guo et
al., 2008; Moon et al., 2008). NPC displayed increased telomerase activity, which is
EBV dependent. About 91% NPC cells demonstrate hTERT expression and 85%
have telomerase activation. LMP1 increases telomerase activity through NF-kB
pathway with increased c-myc expression. NF-kB mediates the activation of hTERT
gene while c-myc increases hTERT promoter activity (Li et al., 2006). These
findings suggest that telomerase is a necessary component for NPC development.

Matrix Metalloproteinases (MMPs) and Vascular Endothelial Growth Factor
(VEGF) in tumour metastasis
LMP1 induces cell invasion and metastasis via modulation of matrix
metalloproteinases and vascular endothelial growth factor at protein level (Chew et
al., 2010; Horikawa et al., 2000; Lee et al., 2007; Lu et al., 2003). Matrix
metalloproteinases (MMPs) are a group of zinc-dependent enzymes responsible for
the proteolysis of matrix proteins.

Functions of MMPs in metastasis include

degradation of basement membranes and extracellular matrices; activation of
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growth factors to promote cell growth and angiogenesis; and protection of tumour
cells from apoptotic signals (Cawston, 1996; Chang & Werb, 2001; Lynch &
Matrisian, 2002; Rosenthal et al., 1998; Stamenkovic, 2000). Studies reported that
EBV virus induced MMP-1, MMP-2, MMP-3 and MMP-9 on NPC. Among these
MMPs, MMP-2 and MMP-9 are two type IV collagenases thought to be correlated
with tumour invasion and metastasis (Kondo et al., 2005; Takeshita et al., 1999;
Yoshizaki et al., 1999). MMP-9 transcription is more EBV dependent than MMP-2
as their expression is up-regulated by LMP1 through NF-kB activation (Buettner et
al., 2006; Tsao et al., 2002; Zheng et al., 2007).

Vascular endothelial growth factor (VEGF), the downstream target of NF-kB and
STAT3 signal pathways, is a sub-class of growth factors. VEGF is a key regulator
of angiogenesis and is associated with tumours. VEGF binds to receptor proteins
(VEGFR) and activates a signal pathway, causing the endothelial cells to divide and
to secrete matrix metalloproteinases. The proliferating endothelial cells migrate into
the surrounding tissues and organize into hollow tubes that evolve into new
networks of blood vessels.

1.1.3.2

EBV encoded MicroRNAs

In additional to the well-established viral protein expression, EBV also expressed
various micro RNAs (miRNAs). These miRNAs have been referred to as
complementary strand transcripts (CSTs), BamHI A rightward transcripts (BARTs)
or the BARF0 RNAs (Smith, 2001; Smith et al., 2000). The possible role of these
RNAs is affecting the viral transformation, as high levels of CST and BARTs
expression have been detected in NPC tumours (Raab-Traub, 2002; Smith, 2001;
Takada, 2012).

The recent discovery of BART microRNAs (miRNA) has shed new light on the
functions of these transcripts. miRNAs are a class of 19-24 nucleotides noncoding
RNAs which modulate gene expression. miRNAs are produced by endogenous
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enzymatic (Dicer) digestion of RNA transcripts containing hairpins. Protein
translation is inhibited by forming complementary duplexes of miRNA with their
target mRNAs, causing degradation of these target mRNAs (Lo et al., 2007;
Marquitz & Raab-Traub, 2012). The number of EBV miRNAs made up 23.2% of
the total miRNAs in the biopsy samples in NPC patients, whereas only 0.1% EBV
miRNAs was found in adjacent normal nasopharynx tissues (Chen et al., 2010).
These potent gene regulators are thought to control a wide range of biological
functions, including differentiation, cell growth and cancer development
(Cosmopoulos et al., 2009; Marquitz & Raab-Traub, 2012; Zhao et al., 2012).
Several studies revealed the function of EBV encoded miRNAs to modulate both
viral and cellular gene expression in NPC cells, altering the anti-apoptotic function,
immune evasion, and viral protein expression patterns.

Study indicated that miR-BART5-5p down regulated the expression of a proapoptotic protein, PUMA in C666-1 cells. It kept cell survival and thus the period
of latency increases (Choy et al., 2008). miR-BART16 down regulated TOM22, a
mitochondrial receptor for the pro-apoptotic protein Bax. miR-BART2-5p helped
the host cell to escape from NK cell recognition by repressing the expression of
cellular stress-induced immune molecule. miR-BART 3 targeted IPO7, a nuclear
importer receptor which is responsible for the nuclear translocation of transcription
factor, and is involved in cytokine and early gene expression in activated T cells.
miR-BART 6-5p suppressed the viral oncoprotein EBNA2 production, preventing
the transition from latency I and II to III (Iizasa et al., 2010). miR-BART 2-5p
inhibited EBV lytic replication by targeting the viral DNA polymerase BALF5.
miR-BART 22 down regulated the expression of LMP2A which inhibited
telomerase reverse transcription and induced anti-proliferation by NF-kB
suppression.

EBV constitutively expresses up to 44 mature miRNAs and their main target is its
oncogene LMP1 (Lo et al., 2007). EBV BARTs produce two clusters of miRNA.
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The BART Cluster 1 miRNAs target the LMP1 protein expression and BART
Cluster 2 miRNAs target EBV DNA polymerase BALF5 (Barth et al., 2008; Choy et
al., 2008; Cosmopoulos et al., 2009; Lo et al., 2007). Up-to-date report indicated
three BARTs cluster 1 miRNAs (ebv-miR-BART1-5p, 16 and 17-5p) targeted the
LMP1 gene and down regulated the LMP1 protein expression (He et al., 2012; Lo,
et al., 2012; Marquitz & Raab-Traub, 2012). One possible reason for the high level
expression of miRNAs in EBV is to avoid overexpression of LMP1 protein. The
overexpression of LMP1 protein could result in the inhibition of cell proliferation
and trigger in apoptosis. Therefore, introducing miRNAs could inhibit excessive
LMP1 expression in NPC cells and results in resistant to the apoptosis (Lo et al.,
2012; Marquitz & Raab-Traub, 2012).

1.1.4 Conventional treatment of NPC
Treatment selected for NPC patients is based on the AJCC classification system.
The conventional treatment for NPC is chemo-radiotherapy. It is because low grade
NPC cells have high radio- and chemo-sensitivity. Promising treatment outcomes
were obtained, with a 5-year overall survival of 70-80% for stage I and II NPC.
However, the treatment outcomes in patients with stage II NPC become less
favourable than that with stage I NPC, mainly because of the distance recurrence.
The treatment outcomes for loco-regionally advanced NPC are worse, as a
significant drop of 5-year overall survival to 55% and 30% for stage III and IV NPC,
respectively. Local recurrence, distant recurrence and development of multi-drug
resistance phenotype are the most common causes of treatment failure
(Larbcharoensub et al., 2008; Tulalamba & Janvilisri, 2012; Zhang et al., 2013). The
distance control was unsatisfactory with a 2-year distant metastasis rate ranged from
10 to 15% and a 4-year distant metastasis rate up to 32%. Complications always
resulted after chemo-radiotherapy, such as hearing impairment, endocrinological
dysfunctions, temporal lobe necrosis, cranial neuropathy, haemorrhage, and bone
necrosis. Complications developed depend on the tumour volume, local treatment
and radiotherapy fractionation schedule. Besides, survivors of NPC always have
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impaired quality of life (QOL), which is increasingly emphasized in selecting
appropriate therapeutic approaches for NPC patients (Chen et al., 2011; Suarez et al.,
2010).

Unfortunately majority of NPC patients were diagnosed with locally

advanced stages as it is difficult to be detected earlier because of its complex
anatomical location (Brennan, 2006; Tao & Chan, 2007). Thus development of new
treatment strategies is crucial for patients with NPC.

1.1.5 Drug resistance mechanisms in NPC
Multidrug resistance is the major obstacle to chemotherapy in tumour patients. The
term multidrug resistance (MDR) refers to the ability of cancer cells being
developed to cross resist with a range of antitumour drugs, which are structurally
and functionally unrelated. Development of MDR was intrinsically prior to
treatment or acquired during treatment (Capella & Capella, 2003). The phenomenon
of MDR could be achieved by the following mechanisms, including increased drug
efflux from the cells via the adenosine triphosphate binding cassette transporters
(ABC), inactivation of drugs via detoxifying enzymes, and defective apoptotic
pathways (Stavrovskaya, 2000; Szakacs et al., 2006). Recent studies illustrated the
importance of ABC membrane transporters as one of the leading mechanisms of
MDR in tumour cells (Teodori et al., 2006; Wang & Fu, 2010). The advanced
studies in molecular basis elucidating the phenomenon of MDR with cell lines
indicated the over-expression of plasma membrane glycoproteins, including Pglycoprotein (P-gp/ABCB1), multidrug resistance associated protein 1 (MRP1/ABCC1) and breast cancer resistance protein (BCRP/ABCG2). Among these, Pgp is the best studied mechanisms of MDR phenotype (Aszalos, 2007a; Solazzo et
al., 2006).

Multidrug resistance mechanisms developed in nasopharyngeal carcinoma
There are only few articles reported the correlation of multidrug resistance protein
expression on EBV infected NPC cells. A few studies demonstrated that P-gp and
MRP1 were expressed in NPC cells in different levels.
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Study has shown that a small portion of NPC expressed MDR1. Study demonstrated
12.6% NPC patients and 32.6% recurrent NPC patients expressed MDR1 (Chen et
al., 2001). Another group of researchers reported that 3.3% of tested NPC patients
expressed MDR1 (Ji et al., 2013; Larbcharoensub et al., 2008). Study also reported a
significantly higher expression level of MDR1 in keratinizing squamous cell
carcinoma type NPC than those with non-keratinizing and undifferentiated types
NPC. MDR1 is expressed at the apical surface of normal nasopharyngeal epithelial
cells, which protects normal tissues against exogenous toxins and hydrophobic
xenobiotics (Larbcharoensub et al., 2008).

Different from MDR1 expression, the expression of MRP1 varied among the NPC
patients. Study reported that 40% of the tested NPC patient samples expressed MRP.
The high expression rate of MPR was proved to be correlated with the clinical stage.
The MRP1 expression was one of the prognostic markers at the time of diagnosis
before treatment. However, study failed to illustrate the correlation between MRP
and chemo-sensitivity testing with selected anticancer drugs, such as CDDP, 5-FU,
PEP and MMC. Furthermore, concerning the overall 5-year survival rate, there was
no difference between NPC exhibiting MRP and NPC without MRP
(Larbcharoensub et al., 2008; Tsuzuki et al., 1998).

ABCB1/P-glycoprotein (P-gp)
Phenomenon of multidrug resistance was initially noticed in 1948 in leukemia
patients by Farber (Farber & Diamond, 1948). In 1976, Ling’s group reported that
the MDR phenotype was related to decrease intracellular drug accumulation
mediated by a 170kDa plasma membrane glycoprotein, P-glycoprotein (Juliano &
Ling, 1976). The association of increased MDR1 mRNA expression and increased
MDR1 transporter proteins expression in resistant cancers confirmed the important
role of MDR1 in human cancers. Recent studies indicated that P-gp was the most
typical ATP-dependent drug efflux pump contributed to multidrug resistance in
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cancer cells and was the best-characterized mechanism of MDR. P-gp is a 170kDa
transmembrane protein consists of two hydrophobic transmembrane domains
(TMDs), three membrane spanning domains (MSD) and two nucleotide binding
domains (NBDs). It is encoded by MDR1 gene and is located on chromosome 7
(Leslie et al., 2005; Sauna et al., 2007). The TMDs region formed a pore-like
structure contains the drug binding sites for different drugs, while the NBDs region
controlled the transportation of drug across the cell membrane via binding and
hydrolysis of ATP (Ambudkar et al., 1992; Rosenberg et al., 1997). The structure of
ABCB1/P-gp was shown in Figure 1.5.

Mechanism of action of P-gp
Drug binging to the pore-like structure (high-affinity drug binding site) initiates the
transport cycle via binding and hydrolysis of ATP coupled with P-gp. ATP is bound
to nucleotide binding domains leads to conformational change of P-gp. Changes in
P-gp conformation results in reduced affinity for drug binding and re-orientation of
the site so that it is exposed to the extracellular medium (Ramachandra et al., 1998;
Rosenberg et al., 1997; Wang et al., 2000). Studies have also shown that the binding
of ATP, rather than hydrolysis of ATP, provided the energy for drug translocation
(Sauna & Ambudkar, 2000; Sauna et al., 2007; Senior & Bhagat, 1998). The
hydrolysis of ATP and release of ADP from P-gp affected its conformation, through
returning the drug binding site to high drug affinity status. The working principle of
ABCB1/P-gp was shown in Figure 1.6
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Figure 1.5 Diagram illustrate the topologic folding of human P-glycoprotein
(ABCB1).
MSD: membrane-spanning domain; NBD: nucleotide binding domain. (Adopted from Leslie et al.,
2005)

Figure 1.6 Diagram illustrate the efflux process of human P-glycoprotein
(ABCB1).
(Modified from Aszalos, 2007a, 2007b)
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1.2

Overview of Photodynamic Therapy (PDT)

Development of novel treatment strategies is crucial for patients with
Nasopharyngeal Carcinoma in view of drug resistance phenotypes and
complications developed after conventional treatment.

Photodynamic therapy (PDT) is an evolving cancer treatment regimen which was
approved for use in USA, EU, Canada, Russia and Japan (Agostinis et al., 2011;
Bredell et al., 2010; Brown et al., 2004). PDT uses a combination of
photosensitizing agents (PSs), visible light and oxygen to selectively destroy the
biological targets. None of these is individually toxic, but together they initiate
phototoxicity to biological targets.

PDT function depends on the tumour localizing photosensitizer, which absorbs
photon to produce photo-toxin such as singlet oxygen (1O2) and reactive oxygen
species (ROS). PSs could be localized in various cellular organelles including cell
membrane, mitochondria, endoplasmic reticulum and Golgi apparatus, nucleus and
lysosome (Plaetzer et al., 2009; Robertson et al., 2009). ROS oxidize many
biological molecules, such as proteins, lipids and nucleic acids, leading to in vivo
and in vitro tumour cell disruption via apoptosis, necrosis and/or autophagy
(Sasnauskiene et al., 2009; Zawacka-Pankau et al., 2008). The antitumour effects of
PDT are derived from 3 mechanisms: including direct cytotoxicity effects on
tumour cells, destruction of tumour-associated vasculature, and induction of
inflammatory reaction against tumour cells (Agostinis et al., 2011; Calzavara-Pinton
et al., 2007; Dolmans et al., 2003; Huang et al., 2008; Asta-Juzeniene & Moan,
2007; Plaetzer et al., 2009; Rumie-Vittar et al., 2013).

PDT is a FDA approved therapeutic modality for several malignant diseases,
including skin cancer, bladder cancer and head and neck cancer (Plaetzer et al.,
2009). It is clinically used when the patients are unable or failed to respond to
chemotherapy and radiotherapy. A number of components contribute to the
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efficiency of PDT, including type and dose of PSs used, drug incubation time, light
dose and tumour oxygen concentration. Since PDT has limited damage to normal
human cells, optimization of these components becomes one of the major goals of
clinical settings to establish maximum efficacy of PDT application for cancer
patients (Agostinis et al., 2011; Juarranz et al., 2008; Kolarova et al., 2008).

1.2.1 Antitumour mechanisms of PDT
The treatment of PDT consists of i) photosensitizers, ii) light in the visible
wavelength, iii) molecular oxygen. PSs that is administered topically, locally or
systemically will be localized and accumulated into tumour cells. The localization
of PSs in various organelles depends on types of PSs. PSs have high selectivity for
tumour cells. The selectivity could also be achieved through directed light delivery
with specific system such as laser with optical fibres (Zamadar et al., 2011). After
an incubation period, equilibrium will be reached in order to obtain the maximum
drug uptake difference between normal cells and tumour cells. The region is then
exposed to light of appropriate wavelength (usually red visible light with 620 –
690nm), causing photoactivating of PS, resulting in formation of ROS in the
presence of oxygen (Figure 1.7) (Juarranz et al., 2008). Among these, the processes
of light absorption by the PS and energy transfer are the two most important factors
to determine the PDT efficacy on tumour eradication.

The mechanism of

photosensitizer activation to induce cell death is illustrated in Figure 1.8 (Qiang et
al., 2009).
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Figure 1.7 Tissue penetration depths relate to different wavelengths of light.
Near-ultra violet light provides the highest light energy but poorest tissue penetration while nearinfra red light penetrates deepest into the target sites (Adopted from Agostinis et al., 2011)

Figure 1.8 Energy level diagram for photosensitizer activation.
Figure showing the singled ground state (So), excited singlet state (S1), and excited triplet state (T1).
Fluorescent photon will emit when photosensitizer decays from excited singlet state to ground state.
Excited singlet-state oxygen (1O2) will be produced when the energy exchange from the
photosensitizer triplet state to ground state oxygen (3O2). (Modified from Robertson et al., 2009)
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In general, the photosensitizer molecules will be excited from singlet ground state
(S0) to a higher energy state (S1) by photons from the light source (such as laser,
quartz-halogen lamp or LED light) with specific wavelength. The molecules at the
excited state are in nanosecond range and are usually unstable, which may easily
decay to a lower energy state (T1) by internal conversion and vibrational relaxation.
Some molecules may further return to the ground state S0 through fluorescence
emission, but some will pass to the triplet excited state. Molecules in the triplet
excited state can decay back to S0 state through the emission of fluorescence light.
Two processes were involved, which known as the electron transfer process (type I
reaction) and the energy transfer process with molecular oxygen (type II reaction).
In type I mechanism, T1 stage molecules may generate free radical species and will
further react with environmental oxygen to form oxidized products. In type II
mechanism, T1 stage molecules may generate singlet oxygen. It is believed that the
singlet oxygen is the key agent for cellular damage, resulting biological damage of
the proteins, lipids and various cellular constituents and thus the type II mechanism
is predominate over the type I mechanism (Dolmans et al., 2003; Hilf, 2007;
Robertson et al., 2009). However, the lifetime of singlet oxygen is very short (in the
micro- to millisecond range) that limits its diffusion in cells. Thus the photodynamic
damage is closely related with the properties and intracellular location of the
photosensitizers (Figure 1.9) (Agostinis et al., 2011; Moan et al., 1989; Yano et al.,
2011).
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Tumour cells

Figure 1.9 Schematic diagrams showing the sequence of photodynamic therapy
and its underlying cell death mechanisms.
ROS, which would apply to execute the photodamaging process, will be generated followed by
photosensitizer administration, incubation and light activation. ROS could trigger apoptosis, necrosis
or autophagy and dead cells are removed by phagocytes. Dendritic cells and lymphocytes would also
be recruited for development of systemic immunity. Damage to tumour vasculature may also be
executed to cut the nutrient supply to tumour cell via generation of thrombus. PS: photosensitizer.
(adopted from Agostinis et al., 2011)

27

Chapter 1
The antitumour effects of PDT are derived from the following: i) direct cytotoxicity
effects on tumour cells, and ii) modulation of intracellular signaling proteins.
(Agostinis et al., 2011; Calzavara-Pinton et al., 2007; Dolmans et al., 2003; Huang
et al., 2008; Asta-Juzeniene & Moan, 2007; Plaetzer et al., 2009; Rumie-Vittar et al.,
2013)

i)

Direct cytotoxicity effects on tumour cells

The search to define the molecular targets of PDT is one of the key questions in
PDT mechanistic research. This question is closely related to the intracellular
localization of PSs as ROS generated have a short half-life. ROS will only interact
with intracellular structures close to their site of generation. The type of
photodamage triggered by PDT thus depends on the subcellular localization of PS
within the cells. Recent research has elucidated many pathways leading to cell
destruction, including apoptosis, necrosis and autophargy (Castano et al., 2004).

Necrosis
The first type of cell death mechanism is known as necrosis, a quick form of
degeneration affecting extensive cell population. Typical characteristics of necrosis
include cell swelling, destruction of organelles and plasma membrane, leading to the
release of intracellular contents and inflammation. Necrosis has been identified as
accidental cell death which caused by physical or chemical damages.
Decomposition of cells in necrosis is principally mediated by proteolytic activity
(Calzavara-Pinton et al., 2007).

Apoptosis
Different from necrosis, apoptosis is identified in a single cell surrounded by
healthy neighours. Apoptosis is referred as programmed cell death, with
morphologically characterized by nucleus condensation, fragmentation of DNA, cell
shrinkage, blebbing of the plasma membrane and formation of multiple membraneenclosed spherical vesicles known as apoptotic bodies. Apoptotic bodies are then
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scavenged by phagocytes in vivo and inflammation is prevented. Apoptosis is
controlled by transcriptional activation of specific genes, including the activation of
endonucleases and caspases, and DNA degradation into fragments (Hilf, 2007; Lim
et al., 2011; Wu et al., 2006). Caspases consist of a group of enzymes known as the
cysteine dependent aspartate-specific proteases. The apoptotic caspases could be
activated by two pathways, namely extrinsic pathway and intrinsic pathway.
Extrinsic pathway is triggered by binding of death ligands to their corresponding
receptors; while intrinsic pathway is triggered by the mitochondria. The role of the
intrinsic pathway in PDT has been documented as mitochondrium is one of the
molecular targets for most of the PSs. Release of cytochrome c followed by
destruction of mitochondria after PDT were observed and apoptotic caspases are
being activated, resulted in PDT mediated apoptosis (Kessel, 2006; Kristjan et al.,
2003).

Autophagy
The third type of cell death mechanisms is known as autophagic cell death.
Autophagy is referred to the catabolic process initiated in eukaryotic cells. The
purpose of autophagy is to remove damaged organelles by forming autophagosomes
and recycling of cytoplasmic components. This is a survival mechanism allowing
the cells to maintain normal cell functions. However, constitutive activation of
autophagy can promote cell death as a result of excessive self destruction of cellular
organelles. Autophagy is characteristized by a series of cellular changes, started as
formation of autophagosomes, a double membrane structure which surrounded the
cytoplasmic components or organelles. The autophagosomes will eventually fuse
with the lysosomes. Enzymes stored in lysosomes will digest the cytoplasmic
components and recycle useful materials, such as amino acids (Edinger &
Thompson, 2004). Recent studies reveal that PDT may induce the formation of
autophagy through photogenerated ROS. Formation of autophagy aimed to
oxidatively remove damaged organelles or destruction of the mitochondria by AMP
accumulation after PDT (Buytaert et al., 2007; Sasnauskiene et al., 2009).
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ii)

Antitumour mechanisms via modulation of intracellular signaling
proteins

The generation of knowledge concerning cell biology and signal transduction
pathways is one of the principal areas of mechanistic research in field of PDT. The
alterations of signal transduction proteins induced by PDT include tyrosine kinase
expression, transcription factors and cytokines.

Tyrosine kinase expression
Signal transduction cascades are important networks for cells to receive external
stimuli and respond to the stimuli in an appropriate manner. The mitogen activated
protein kinase (MAPK) signal pathways play an important role in eurkaryotic cells
and modulate many cellular events including i) regulation of cell cycle, ii)
regulation of embryoic development, iii) cell movement, iv) cell differetiation, and v)
apoptosis (Johnson & Lapadat, 2002; Santonocito et al., 2005). The MAPK signal
pathways consist of ”three kinase modules” including the extracellular signal
regulated kinases (ERK), the c-Jun N-terminal kinase (JNK) and the p38 kinases.
The role of JNK, ERK and p38 kinases in cell survival after PDT has been studied.
Studies indicating the decrease in ERK’s expression after PDT treatment was
related to PDT induced cell death. p38 kinases were found to act as stabilizers for
cyclooxygenase 2 enzyme. Decrease in the p38 expression controled tumour growth
via sensitizing cancer cells to apoptosis (Chan et al., 2009; Hendrickx et al., 2003;
Tong et al., 2002). The epidermal growth factor receptor (EGFR) is another tyrosine
kinase involved in the initiation and progression of various cancers and is related to
cell proliferation, angiogenesis, invasion, and metastasis (Olayioye et al., 2000;
Seymour, 2001). Many studies found that PDT induced complete loss of EGFR on
different cell models, resulted as anti-proliferative responses (Ahmad et al., 2001;
Martinez-Carpio & Trelles, 2010; Yang et al., 2012).
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Transcritpion factors
Transcription factors are proteins which bind to the enhancer regions of genes to
initiate gene expression. Transcription factors which coupled with receptorgenerated signals act as intracellular messengers to activate various gene expression.
Nuclear factor kappa B (NF-kB) is present in the cytoplasm and its activation
typically initiate a specific signal transduction cascade, which regulates many
cellular genes including a number of cytokines and growth factors. Activation of
NF-kB upon photosensitization has been shown to either promote or inhibit
apoptosis depending on the cell types (Castano et al., 2005; Korbelik, 2006; Li et al.,
2002). In general, a number of PDT studies have shown that promotor regions of
many genes, such as NF-kB, p53, B-cell lymphoma 2 (Bcl-2) and Interleukin 8 (IL8) were activated after PDT treatment and related to both induction and prevention
of apoptosis (Cogswell et al., 2000; Wolf et al., 2001).

1.2.2 Historical and clinical applications of photodynamic therapy
Treating disease with photosensitizing drugs is an old idea that the first attempts
dated back to ancient Egypt, India and Greece (Moan & Peng, 2003). However, the
term Photodynamic was coined by Jesionek and von Tappeiner in 1904 when they
reported experiments on cancer treatment with photosensitizers. R. L. Lipson and S.
Schwartz opened the door to the current research of PDT in 1960. They observed
that injection of crude preparations of haematoporphyrin led to characteristic red
fluorescence accumulated in neoplastic lesions during surgery. Afterward, a mixture
that Schwartz obtained from treating haematoporphyrin with acetic acid and sulfuric
acid was used by Lipson for tumour detection. The mixture is now known as the
haematoporphyrin derivative (HpD). The expanding use of PDT in clinical
applications is based on the pioneer work by Thomas J. Dougherty (USA) in the
1970s with the haematoporphyrin derivative (HpD). In 1980’s, a purified product of
HpD named Photofrin, which has a wide range of proven curative effects, was
approved by the US FDA as the first photosensitizer for PDT clinical application in
treating or diagnosing cancers, such as skin, oral, bladder cancer and gynecological

31

Chapter 1
cancer. Since then, PDT has gained increasing interests in both therapeutic and
diagnostic aspects (Hopper, 2000; Huang et al., 2008; Asta-Juzeniene & Moan,
2007; Luksiene, 2003).

1.2.3 Photosensitizers
As one of the critical elements for PDT, there are a large number of photosensitizers
being tested in vivo and in vitro in PDT experiments. The prerequisites of an ideal
photosensitizer include: chemical purity, low dark toxicity, high quantum yield of
singlet oxygen, selective accumulation in tumour cells, short time interval between
drug administration and maximal accumulation within target cells, rapid clearance
from the body, and being activated by longer wavelength with better tissue
penetration (Garland et al., 2009).

Haematoporphyrin derivative (HpD) was the first FDA approval photosensitizer for
clinical PDT with high response rate and promising results. It was developed in the
1970s and early 1980s and is now known as the 1st generation photosensitizers. The
major drawback of HpD is the cutaneous photosensitivity and this drives the
development of the next generation of photosensitizers.
A number of 2nd generation photosensitizers of different chemical families were
synthesized in the late 1980s to offer potential advantages over the 1st generation
photosensitizers, including higher chemical purity, better tumour selectivity and
faster clearance (Dougherty et al., 1998; Pushpan et al., 2002). These 2nd generation
photosensitizers include prophyrin precursors (5-aminolevulinic acid), chlorines
(chlorine e6), meta-tetrahydroxy-phenyl chlorine (m-THPC), etc.
Current development of photosensitizers, also known as the 3rd generation of
photosensitizers, aims at improving the drug delivery approach, such as biological
modifications like antibody conjugate or liposome conjugate (Kuntsche et al., 2010;
Paszko et al., 2011; Zamadar et al., 2011). Some selected sensitizers that are
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available for intravenous administration with their main photochemical and
photobiological properties are listed in Table 1.1 (Calzavara-Pinton et al., 2007;
Triesscheijn et al., 2006).

0.15-0.5

* Given as topical solution

732

0.6-7.2

690

Benzoporphyrin derivative
(BPD-MA)

20% *

Lutetium texaphyrin (Lu-tex)

635

5-aminolevulinic acid (5-ALA)

2.5-3.0

0.1-0.3

630

Porfimer sodium (Photofrin)

2.0-5.0

Drug dose
(mg/kg)

Mesotetrahydroxyphenyl chlorine 652
(mTHPC)

630

Haematoporphyrin derivative

Absorption
peak (nm)

2007;Triesscheijn, et al., 2006)

150

8-12

100-200

100

75-200

75-200

Light dose
(J/cm2)

3-5

24-48

0.5-2.5

3-6

24-48

24-48

Delay before
irradiation (h)

up to 7 days

up to 6 weeks

4-7 days

1-2 months

2-3 months

Duration of
photosensitization

administration or as topical solution. (Adapted and modified from Calzavara-Pinton, et al.,

Main photochemical and photobiological properties of selected sensitizers available for intravenous

Table 1.1
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1.2.3.1 Haematoporphyrin derivative (HpD) – Photofrin
Haematoporphyrin derivative is a FDA approved photosensitizer and is well known
as first generation photosensitizer for the treatment of tumour, such as early and late
endobronchial lesions, Barrett’s esophagus and esophageal obstructing lesions
(Dougherty, 1986; Dougherty, 1987; Dougherty et al., 1998; Yang et al., 2012). It is
a mixture of monomers, dimers and oligomers of haematoporphyrin synthesized by
chemical manipulation. It is the first photosensitizer that brought PDT to a
worldwide audience. The first report of the preparation of HpD was published by
Dougherty in 1983 (Dougherty, 1983). Afterward, a number of HpD formulas were
available commercially, in which Photofrin from Axcan Pharma was the one
commonly used for tumour treatment.

Photofrin mediated PDT is performed by intravenous injection with 24-48h
incubation followed by light irradiation at wavelength 630nm. It showed promising
results in controlling recurrence in breast cancer, brain tumours, and head and neck
neoplasms (Cengel et al., 2007; Hsieh et al., 2003; Leunig et al., 1994).

However, drawbacks of Photofrin such as low singlet oxygen quantum yield at
630nm and long clearance time have limited the application of Photofrin in cancer
treatment. It generated insufficient singlet oxygen at 630nm activation and required
long incubation time for treatment. A 24-48 hour drug incubation time favours
accumulation of Photofrin in rapid proliferating tissues such as tumour and to
maximize the difference of Photofrin concentration in normal tissue and rapid
proliferating tissues. Slow clearance rate is another drawback of Photofrin mediated
PDT. Photofrin remains in tissue for 4-6 weeks after injection and thus patients are
advised to protect themselves from exposure to sunlight or bright light for 4-8
weeks in order to avoid skin photosensitization (Allison & Sibata, 2010; Yano et al.,
2011).
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1.2.3.2

5-aminolevulinic

acid

hexyl

ester

derivatives

and

Protoporphyrin (PpIX)
5-aminolevulinic acid (5-ALA), the precurous substance of protoporphyrin, is one
of the FDA approved 2nd generation photosensitizers and is popularly used for in
vivo and in vitro studies over the past decades. It has been applied on cancers such
as skin cancer, gastrointestinal adenocarcinoma, Bowen disease and basal cell
carcinoma with promising results (Morton et al., 2001; Peng et al., 1997).

5-ALA is the precursor (also known as pro-drug) of an endogenous photosensitizer,
protoporphyrin IX (PpIX), involved in the heme biosynthesis pathway (Figure 1.10).
5-ALA accumulates in mitochondrial region and is converted into PpIX through
oxidation (Figure 1.11). It is further converted into iron (II) protoporphyrin
(protoheme) by ferrochelatase in the presence of iron. By adding excess exogenous
5-ALA, more PpIX will be generated and accumulated in the cells as the rate of 5ALA transformed into PpIX is greater than the rate of PpIX convert into protoheme.
PpIX is temporary accumulated in cells with excessive exogenous 5-ALA, thus
within tumour cells (Peng et al., 1997).

Photo-activation of PpIX via a specific wavelength could eradicate tumour cells.
The wavelength applied depends on the absorption wavelength of photosensitizer.
Short wavelength will have a poor penetration rather than long wavelength.
However, long wavelength light activation may cause photo-damage to the surface
cells.

Thus the optimum wavelength applied is always between 620-650nm

(Kennedy et al., 1996; Peng et al., 1997). There are several factors affecting the
PpIX accumulation in tumour cells, such as the uptake of 5-ALA, concentration of
iron and activity of the enzyme ferrochelatase (Brunner et al., 2003).

The major side effect of 5-ALA refers to its poor penetration ability via the
biological membrane. The poor biological membrane penetration of 5-ALA is due
to its hydrophilic properties (Peng et al., 1997). Therefore, a more effective and
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powerful derivative of 5-ALA was developed and is known as the 5-ALA hexyl
ester (H-ALA).

H-ALA (Figure 1.12) is one of the 5-ALA derivatives with increased in lipophilic
properties by adding a long lipophilic chain (hexyl group) to 5-ALA. The hexyl
group added to 5-ALA resulted in better penetration of H-ALA into cytoplasm.
Study showed that 60 fold increase of ALA is needed to produce same amount of
PpIX accumulation inside cells compared to H-ALA (Bruce-Micah et al., 2009;
Casas et al., 2002; Dognitz et al., 2008; Eleouet et al., 2000; Juzeniene et al., 2002;
Morrow et al., 2010)
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Figure 1.10 Porphyrin and haem biosynthesis in relation to porphyries.
(Modified from Schauder, Feuerstein, & Malik, 2011)
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Cytotoxic to tumour cells

Figure 1.11 Effect of exogenous 5-ALA in the pathway of heme formation by
endogenous ALA.
Increase of exogenous ALA results in higher PpIX formation and accumulation, as insufficient
ferrochelatase for the conversion of PpIX to heme. Appropriate light irradiation activates the
accumulated PpIX resulting in tumour cell killing.
Direction of chemical covertion;

Inhibition;

Activation

Figure 1.12 The chemical structure of H-ALA. (Adopted from Dognitz et al., 2008)
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1.2.3.2.1

Foscan®

and

FosPeg®

(Biolitec

AG)-Meso

tetrahydroxyphenyl chlorine (mTHPC) and its pegylated
liposomes form
Meta-tetra (hydroxyphenyl) chlorine (mTHPC) is a 2nd generation photosensitizer
with hyrophobic nature that has excellent photocytotoxicity. It is a clinically
approved photosensitizer in USA, Europe and UK. mTHPC was highly effective in
treating diseases like basal cell carcinoma, prostate and pancreatic cancer (Baas et
al., 2001; Bown et al., 2002; Melnikova et al., 1999; Moore et al., 2006). The
typical mTHPC mediated PDT is performed by intravenous injection and 24-96h
drug incubation followed by light activation at 652nm wavelength.

The mTHPC, a chlorine-like photosensitizer that contains active ingredient
temoporfin (Figure 1.13) and is derived from the reduction of porphyrins. Bonnet
was the one who first synthesized temoporfin as a pure compound by reduction
reaction and reported its photophysical properties and photocytotoxicity in 1989
(Bonnett et al., 1989). It has a hydrophobic nature which ensures rapid penetration
across biological membrane and localization at critical intracellular membranous
organelles (Pegaz et al., 2006). The absorption peak of mTHPC shifts to the longer
wavelength of 652nm in the red spectrum, which is favourable for a deeper tissue
penetration. It showed a 10 times higher extinction coefficient than that of Photofrin
and resulted as a shorter incubation time (Bonnett, 1999). Therefore, it is a more
potent photosensitizer (approxinmated 100 times greater) than Photofrin or 5-ALA
(Bourre et al., 2002; Mitra et al., 2005; Yano et al., 2011; Yow et al., 2000a).

However, the major drawbacks of mTHPC are the biodistribution, clearance and
selectivity of tumour uptake. These problems are related to the photochemical
properties of mTHPC. The hydrophobicity leads to poor solubility of mTHPC in
physiologically acceptable media, which complicated its formulation and
administration. It is soluble in inorganic solvent but is insoluble in all aqueous
media. Another side effect of mTHPC is the biodistribution. Hydrophobic mTHPC
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forms aggregates, which decreases in photoactivity and binds strongly to serum
proteins. mTHPC will also accumulate in subcutaneous fat tissues near intravenous
administration and prolongs the clearance rate for 4-6 weeks after injection. All
these problems of mTHPC urge the development of new drug delivery system –
liposomal formulation of mTHPC (Bovis et al., 2012; Senge, 2012).

The aim of using liposomes as carriers and delivery systems is to improve its
therapeutic effects by solubilizing the photosensitizer in suitable concentration,
increasing drug uptake as well as eradicating tumour (Buchholz et al., 2005;
Hallewin et al., 2008; Lassalle et al., 2009; Maeda et al., 2000). The formation of
mTHPC contained in pegylated liposomes is known as FosPeg® (Biolitec AG). The
lipocompatible polymer Polyethylene glycol (PEG) was chemically linked to the
outer surface of the liposome. They function as i) stabilizer to stabilise the liposome,
ii) increased their hydrophilicity to minimise the binding of liposomes to opsonins
(minimize the loss of liposome from circulation), iii) inhibit the release of
hydrophobic PSs to the liposomal membrane system via binding with the serum
proteins, and iv) avoid recognition by the host’s immune system (Bovis et al., 2012;
Santos et al., 2007; Klibanov et al., 1990; Satomi et al., 2007). Modification of
liposomes with long-circulating polyethylene glycol (PEG) could improve the bioavailability of m-THPC and the therapeutic index of encapsulated drugs (Bovis et
al., 2012; Buchholz et al., 2005; Hallewin et al., 2008; Lassalle et al., 2009; Pegaz et
al., 2006) . Figure 1.14 illustrates the different components of liposomes (Navarro
et al., 2013).
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Figure 1.13 Structural formula of mTHPC (meta-tetra(hydroxyphenyl)chlorine,
temoporfin).
(Adopt from Hofman et al., 2008)

Phospholipid
Polyethylene glycol
(PEG)

mTHPC

Figure

1.14

The

(Adopted from Navarro et al., 2013).

different

components

of

liposomes.
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1.2.4 Light sources and light dose for PDT
Development of new light source is one of the important factors to improve the
efficiency of PDT. Light sources commonly used for PDT include laser, laser diodes,
light-emitting diodes and filtered broad-band light. Three main criteria must be
fulfilled for an ideal light source, including i) light spectrum emitted must
correspond to the absorption spectrum of the photosensitizer selected, ii) the
wavelength must be long enough in order to achieve deep tissue penetration, iii)
sufficient photon energy should be provided to maximize the quantum yield of
singlet oxygen (Ceburkov & Gollnick, 2000; Nestor et al., 2006; Salva, 2002).

The choice of light source depends on the photosensitizer and the depth of tissue
need to be penetrated. In early days, conventional light sources such as halogen
lamps and xenon lamps were employed for the in vitro and in vivo PDT studies. As
broad-band light sources, the specific wavelength output is achieved by adapting
different filters. Usage of these non-coherence conventional light sources to activate
photosensitizers mainly due to the following, i) the ease of use, ii) low cost iii) and
large treatment area (Triesscheijn et al., 2006). Incoherent and coherent light are
commonly employed for PDT and usually show similar efficiencies (Juzeniene et al.,
2004).

Advanced light sources such as laser, laser diodes and light-emitting diodes (LED)
become the choice of light source. They produce coherent light with monochromatic
wavelength that allows easy calculation of light dosimetry. Light generated from
these light sources could be delivered through an optical fibre to the desired site of
treatment in order to achieve a greater selectivity (Castano et al., 2004;
MacCormack, 2006). Among these, LED based light sources become more
important and raises peoples’ concern recently because of the advantages such as
relatively cheap, considerably small in size and relatively mobile, without cooling
units, and reliable (Mitton & Ackroyd, 2008).
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Studies of light dosimetry focused on the calculation of power needed for a PDT
treatment. The power applied for a PDT treatment is defined as the light dose, which
is expressed as the energy delivered per unit area (J/cm2). The term light dose is
used to describe the relationship between light power density and irradiation time in
order to reflect the amount of light that reaches the surface of the tumour in a period
of time. There are some criteria for selecting an appropriate light dose, including the
penetration depth to the tissue, low light intensity and short treatment time to avoid
heating (BHenderson et al., 2006; Hopkinson et al., 1999; Kimel et al., 1992).

In parallel to the light dose, drug dose is also important to formulate the overall
photodynamic dose (light dose x drug dose). Factors affecting the outcome of PDT
include photosensitizers (PSs) applied, intracellular concentration of PSs,
localization of PSs, quantum energy obtained by the PSs and concentration of
molecular oxygen that present.

1.2.5 Advantages and limitations of PDT
The broad acceptance of PDT to tumour cells with repeatable administration
without cumulative toxic effect makes PDT suitable as alternative cancer treatment.
PDT has several advantages over conventional cancer treatments, including no life
time limited to PSs, can be repeated as often as needed, fast clearance (depends on
the types of PSs), minimial side effects, minimize damage to normal tissues, and no
known interaction exists between current chemo- and radiotherapy (Agostinis et al.,
2011; Bredell et al., 2010).

However, some drawbacks have limited the application of PDT in clinical practices.
The well known disadvantages are the prolonged photosensitivity, which could be
fatal. In order to minimize this adverse effect, patients are advised to keep in dark
for weeks until the PS is eliminated from the body. Other limitations include limited
choices of light sources (clinical window is between 600 to 800nm), variation of
therapeutic effects according to PSs selected and tumour cell types, and the
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limitation in systemic treatment for widespread metastasis (Juarranz et al., 2008;
Triesscheijn et al., 2006).

1.3

PDT for nasopharyngeal carcinoma

Alternative treatment is advisable to NPC as it is often inoperable because of its
complex anatomical location (Brennan, 2006; Tao & Chan, 2007). The development
of improved therapeutic strategies, such as PDT and immunotherapy, shed light on
the development of NPC treatment (Chan et al., 2009; Lin et al., 2010; Lutzky et al.,
2010; Ma et al., 2008; Smith et al., 2012; Wu et al., 2006).

Our group demonstrated promising outcomes from a number of in vitro studies
concerning the PDT effect on NPC cells using several PSs, including hypericin,
mTHPC, merocyanine 540, 5-ALA and hexyl-ALA (Bai et al., 2011; Wu et al., 2006;
Yow et al., 2009; Yow et al., 2000a; Yow et al., 2000b; Yow et al., 2000c). Lai and
his colleagues showed that PDT has an immuno-enhancing effect in NPC patients by
increasing natural killer cells and interleukin-2 (Lai et al., 1997). Another group from
Hong Kong has illustrated similar outcomes by using other PSs, including curcumin
and Zn-BC-AM on NPC/CNE2 cells and NPC/HK1 cells respectively (Koon et al.,
2006; Koon et al., 2009; Koon et al., 2010). Preliminary clinical studies using
hematoporphyrin and temoporfin as the treatment of the local and recurrence of NPC
after curative radiotherapy found encouraging results that restricted the residual or
recurrent NPC locally in the nasopharynx (Nyst et al., 2012; Tong et al., 1996).

To conclude, PDT induced apoptosis in NPC via alteration of mitogen-activated
protein kinase, epidermal growth factor receptor (EGFR) pathways, or Bcl-2 protein
expression level (Koon et al., 2009; Koon et al., 2010; Xie et al., 2009; Yow et al.,
2009). PDT modulated the inflammatory cytokine production and angiogenic factors
production (Du et al., 2006; Koon et al., 2010; Yee et al., 2005). All these findings
suggested that PDT should be one of the best choices over the conventional cancer
therapies for NPC.
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1.4

NPC Cells employed in this study

Three NPC cell lines were used in this study, including the EBV negative well
differentiated NPC cells/HK-1, EBV negative poorly differentiated NPC cells/CNE2
and EBV positive undifferentiated NPC cells/C666-1 (Figure 1.15). By comparing
NPC cells with different degree of differentiation, results generated from this study
would be representative to NPC population.

The C666-1/NPC cell line model is one of the authentic EBV positive cell line
established from undifferentiated NPC. It is originated from an undifferentiated
NPC tumour biopsy from a Southern Chinese patient. Study has shown that C666-1
cells maintained EBV positively through long term cultivation (Cheung et al., 1999).
The overall BART miRNA expression in C666-1 cells was similar to the average
expression in biopsy samples and thus C666-1 can be used as a representative cell
line for the experiment on EBV miRNA expression in NPC (clinical relevant).

Both HK-1/NPC and CNE2/NPC are EBV negative cell lines. The HK-1/NPC cell
line model was a well differentiated squamous cell carcinoma from a Chinese male
patient while the NPC/CNE2 cell line was a poorly differentiated squamous cell
carcinoma purchased from Shanghai Biosis Biotechnology Co., Ltd. Both cell lines
are chosen for comparison in the present study (Bai et al., 2011; Gullo et al., 2008;
Huang et al., 1980).
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Phase contrast, C666-1 cells

Phase contrast, CNE2 cells

Phase contrast, HK-1 cells

Bright Field, C666-1 cells

Bright Field, CNE2 cells

Bright Field, HK-1 cells

Figure 1.15 Microscopic images of C666-1 cells, CNE2 cells and HK1 cells.
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1.5

Overall aims of the study

Photodynamic Therapy (PDT) involves tumour localized photosensitizer and light
irradiation to destroy the tumour cells. With this inherent dual selectivity, PDT
treatment outcome may have high variability due to the variation in tumour cell
types, photosensitizer uptake and light dose delivered. Yet the PDT efficacy and
antitumour mechanisms of two improved PSs, namely H-ALA and FosPeg® on NPC
cells have not been fully investigated. To address this issue, a mechanistic study
focused on H-ALA and FosPeg® mediated PDT efficacy and antitumour
mechanisms was conducted.
The aim of this study was to investigate the potential of two improved 3rd generation
PSs mediated PDT on three nasopharyngeal carcinoma (NPC) cells. The PDT
efficacy and antitumour mechanisms for two PSs, namely H-ALA and FosPeg® on
(EBV positive) undifferentiated NPC cells/C666-1, (EBV negative) poorly
differentiated NPC cells/CNE2 and (EBV negative) well differentiated NPC
cells/HK1 were explored.

1.5.1 Key objectives in this study were:
1.

To determine the H-ALA and FosPeg® mediated PDT efficacy on three NPC
cell lines by MTT assay.

2.

To investigate the antitumour mechanisms of H-ALA and FosPeg® PDT on
NPC cells, including uptake and localization of PSs by confocal microscopic
analysis, mode of cell death and cell cycle regulation by flow cytometric
analysis, and modulation of intracellular signaling proteins (MAPK and EGFR)
and their downstream proteins (NF-kB, telomerase, VEGF) via western
blotting analysis.

3.

To examine the effects of H-ALA and FosPeg® mediated PDT on the EBV
encoded LMP-1 miRNAs, mRNA and protein expression in all the three NPC
cell lines by real time PCR.
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4.

To evaluate the modulation of P-gp/MDR1 transporter proteins triggered by
FosPeg®-PDT via Western blotting and flow cytometric analysis.
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2.1 Abstract
5-aminolevulinic acid (5-ALA), the precursor substance of protoporphyrin, is one of
the FDA approved 2nd generation photosensitizers and is popularly used for in vitro
and in vivo studies over past decades. 5-aminolevulinic acid hexyl derivative (HALA) is one of the 5-ALA derivatives with an additional long lipophilic chain
(hexyl group) than 5-ALA. The hexyl group added to 5-ALA increased the
lipophilic property of 5-ALA, resulted in better penetration of PSs into cell
cytoplasm.

Nasopharyngeal carcinoma (NPC) is highly prevalent in Southern China and its
tumuorigenesis is strongly associated with Epstein-Barr virus (EBV). The latent
membrane protein 1 (LMP1) is the major oncoprotein expressed by EBV. This is
evident that the level of LMP1 protein expression determines the tumour properties.
Low level of LMP1 could induce cell growth and cell survival, while high level of
LMP1 could suppress cell growth and trigger apoptosis.

The aim of this study was to investigate the effect of H-ALA-mediated
phototoxicity on three human NPC cell lines, including (EBV positive)
undifferentiated NPC cells/C666-1, (EBV negative) poorly differentiated NPC
cells/CNE2 and (EBV negative) well differentiated NPC cells/HK1. Intracellular
accumulation of PpIX was measured to reflect the H-ALA uptake by NPC cells. The
phototoxic efficacies of LED activated H-ALA on three NPC cell lines were
determined by MTT assay. Effects of H-ALA-PDT on the expression of LMP1
protein was examined by Western blotting analysis. Effect of H-ALA-PDT on the
cell cycle regulation was evaluated by flow cytometry.

Our data reported that H-ALA was uptaken by all three NPC cell lines. LEDactivated H-ALA-PDT eradicated C666-1 cells and CNE2 cells effectively, while it
was ineffective to HK1 cells. In C666-1 cells, LD70 was obtained at 7.56g/ml H-
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ALA with 4J/cm2 LED activation. In CNE2 cells, LD70 was obtained at 7.56g/ml
H-ALA with 2J/cm2 LED activation.

EBV LMP1 proteins only expressed in EBV positive C666-1 cells among the three
NPC cell lines tested. A 55% increase in LMP1 protein expression was obtained at
LD70 in response to H-ALA-PDT in a dose-dependent manner (P<0.01).
This is the first report to reveal the action of H-ALA mediated PDT on EBV
positive and EBV negative NPC cells. Our pioneer work revealed the potential of
LMP1 protein as a therapeutic marker for H-ALA on C666-1 NPC cells.

Key words: H-ALA, LMP1 protein, EBV, PDT
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2.2 Introduction
Nasopharyngeal Carcinoma (NPC) cell is one of the top ten cancers highly prevalent
in Southern China, especially in Hong Kong and Guangdong (Hong Kong Cancer
registry 2011, Sizhong et al., 1983; Wei et al., 2011). The epidemiologic evidence
implies that Epstein - Barr virus (EBV) infection is strongly associated with the
tumourigenesis of NPC. EBV is a herpes virus that infects over 90% of adult
population worldwide (Tsao et al., 2012b). A number of malignancies were
associated with EBV infection, including nasopharyngeal carcinoma, Burkett’s
lymphoma, and lung carcinoma (Herrmann & Niedobitek, 2003; Pattle & Farrell,
2006). The tumourigenic potential of EBV mainly related to a unique set of latent
gene products including the latent membrane proteins (LMP1, LMP2A, and LMP2B)
and EBV-encoded nuclear antigens (EBNA1 and EBNA2) (Miller et al., 1995;
Raab-Traub, 2002; Tsao et al., 2012a).

Among these, LMP1 is the principal

oncoprotein involved in the process of EBV-associated oncogenesis of NPC
(Dawson et al., 2012; Lang, 2009; Lo et al., 2007). A number of signaling pathways
were associated with EBV LMP1 expression in NPC cells including the mitogenactivated protein kinases (MAPK) signaling pathways. Alteration of MAPK
pathways resulted in inhibiting apoptosis; inducing cell immortality; promoting cell
proliferation and influencing the cell invasion and metastasis in NPC (Li et al., 2007;
Lo et al., 2007; Raab-Traub, 2002; Tulalamba & Janvilisri, 2012).

Photodynamic Therapy (PDT) is a novel therapy shedding light on NPC (Koon et al.,
2010; Wu et al., 2006; Yow et al., 2009). PDT is an evolving cancer treatment
regimen with approval for use in USA, EU, Canada, Russia and Japan. PDT effect
depends on the tumour localizing photosensitizer (PS), which absorbs photon to
produce photo-toxin such as reactive oxygen species (ROS) (Agostinis et al., 2011;
Bredell et al., 2010; Robertson et al., 2009). 5-aminolevulinic acid (5-ALA), the
precurous substance of protoporphyrin IX (PpIX), is one of the FDA approved 2nd
generation PSs and is prevalent applied for in vivo and in vitro studies over the past
decades. Addition of exogenous 5-ALA increased the intracellular accumulation of
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PpIX via the heme biosynthesis pathway.

Several factors affect the PpIX

accumulation in tumour cells, such as the uptake of 5-ALA, concentration of iron
and activity of the enzyme ferrochelatase (Brunner et al., 2003).

The major limitation of 5-ALA refers to its poor penetration ability via the biological
membrane (Peng et al., 1997). Therefore, a modified derivative of 5-ALA was
developed, which is known as the H-ALA (5-ALA hexyl ester). 5-ALA is
chemically modified by adding a hexyl lipophilic chain to form H-ALA. The hexyl
group inserted to 5-ALA increase its lipophilic properties, resulted in better
penetration to cytoplasm. A study showed that only 60-fold of decrease in H-ALA
concentration was needed to produce the same amount of PpIX accumulated inside
cells compared to 5-ALA (Bruce-Micah et al., 2009; Casas et al., 2002; Dognitz et
al., 2008; Eleouet et al., 2000; Juzeniene et al., 2002; Morrow et al., 2010). Besides
improving the PSs, development of light source could also enhance the PDT efficacy.
A novel light source from light emitting diode (LED) has been setup by our group
with promising results in activation of the nano-photosensitizer Hypocrellin-B in
nasopharyngeal carcinoma cells (Bai et al., 2010).

In this study, the PDT efficacy of LED activated H-ALA on three NPC cell lines was
evaluated. The action of H-ALA-PDT to EBV LMP1 protein expression and cell
cycle progression analysis were investigated via western blotting analysis and flow
cytometry.
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2.3 Materials and Methods

2.3.1 Materials
The photosensitizer, H-ALA, was kindly provided by Photocure (Oslo, Norway).
The stock and working solutions were prepared in phosphate-buffered saline (PBS,
pH 7.4) and freshly prepared with RPMI-1640 culture medium, respectively.
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide

(MTT)

and

propidium iodide (PI) were purchased from Sigma Chemical Co. (St. Louis, MO).
Primary mouse monoclonal anti-LMP1 antibody (CS1-4) was purchased from Dako
(Singapore). Secondary anti-mouse antibody was purchased from Cell Signaling
Technology, Inc. (Danvers, MA).
NPC cells (3×104 cells/well) were seeded in 96-well tissue culture plates, incubated
with various H-ALA concentrations ranged from 1.26 g/ml to 251.75g/ml for 4
hours. Cells were then irradiated with 0 – 4 J/cm2 of light emitting diode (LED)
light as described by Bai et al. (2010).

2.3.2 Cell culture
EBV positive undifferentiated NPC cell/C666-1 and EBV negative well
differentiated NPC cell/HK1 were kindly provided by Anatomical and Cellular
Pathology Department, The Chinese University of Hong Kong. EBV negative
poorly differentiated NPC cells/CNE2 was purchased from Shanghai Biosis
Biotechnology Co., Ltd. (Shanghai China). The C666-1 cells were cultured in
RPMI-1640 supplemented with 10% fetal bovine serum (FBS; Gibco BRL), 1%
glutamax and 1% antibiotics PSN (5 mg/ml penicillin, 5 mg/ml streptomycin and 10
mg/ml neomycin) (Gibco BRL). HK1 and CNE2 cells were cultured in RPMI-1640
supplemented with 10% fetal bovine serum (FBS; Gibco BRL) and 1% antibiotics
PSN. Cells were grown at 37 oC in a humidified 5% CO2 incubator.
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2.3.3 Examination of intracellular drug uptake by flow cytometry
Subconfluent NPC cells were incubated with H-ALA (7.56μg/ml) in the dark for 1,
2, 4, 8 or 24 hours, respectively. Cells were then washed and resuspended in PBS.
Cellular uptake of H-ALA was determined by flow cytometry (Cytomics FC500,
Beckman Coulter, CA) equipped with a 15 mW argon ion laser providing the
excitation at 488 nm. Cell suspensions were excited and the fluorescence signal of
drug uptake by the cells was detected by a photomultiplier tube with a 610 nm longpass filter. A minimum of 10,000 cells per sample were analyzed in three
independent experiments. The uptake of H-ALA in terms of PpIX fluorescence
intensity at single-cell level was acquired (Wu et al., 2006).

2.3.4 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay
Light irradiated cells were washed and further incubated for 24 hours. MTT (5
mg/ml) was added to each well and incubated for 3 hours. Viable cells took up MTT
and reduced it to form dark blue, water insoluble formazan by the mitochondrial
dehydrogenase from the cells. The ability to form formazan refers to the normal
function of the mitochondria and is used for the study of cell viability. To lyse cells
and dissolve formazan crystals, 100 μl of dimethyl sulfoxide (DMSO) was added to
each well and the optical density was measured at 570 nm using the
spectrophotometer (Benchmark Plus, Bio-Rad). Cell viability was calculated as:

Cell viability (%) = (mean OD value of treated cells ÷ mean OD value of control
cells) × 100%

2.3.5 Western blot analysis
The control cells and H-ALA-PDT treated cells from both adherent and nonadherent floating cells were washed with ice-cold PBS and lysed in 0.2 ml lysis
buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Nonidet 40, 0.5% (w/v) Nadeoxycholate, 2 mM phenylmethylsulfonyl fluoride, 1x protease inhibitors).
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Supernatant was collected from lysates by centrifugation at 14,000g for 30 minutes
at 4 oC. An equal amount of protein was subjected to 10% sodium dodecyl sulphate
polyacrylamide gel electrophoresis before blotting onto a polyvinylidene difluoride
membrane (Amersham Pharmacia Biotech, Piscataway, NJ). The membrane was
blocked with 5% skimmed milk in tris-buffered saline with 0.05% Tween 20 (pH
7.6) for 1 hour at room temperature. After blocking, the membrane was probed with
a LMP1-primary antibody at 4 oC overnight. After washing, the membrane was
incubated with a secondary anti-mouse antibody coupled to horseradish peroxidase
(Amersham and Pharmacia Biotech) for 1 hour at room temperature. The antibodyantigen binding was then detected using an ECL chemiluminescence detection
system according to the manufacturer’s instructions and visualized by BioRad Chemi Doc™ EQ densitometer (Bio-Rad laboratories, USA). The intensities of
the protein bands were compared and normalized with GAPDH protein by Bio-Rad
Quantity One software (Bio-Rad laboratories, USA).

2.3.6 Cell cycle and DNA content analysis
Cell cycle and DNA content were analyzed by flow cytometry with propidium
iodide (PI) staining. NPC cells (5×105 cells/dish) were cultured and synchronized in
RPMI-1640 without FBS (iRPMI) for 24 hours. At 4, 24, 48 and 72 hours post PDT,
treated cells were harvested, washed and suspended in PBS. Cells were fixed with
ice cold 80% ethanol overnight at -20 °C. Fixed cells were washed twice with PBS,
then re-suspended in 300 μl PBS containing PI staining solution (10 μg/ml PI, 10
mg/ml RNase A and triton X-100) followed by incubation at 37 °C for 30 minutes.
For each sample, 10,000 events in triplicate were counted by Cytomics FC500
(Beckman Coulter). The data were analyzed by the FlowJo Software (Version 5.7.2)
to estimate the proportion of the cell cycle phases in form of the cell number against
DNA content histograms. The debris and doublet were gated out and excluded by
the software.
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2.3.7 Statistical analysis
All data were processed and presented by GraphPad Prism (GraphPad Software,
Inc.). Mean and standard deviation (SD) were used to present data and all graphical
error bars were represented in SD. Quantitative data from three independent
experiments were used for analysis of the western blotting and the cell cycle
progression. One-way analysis of variance (ANOVA) followed by Dunnett
correction or two-way ANOVA followed by Bonferroni’s correction post-hoc test
were used to analyze differences between groups by the GraphPad Prism (GraphPad
Software, Inc.). A P-value of less than 0.05 was considered as statistically
significant different.
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2.4 Results

2.4.1. Intracellular localization of PpIX generated by hexyl-ALA in NPC cells
Intracellular PpIX fluorescence was determined by flow cytometer at different time
points. As expected, the intracellular PpIX formation in NPC cells was mainly
influenced by the time of incubation. Figure 2.1 shows the formation of PpIX in
C666-1 cells, CNE2 cells and HK1 cells at different time points. Similar
fluorescence intensity was obtained in C666-1 cells and CNE2 cells at H-ALA
concentration 7.56μg/ml (30μM) with 4 hours incubation. A higher PpIX
concentration was obtained in C666-1 cells and CNE2 cells than in HK1 cells at all
measured time points. For instance, after incubating with 7.56μg/ml (30μM) of HALA for 4 hours, the PpIX concentration in C666-1 cells and CNE2 cells were 1.7fold higher than that in HK1 cells. To facilitate follow-up studies, 4 hours H-ALA
incubation time was selected for all subsequent experiments (Agostinis et al., 2011;
Radakovic-Fijan et al., 1999).

Figure 2.1. Kinetics of cellular PpIX accumulation in NPC cells.
The fluorescence intensity represented the cellular PpIX content (relative). Error bars (SD) were
obtained from 3 to 6 independent experiments.
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2.4.2. Phototoxicity of H-ALA mediated PDT in NPC cells
MTT assay was used to evaluate the phototoxicity of H-ALA-PDT on C666-1,
CNE2 cell lines and HK1 cells. The results of H-ALA mediated phototoxicity in
three NPC cells were presented in Figure 2.2. The phototoxicity induced by the
LED irradiated PpIX varied due to different concentration of prodrug and LED light
dose applied. The phototoxic effect of H-ALA on C666-1 cells and CNE2 cells
increased progressively with H-ALA concentrations ranged from 1.26 to 7.56g/ml,
at the light dose of 2-4 J/cm2. There was no toxic effect on H-ALA alone or light
alone (data not shown). In CNE2 cells, LD30, LD50 and LD70 were obtained at
1.26g/ml, 2.52g/ml and 7.56g/ml at 2J/cm2 respectively. In C666-1 cells, LD30,
LD50 and LD70 were obtained at 1.26g/ml, 2.52g/ml and 7.56g/ml at 4J/cm2
respectively. CNE2 cells required a 50% lower PDT dose (2.25g/ml, 2J) to
generate LD50 than that of C666-1 cells (2.25g/ml, 4J), indicated that H-ALA-PDT
is more effective to CNE2 cells than to C666-1 cells. It was found that H-ALA was
inefficient to HK1 cells. LD50 of HK1 cells was obtained only at high PDT dose
(251.75g/ml, 3J/cm2). A 150-fold higher PDT dose was needed to achieve LD50 in
HK1 cells than that of CNE2 cells. Similarly, a 75-fold higher PDT dose was
needed for HK1 cells than that of C666-1 cells.
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Figure 2.2. Photocytotoxicity of H-ALA on NPC cells.
Cells were incubated with H-ALA at different concentrations for 4 h, and then irradiated with light at
2 or 4 J/cm2. The percentage of photocytotoxicity was measured by MTT assay. Error bars (SD) were
from 3 to 6 independent experiments.
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2.4.3. Quantitative evaluation of H-ALA-PDT effect on EBV LMP1 Protein
expression
The effect of H-ALA mediated PDT to LMP1 protein expression was evaluated by
Western blot analysis. Among the three NPC cell lines, LMP1 protein was only
expressed in EBV positive C666-1 cells. Figure 2.3 shows the action of H-ALAPDT to LMP1 protein expression in C666-1 cells. LMP1 protein was found in both
control and dark control C666-1 cells with similar expression level, indicated that
H-ALA alone could not affect the LMP1 protein expression. However, H-ALAPDT promoted LMP1 protein expression in C666-1 cells in a dose dependent
manner. Up to 55% increase of LMP1 protein expression was obtained at LD70 HALA-PDT (P<0.01).

Figure 2.3. Effect of H-ALA mediated PDT on the LMP1 protein expression in
C666-1 cells.
A 55% increase of LMP1 protein expression was obtained after H-ALA mediated PDT at LD70. Total
cellular proteins were extracted from control and PDT treated cells for the detection of LMP1 protein
by western blot analysis. Protein amount was normalized by GAPDH. Significant differences
between treatment and control groups were analyzed by one-way ANOVA and followed by
Dunnett’s post-tests (**: p<0.01).
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2.4.4. H-ALA induced cell cycle and DNA content change in NPC cells
Flow cytometric analysis was applied to explore the effect of the H-ALA-PDT to
cell cycle phase distribution. Data showed that H-ALA-PDT induced a time
dependent cell cycle arrest in both C666-1 cells and CNE2 cells (Table 2.1). The
representative cell cycle distributions were shown in Figure 2.4. In figure 2.4, (A)
represented the Sub-G1 phase; (B) represented the G1 phase of the cell cycle; (C)
represented the S-phase; and (D) represented the G2 phase. Table 2.1 summarizes
the percentage of cell cycle phase induced by H-ALA in C666-1 cells and CNE2
cells. There were 16.7% of C666-1 cells and 8.8% CNE2 cells undergoing apoptosis,
respectively. At 72 hours post-H-ALA-PDT with LD50, a significant increase in
percentage of cells in sub-G1 phase cells with a decline in that of S phase and
G2/M phase were obtained in C666-1 cells (p<0.05).
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Figure 2.4 Flow cytometric analysis for effect of H-ALA-PDT on cell cycle
distribution in NPC cells at 72 hours after treatment at LD50.
Representative data: (a) C666-1 cells; (b) CNE2 cells. (A: percentage of cells in Sub G1 phase; B:
percentage of cells in G0/G1 phase; C: percentage of cells in S phase; D: percentage of cells in G2/M
phase)
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Table 2.1 Flow cytometric analysis for time-effect of H-ALA-PDT on cell cycle
phase distribution in NPC cells 4-72 hours after treatment at LD50.
(a) C666-1

Control
3.01 ±
1.71%

4 hours
4.14 ±
1.78%

24 hours
5.29 ±
5.16%

48 hours
5.02 ±
1.95%

72 hours
16.69 ±
2.08% *

G0/G1

50.41 ±
9.24%

71.79 ±
2.73% ***

56.40 ±
10.36%

57.09 ±
7.94%

49.89 ±
10.82%

S

13.96 ±
4.60%

7.70 ±
0.64% *

12.04 ±
4.26%

14.47 ±
2.64%

11.80 ±
2.57%

G2/M

28.70 ±
9.72%

6.73 ±
0.58% *

22.13 ±
10.27%

19.08 ±
8.87%

11.74 ±
5.23%

Control
2.40 ±
2.47%

4 hours
4.01 ±
1.12%

24 hours
6.37 ±
2.12%

48 hours
9.90 ±
3.04%

72 hours

G0/G1

63.63 ±
11.98%

48.79 ±
5.32%

49.95 ±
13.79%

67.89 ±
6.35%

61.05 ±
16.64%

S

16.06 ±
6.43%

19.72 ±
3.94%

21.50 ±
8.72%

10.48 ±
2.65%

13.06 ±
3.62%

G2/M

16.27 ±
9.71%

23.69 ±
6.51%

17.72 ±
10.11%

7.86 ±
6.30%

4.44 ± 2.31%

Sub-G1

(b) CNE2
Sub-G1

8.78 ± 1.72%

(a) C666-1 cells; (b) CNE2 cells. The cell percentages at different cell cycle phases expressed as
mean±SD from three independent experiments. Significant difference between treatment and control
groups were analyzed by two-way ANOVA and followed by Bonferroni’s post-tests (* p<0.05; **
p<0.01; *** p<0.001).
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2.5 Discussion
According to our previous publication, 5-ALA was proved to be an effective
treatment on NPC. Tumour cell eradication was obtained using 5-ALA on CNE2
cells and HK1 cells. However, the poor membrane penetration of 5-ALA limited its
application as high dosage is required for tumour eradication. We reported
previously that 100-fold less H-ALA was required to produce the same phototoxic
effect in CNE2 cells than that of 5-ALA. We also reported that no genotoxicity were
obtained in normal human lymphocytes with H-ALA-PDT (Wu et al., 2006; Yow et
al., 2012). However, limited data were provided on H-ALA-PDT efficacy on EBV
positive undifferentiated NPC cells. Taken together, the PDT efficacy of H-ALA
mediated PDT on C666-1 cells, CNE2 cells and HK1 cells were explored in this
study. The in vitro modulation of H-ALA to LMP1 protein expression and cell cycle
progression on three NPC cell lines were also explored.

H-ALA-PDT efficacy was evaluated through PSs uptake, phototoxicity, mode of cell
death and cell cycle regulation. With increased H-ALA incubation time, more PpIX
were accumulated in all three NPC cells (Figure 2.1). The PpIX formation was
obviously higher in C666-1 cells and CNE2 cells than in HK1 cells. At the H-ALA
concentration 7.56μg/ml with 4 hours of incubation, similar PpIX were obtained in
C666-1 cells and CNE2 cells. While a 1.7-fold higher PpIX were obtained in C666-1
cells and CNE2 cells than in HK1 cells. These results explained why the H-ALAPDT phototoxicity was higher in C666-1 cells and CNE2 cells than in HK1 cells
(Figure 2.2) with the same PDT dosage. Other studies also suggested that the PpIX
accumulation depended on the cell type, cell size, ferrochelatase activity and cell
cycle. Our finding suggested that H-ALA was favorable in generating and
accumulating PpIX in undifferentiated and poorly differentiated NPC cells in in vitro
condition.

Our study found that LMP1 protein was only expressed in EBV positive C666-1
cells but not in EBV negative HK1 cells and CNE2 cells. Data suggested that the
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expression of LMP1 protein was correlated with the presence of the virus. LMP1 is
one of the principal EBV encoded proteins expressed in NPC. EBV LMP1 protein
activated a number of signaling pathways including the MAPK and EGFR signaling
pathways, resulted in inhibition of apoptosis; induction of cell immortality;
promotion of cell proliferation, and influence of cell invasion and metastasis
(Dawson et al., 2012; Li et al., 2007; Lo et al., 2007; Raab-Traub, 2002; Zheng et al.,
2007). Yet the LMP1 functions in NPC tumourigenesis was dose dependent. A
number of studies indicated that high levels of LMP1 can suppress cell growth and
sensitized cells to apoptosis (Deng et al., 2003; Yoshizaki et al., 2012).

Our finding was echoed to these studies. H-ALA-PDT triggered EBV LMP1 protein
expression in a dose dependent manner, with a significantly increased in EBV LMP1
protein expression (55%) at LD70 (P<0.01). Up regulation of LMP1 protein promoted
C666-1 cells undergo apoptosis. There was a 2-fold of C666-1 cells undergo
apoptotic cell death than that of CNE2 cells at LD70. All these findings suggested
that EBV LMP1 was one of the therapeutic markers for NPC treatment.

In summary, our findings confirmed that H-ALA was effective to both EBV positive
undifferentiated NPC cells/C666-1 and EBV negative poorly differentiated NPC
cells/CNE2. H-ALA triggered apoptotic cell destruction in both C666-1 cells and
CNE2 cells. A significant increase in EBV LMP1 protein expression was obtained in
C666-1 cells. LMP1 protein could be a potential therapeutic marker for EBV positive
NPC cells. Studies on the effect of H-ALA-mediated PDT on LMP1 induced
signaling proteins will be reported in Chapter 3.
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3.1 Abstract
Mitogen-activated protein kinases (MAPK) signaling pathway include the
extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) proteins
and p38 mitogen-activated protein kinases (p38). Activation of MAPK signaling
pathways was correlated with the EBV LMP1 protein expression in nasopharyngeal
carcinoma (NPC) cells. Current finding also indicated that photosensitizers localized
in mitochondria altered MAPK signaling pathways.

Hence in this study, the effects of H-ALA-PDT on MAPK related signaling proteins
in C666-1 cells and CNE2 cells were examined.

Results indicated that H-ALA-PDT down-regulated different signaling proteins,
includes EGFR signaling protein and MAPK signaling proteins (p38 and ERK).

Our study provided the first evidence of the H-ALA-PDT effect to regulate MAPK
signal proteins in NPC cells. These findings echo with the previous finding of HALA-PDT induced apoptosis in NPC cells. In vivo studies of H-ALA-PDT are
worth examined for the benefit of clinical PDT applications in EBV induced cancers.
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3.2 Introduction
Photosensitizers are selectively localized in malignant or diseased lesions according
to their physical and chemical properties. The intracellular localization of
photosensitizers is vital for the determination of the primary target sites for tumour
cell destruction and the alteration of signaling pathways (Joanna and Grant, 2007;
Milla et al., 2013; Robertson et al., 2009).

Recent studies reported that destruction of tumour cells by photosensitizers
localized in mitochondria altered MAPK signaling pathways, resulted in apoptotic
cell destruction, inhibition of angiogenesis and cell migration (Bui-Xuan et al., 2010;
Ji et al., 2010). Alteration of MAPK signaling pathways was also correlated with the
EBV LMP1 protein expression in nasopharyngeal carcinoma (NPC) cells. Study
also reported that the expression of ERK protein was regulated by the EGFR
signaling proteins (Downward, 2003; Roberts & Der, 2007).

The MAPK signaling proteins consist of p38, JNK and ERK proteins. They are
three important MAPK family signal proteins responsible for cell survival, cell
growth and cell development via activation of downstream protein NF-kB. Up
regulation of p38 protein in NPC cells regulated a wide range of cellular functions,
including the self-sufficiency of growth signals, angiogenesis, tumour metastasis,
regulation of the cell cycle, and protection against apoptosis (Roux & Blenis, 2004).
Up regulation of JNK in NPC cells triggered cell survival via cell cycle deregulation
(Eliopoulos & Young, 1998; Tsai et al., 2006). Up regulation of ERKs in NPC cells
resulted in cell growth and cell development (Kung et al., 2011; Lo et al., 2013).

Our previous publication demonstrated that H-ALA was selectively localized in
mitochondria, and thereby triggered apoptotic cell death (Chu et al., 2006; Wu et al.,
2006). We also reported that H-ALA-PDT up-regulated LMP1 protein expression in
C666-1 cells. All evidence suggested that H-ALA-PDT efficacy could be associated
with MAPK signaling proteins alteration. Hence in this chapter, the effect of H-
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ALA-PDT on EGFR protein; MAPK signaling proteins and their down-stream
effectors and were determined using undifferentiated NPC cells/C666-1 and the
poorly differentiated NPC cells/CNE2.
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3.3 Methodology

3.3.1 Materials
The ALA hexylester (H-ALA) was kindly provided by Photocure (Oslo, Norway).
The stock (1mM) and working solutions were prepared in PBS and freshly prepared
with serum-free RPMI culture medium.
Primary antibodies of Mek, phospho-Mek, p38 and JNK were purchased from Cell
Signaling Technology, Inc. (Danvers, MA). Primary antibodies of phosphorylated
p38, phosphorylated JNK, ERK and phosphorylated ERK were purchased from BD
transduction, Inc. Primary antibodies for EGFR and phospho-EGFR were purchased
from Santa Cruz Biotech, Inc. Primary antibody for telomerase and GAPDH were
purchased from Abcam, Inc. Secondary anti-mouse, anti-goat and anti-rabbit
antibodies coupled with horseradish peroxidase conjugate were purchased from Cell
Signaling Technology, Inc.

3.3.2 Elucidate the effect of H-ALA-PDT on MAPK and EGFR signal proteins
in NPC cells
In order to elucidate the intracellular signal transduction pathways triggered by HALA-PDT in EBV positive and EBV negative cells, western blot analysis was
applied specifically for three major members of the MAP-kinase family, namely
p38MAPK, ERK, and JNK and the EGFR protein. The control cell and H-ALAPDT treated cells from both adherent and non-adherent floating cells were washed
with ice-cold PBS and lysed in 0.2 ml lysis buffer (50 mM Tris-HCl, 150 mM NaCl,
1% Nonidet 40, 0.5% (w/v) Na-deoxycholate, 2 mM phenylmethylsulfonyl fluoride,
1x protease inhibitors). Supernatant was collected from lysates by centrifugation at
14,000g for 30 minutes at 4 oC. An equal amount of protein (20µg) was subjected to
10% sodium dodecyl sulphate polyacrylamide gel electrophoresis before blotting
onto a polyvinylidene difluoride membrane (Amersham Pharmacia Biotech,
Piscataway, NJ). The membrane was blocked with 5% skimmed milk in trisbuffered saline with 0.05% Tween 20 (pH 7.6) for 1 hour at room temperature.
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After blocking, the membrane was probed with specific-primary antibodies at 4 oC
overnight. After washing, the membrane was incubated with secondary antibody
coupled to horseradish peroxidase (Amersham and Pharmacia Biotech) for 1 hour at
room temperature. The antibody-antigen binding was then detected using an ECL
chemiluminescence detection system according to the manufacturer’s instructions
and visualized by Bio-Rad Chemi Doc™ EQ densitometer (Bio-Rad laboratories,
USA). The intensities of the protein bands were normalized and compared by BioRad Quantity One software (Bio-Rad laboratories, USA).

3.3.3 Statistical analysis
All data were processed and presented by GraphPad Prism (Version 5.01)
(GraphPad Software, Inc.). Mean and standard deviation (SD) were used to present
data and all graphical error bars were represented in SD. Quantitative data from
three independent experiments were used for analysis from Western blotting. Oneway analyze of variance (ANOVA) followed by Dunnett correction was used to
analyze differences between groups by the GraphPad Prism (Version 5.01)
(GraphPad Software, Inc.). A P-value of less than 0.05 was considered as significant
different.
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3.4 Results

3.4.1. H-ALA-PDT induced modulation of MAPK proteins and their downstream proteins in NPC cells
Effect of H-ALA-PDT on MAPK signaling proteins modulation was evaluated by
Western blot analysis. The expression of the phosphorylated and total proteins of
p38, JNK, and ERK were found in both C666-1 cells and CNE2 cells. A significant
decrease in phosphorylated p38 (p-p38) proteins was obtained at LD70 in both C6661 cells and CNE2 cells (P<0.05). A significant decrease in phosphorylated ERK (pERK) proteins was also obtained at LD70 in CNE2 cells (P<0.05). At LD70, 25%
decrease of p-p38 and ERK proteins were obtained in C666-1 cells while 35%
decrease of p38 and ERK proteins were obtained in CNE2 cells, respectively. These
results suggested that H-ALA mediated PDT inhibited phosphorylated form of p38
and ERK protein expression in NPC cells. Down-regulation of MAPK signaling
proteins by H-ALA-PDT were summarized in Figures 3.1.

The expression of MAPK downstream transcription factors, NF-kB proteins, was
not altered by H-ALA-PDT. Figure 3.2 shows that no significant changes of NF-kB
protein expression observed in both NPC cell lines after H-ALA-PDT.
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Fig 3.1 Effects of H-ALA mediated PDT on the p38, Phospho-p38, Erk,
Phospho-Erk, JNK and Phospho-JNK protein expression in C666-1 cells and
CNE2 cells.
Total cellular proteins were extracted from control and PDT treated cells for the detection of MAPK
signal proteins by western blot analysis. Results were normalized with GAPDH protein.
a-c: C666-1 cells; d-f: CNE2 cells.
Significant difference between treatment and control groups were analyzed by one-way ANOVA
and followed by Dunnett’s post-tests (* p<0.05, ** p<0.01, *** p<0.001).
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(b) CNE2 cells

Fig 3.2 Effects of H-ALA mediated PDT on the NF-kB protein expression in C666-1 cells
and CNE2 cells. Total cellular proteins were extracted from control and PDT treated cells for
western blot analysis. Housekeeping protein GAPDH was used as control to normalize the
protein amounts in different treatment. Figure a showed NF-kB protein expression in C666-1
cells; Figure b showed NF-kB protein expression in CNE2 cells. Significant differences
between treatment and control groups were analyzed by one-way ANOVA and followed by
Dunnett’s post-tests (* p<0.05, ** p<0.01).
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3.4.2

H-ALA altered EGFR protein expression in NPC cells

Effect of H-ALA-PDT on EGFR protein expression was determined by Western blot
analysis. Results shown in Figure 3.3 indicated that H-ALA-PDT down-regulated
EGFR proteins in both C666-1 cells and CNE2 cells with a 12% and 55% decrease
at LD70, respectively. All these results confirmed that H-ALA mediated PDT
suppressed EGFR signaling pathways. It is also suggested that the down-regulation

(a) C666-1 cells

Relative fold change

Relative fold change

of EGFR proteins was correlated with the ERK protein expression.

(b) CNE2 cells

Fig 3.3 Effect of H-ALA mediated PDT on the EGFR proteins expression in C666-1 cells and
CNE2 cells. Total cellular proteins were extracted from control and PDT treated cells for western blot
analysis. Housekeeping protein GAPDH was used as control to normalize the protein amounts in
different treatment. Figure a showed EGFR proteins expression in C666-1 cells; Figure b showed EGFR
proteins expression in CNE2 cells. Significant difference between treatment and control groups were
analyzed by one-way ANOVA and followed by Dunnett’s post-tests (* p<0.05, ** p<0.01).
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3.5 Discussion
According to previous studies, it was confirmed that mitochondrion was the major
target site of H-ALA induced PpIX accumulation in NPC cells regardless the
differentiation status of the cells (Chu et al., 2006; Wu et al., 2006; Yow et al.,
2012). Studies indicated that MAPK signaling proteins expression was altered by
photosensitizers which localized in mitochondria (Chen et al., 2011; Dougherty et
al., 1998). Yet the alteration of signal transduction pathways mediated by PDT
varied with the cell types and photosensitizer employed.

MAPK signaling proteins work uniquely in NPC cells because of their interaction
with LMP1 protein. In NPC cells, up-regulation of MAPK signaling pathways
played a vital role in tumour development. Up regulation of p38 protein controlled a
wide range of cellular functions, including the self-sufficiency of growth signals,
tumour metastasis, regulation of the cell cycle, and prevention of apoptosis (Roux &
Blenis, 2004). ERK is another MAPK signaling protein constitutively expressed in
NPC with a diverse range of cellular functions, including cell growth and
development. Phosphorylation of ERK was associated with EGFR signaling protein,
resulted in activation of downstream effector proteins such as NF-kB (Downward,
2003; Oka et al., 1995; Roberts & Der, 2007; Schmidt et al., 1997). Constitutively
active ERK protein has been reported to deregulate cell cycle in NPC cells
(Kerkhoff & Rapp, 1998; Zhang et al., 2007). All these evidence suggested that
down-regulation of MAPK signaling proteins could result in cell elimination.

Figure 3.3 summarized the protein targets of H-ALA-PDT. Our findings
demonstrated that H-ALA-PDT down-regulated p38, EGFR and phosphorylated
ERK protein expression in both C666-1 cells and CNE2 cells, resulted in cell
destruction. Similar results were reported by other researchers. Deng reported that
down-regulation of ERK protein expression in CNE2 cells by microRNA resulted in
tumour growth suppression (Deng et al., 2011). Chan et al. (2009) reported that
inhibition of p38 expression enhanced hypericin PDT efficacy in HK1 cells, resulted
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as apoptotic cell death. All these evidence confirmed that modulation of p38, ERK
and EGFR proteins in NPC cell are vital for cell elimination.

To sum up, H-ALA-PDT has shown to be an effective treatment option for C666-1
cells and CNE2 cells in vitro. Continuing work in this field will further elucidate the
routes of mechanisms mediated by H-ALA-PDT, and establish H-ALA-PDT as a
minimally invasive and focal treatment option for NPC treatment.

H-ALA-PDT

EGFR

LMP1

ERK

JNK

Cell growth
Cell proliferation

p38

Cell cycle deregulation
Apoptosis

Figure 3.3 Diagram illustrates the effects of H-ALA mediated PDT on MAPK
signal pathways in NPC cells.
 Stimulatory effect.

Inhibitory effect.
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4.1 Abstract
Nasopharyngeal carcinoma (NPC) is one of the top ten cancers highly prevalent in
Hong Kong and Southern China. Epstein-Barr virus (EBV) infection contributes to
the tumourigenesis of NPC through the expression of different viral proteins.
Among these, latent membrane protein 1 (LMP1) is the major oncoprotein
expressed

by EBV.

Foscan®

(Biolitec

AG),

m-tetrahydroxyphenylchlorin

(mTHPC)-based photosensitizing drug, has been used in the photodynamic therapy
(PDT) for head and neck cancers. FosPeg® (Biolitec AG) is a new formulation of
mTHPC encapsulated in PEGylated liposomes with optimized distribution
properties. In this in vitro study, the potential of FosPeg® PDT on human EBV
positive NPC cells (C666-1) and EBV negative cells (HK1 and CNE2) were
investigated. Effects of FosPeg® PDT on the expression of EBV BART miRNAs
(EBV miRNA BART 1-5p, BART 16, and BART 17-5p), LMP1 mRNA and
proteins on C666-1 cells were also elucidated.
The killing efficacy of FosPeg®-PDT on NPC cells was determined by MTT assay
after LED activation. Effects of FosPeg®-PDT on the expression of LMP1 mRNA
and protein were examined by real time PCR and western blot analysis. FosPeg®PDT demonstrated its antitumour effect on C666-1 cells in a drug and light dose
dependent manner. LD30, LD50 and LD70 were achieved by applying LED activation
(3 J/cm2) at 4 hour post incubated cells with 0.05 g/ml, 0.07 g/ml and 0.3 g/ml
FosPeg®, respectively. Up-regulation of both LMP1 mRNA and protein were
obtained after FosPeg®-PDT in a dose dependent manner in C666-1 cells.
Understanding the mechanism of FosPeg® PDT may help to develop an alternative
treatment for NPC.
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4.2 Introduction
Nasopharyngeal Carcinoma (NPC) is one of the top ten cancers highly prevalent in
Southern China, especially in Hong Kong and Guangdong ( Hong Kong Cancer
Registry, 2011; Wei et al., 2011). NPC encompasses any squamous cell carcinoma
arising in the epithelial lining of the nasopharynx, a tubular space situated at the
base of the skull. Different from other head and neck cancers, NPC is strongly
associated with Epstein-Barr virus (EBV). EBV is a herpes virus that infects over
90% of adult population worldwide (Tsao et al., 2012). It is known as the most
potent transforming agent for human cells and is associated with a number of
malignancies including Burkitt’s lymphoma, nasopharyngeal carcinoma, T cell
lymphomas, lung carcinoma and gastric carcinoma (Herrmann & Niedobitek, 2003;
Pattle & Farrell, 2006). The tumourigenic potential of EBV is mainly related to a
unique set of latent gene products including the latent membrane proteins (LMP1,
LMP2A, LMP2B) and EBV-determined nuclear antigens (EBNA1 and EBNA2)
(Tsao et al., 2012). Among these, LMP1 is the principal oncogene involved in the
process of EBV-associated oncogenesis of NPC (Dawson et al., 2012; Lo et al.,
2007). LMP1 abnormally activates a number of signaling pathways in NPC cells,
including the nuclear factor kappa B (NF-kB) and mitogen-activated protein kinases
(MAPK) pathways, and resulted in inhibiting apoptosis; inducing cell immortality;
promoting cell proliferation; and influencing the cell invasion and metastasis (Lo et
al., 2007; Tulalamba & Janvilisri, 2012). Interestingly, several studies revealed that
transforming potential of LMP1 was dose-dependent (Deng et al., 2003).

EBV was the first human virus reported to encode micro-RNAs (miRNAs). miRNA
is a class of 20-25-nucleotide non-coding RNA which could bind with their target
mRNA, leading to inhibition of gene expression (Marquitz & Raab-Traub, 2012).
EBV encoded miRNAs were found mainly in two clusters, which namelly as the
BamHI-A rightward transcripts (BARTs) cluster 1 and 2. Recently, researchers have
identified at least three BARTs cluster 1 miRNAs (ebv-miR-BART1-5p, 16 and 17-
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5p) targeting the LMP1 gene and down regulating the LMP1 protein expression (He
et al., 2012; Lo et al., 2012; Lo et al., 2007).

The conventional treatments for NPC are radiotherapy and chemotherapy (Razak et
al., 2010; Tang et al., 2011). However, different complications were resulted after
receiving them and were mainly caused by radiation toxicities, distant recurrence and
development of multi-drug resistance phenotypes (Caponigro et al., 2010; Suarez et
al., 2010).

Alternative treatment is advisable to NPC as it is often inoperable

because of its complex anatomical location (Brennan, 2006; Tao & Chan, 2007). In
order to develop improved therapeutic strategies, Photodynamic therapy (PDT) shed
light on the development of NPC treatment (Koon et al., 2010; Wu et al., 2006; Yow
et al., 2009). As a potential powerful treatment for cancer, PDT could be applied
solitary or in combination with chemotherapy, radiotherapy, or surgery.

Photodynamic therapy (PDT) is an evolving cancer treatment regimen with approval
for application in USA, EU, Canada, Russia and Japan. PDT uses a combination of
photosensitizing agents (PSs), visible light and molecular oxygen to selectively
destroy the biological targets in tumour cells. None of these is individually toxic,
but together they initiate photo-destruction to biological targets. Effectiveness of
PDT depends on the tumour localizing photosensitizer, which absorbs light to
produce reactive oxygen species (ROS) (Agostinis et al., 2011; Bredell et al., 2010;
Robertson et al., 2009). Advanced development of light source could also enhance
the PDT efficiency. The clinical efficacy of PDT depends on complex dosimetry,
including total light dose, light exposure time, and light delivery mode. Lightemitting diodes (LEDs) is one of the alternative light sources with several
advantages, such as relatively narrow spectral bandwidths, high fluency rates, small
and cost-effective, simple to install, and a longer operational life (Agostinis et al.,
2011; Robertson et al., 2009). A novel light source with light emitting diode (LED)
has been setup by our group showing promising results in activation of the nanophotosensitizer hypocrellin in nasopharyngeal carcinoma cells (Bai et al., 2010).
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FosPeg® (Biolitec AG) is the derivative of meta-tetra (hydroxyphenyl) chlorine
(mTHPC) contained in PEGylated liposomes. mTHPC is a chlorine-like 2nd
generation photosensitizer which has been shown to be highly effective in treating
skin, prostate and pancreatic cancer (Senge, 2012; Senge & Brandt, 2011).
However, the major drawback of mTHPC is related to its photochemical properties.
The hydrophobicity of mTHPC leads to poor solubility in physiologically
acceptable media and complicates its formulation, administration and biodistribution. Thus the liposomal formulations using PEGylated liposomes as the
nanocarriers to encapsulate mTHPC have been developed. The aim of using
liposomes with long-circulating polyethylene glycol (PEG) as an improved delivery
system is to enhance its therapeutic effects by solubilizing the photosensitizer at
suitable concentration, increasing drug uptake as well as tumour eradication
(Lassalle et al., 2009; Reshetov et al., 2012).
This study aims to investigate the photodynamic efficacy of FosPeg® - a new
liposomal formulation of mTHPC in EBV positive and EBV negative NPC cell lines
and to reveal the effect of FosPeg®-PDT on the expression of LMP1 at both
molecular and protein levels.
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4.3Materials and Methods

4.3.1. Materials
FosPeg® (1.5 mg mTHPC/ml) was kindly provided by Biolitec AG (Jena, Germany).
FosPeg® stock solution (10 μg/ml) was prepared in miliQ water.
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide

(MTT)

and

propidium iodide (PI) were purchased from Sigma Chemical Co. (Sigma-Aldrich, St.
Louis, MO, USA). Primary antibody for GAPDH protein was purchased from
Abcam, Inc. Primary mouse anti-LMP1 antibody (CS1-4) was purchased from Dako
(Glastrup, Denmark). Secondary anti-mouse antibody was purchased from Cell
Signaling Technology, Inc. (Danvers, MA, USA).
NPC cells (3×104 cells/well) were seeded in 96-well tissue culture plates and
incubated with 0.03-0.3 µg/ml FosPeg® for 4 hours. Cells then were irradiated with
0 –3 J/cm2 of light emitting diode (LED) light as descripted in chapter 2.

4.3.2. Cell culture
EBV-positive NPC cell line (C666-1), an undifferentiated NPC cell line and EBVnegative NPC cell line (HK1), a highly differentiated NPC cell line were kindly
provided by Anatomical and Cellular Pathology Department, The Chinese
University of Hong Kong (Cheung et al., 1999; Huang et al., 1980). EBV-negative
NPC cell line (CNE2), a poorly differentiated NPC cell line was purchased from
Shanghai Biosis Biotechnology Co., Ltd. (Shanghai, China). The C666-1 cells were
cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS; Gibco
BRL, Carlsbad, CA, USA), 1% glutamax and 1% antibiotics PSN (Gibco BRL,
Carlsbad, CA, USA). The HK1 and CNE2 cells were cultured in RPMI-1640
supplemented with 10% fetal bovine serum (FBS; Gibco BRL, Carlsbad, CA, USA)
and 1% antibiotics PS. Cells were grown at 37 oC in a humidified 5% CO2 incubator.
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4.3.3. Examination of intracellular drug uptake and localization
Sub-confluent NPC cells were incubated with FosPeg® (0.1 μg/ml) in dark for 1, 2,
4, 8 and 24 hours. Cells were then washed and re-suspended in PBS. Cellular uptake
of FosPeg® was determined by flow cytometry (Cytomics FC500, Beckman Coulter)
equipped with a 15 mW argon ion laser providing excitation light at 488 nm. Cell
suspensions were excited and the fluorescence signal of drug uptake by the cells
was detected by a photomultiplier tube with a 610 nm long-pass filter. A minimum
of 10,000 cells per sample was analyzed in three independent experiments. The
uptake of FosPeg® in terms of mTHPC fluorescence intensity at single-cell level
was acquired (Wu et al., 2006).
To determine the intracellular localization of FosPeg®, cells were incubated with
FosPeg® (1 μg/ml) for 4 hours in darkness followed by co-incubation with 100 nM
MitoTracker Green (Molecular Probe, Invitrogen, Carlsbad, CA, USA) and
LysoTracker Green (Molecular Probe, Invitrogen, Carlsbad, CA, USA) for 30
minutes at 37 oC with 5% CO2. The MitoTracker Green and LysoTracker Green
were two fluorescent probes used specifically for the identification of sub-cellular
organelles of the mitochondria and lysosomes, respectively. Prior to the
visualization, the excess probes were washed off and the image analysis was
accomplished with a fluorescence microscope (EZ-C1, Nikon). The fluorescent
images were captured with a magnification of 400x. All parameters were kept
constant to ensure reliable comparison throughout the experiment. The imaging
measurements were repeated at least six times and several hundred cells were
observed. Coloicalisation analysis was performed by using software image J.

4.3.4. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay
The NPC cells (3 x 104 cells/well) were seeded in 96 well plates for 24 hours and
incubated with a range of 0.03 – 0.3µg/ml FosPeg® for 4 hours. Light irradiated
cells were washed and further incubated for 24 hours. MTT (5 mg/ml) was added to
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each well and incubated for 3 hours. Viable cells took up MTT and reduced it to
form dark blue water insoluble formazan by the mitochondrial dehydrogenase. The
ability to form formazan refers to the normal function of the mitochondria and is
used for the study of cell viability. To lyse cells and dissolve formazan crystals, 100
μl of dimethyl sulfoxide (DMSO, 99.9%, Sigma-Aldrich, St. Louis, MO, USA) was
added to each well and the optical density was measured at 570 nm using the
spectrophotometer (Benchmark Plus, Bio-Rad). All results were presented in
triplicate as the mean ± SD.
Cell viability was calculated as:
Cell viability (%) = (mean OD value of treated cells ÷ mean OD value of control
cells) × 100%

4.3.5. Quantitative real-time PCR

Evaluation of EBV LMP1 mRNA
NPC cells (106 cells/dish) were either treated as dark control cells (0.3 μg/ml
FosPeg® without light irradiation) or at the LD30, LD50 and LD70 PDT doses. To
evaluate the modulation of LMP1 mRNA expression levels, qPCR was performed
using the ABI PRIME 7500 Sequence Detection System (ABI life technologies,
Foster City, CA, USA). PCR primers and TaqMan probe used for targeting LMP1
mRNA were followed as Ryan et al. (2004) described: LMP1 (Forward 5-CAG
TCA GGC AAG CCT ATG A-3; Reverse 5-CTG GTT CCG GTG GAG ATG A-3;
Probe 5-(6FAM)GTC ATA GTA GCT TAG CTG AAC(TAMRA)-3) (ABI life
technologies, Foster City, CA, USA). At 24 hours post-PDT, the cells were
harvested and the total RNA was extracted using the High Pure RNA isolation kit
(Roche, USA) according to the manufacturer’s specifications. Concentration of
RNA in extracted samples was measured by nanodrop ND-2000 spectrophotometer
(Nanodrop Technologies Inc., Wilmington, DE, USA). The extracted RNA (2 μg)
from each tested sample was synthesized to cDNA using Transcriptor First Strand
cDNA Synthesis Kit (Roche, USA) according to the manufacturer’s specifications.
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For qPCR, 20 ng of cDNA was used for each reaction with a final volume of 20 μL,
containing 200 nM primers and 100 nM probe. The cycling condition for PCR were
50 oC for 5 minutes, 95 oC for 10 minutes followed by 50 cycles each of 95 oC for
15 s and finally 60 oC for 1 minute. Each sample was run in triplicate and
mean/standard deviation cycle threshold values were determined. Results were
normalized with endogenous reference gene GAPDH. Calculation of the relative
expression values (fold change or (2−(ΔΔCt))) of LMP1 gene was performed using the
comparative threshold cycle (Ct) method.

Evaluation of EBV BART miRNAs
To evaluate the alteration of BART miRNAs after PDT treatment, qPCR was
performed using the reagents and protocols of the TaqMan MicroRNA Reverse
Transcription and TaqMan MicroRNA Assay kits (ABI life technologies, Foster
City, CA, USA). Total RNA was extracted from pre- and post-PDT treated NPC
cells with the mirVana™ miRNA Isolation Kit (ABI life technologies, Foster City,
CA, USA). The quality and quantity of the extracted RNA was assessed by
nanodrop. The total RNA isolated (10 ng) was reverse transcribed with specific
stem-loop primers and the TaqMan MicroRNA Reverse Transcription kit. Stemloop specific primers were specific to EBV miRNA BART 1-5p, BART 16, and
BART 17-5p. The small cellular nuclear RNA RNU48 was used as the internal
control for normalization as recommended by the manufacturer. For qPCR, the
cycling conditions for PCR were 50 oC for 5 minutes, 95 oC for 10 minutes followed
by 45 cycles each of 95 oC for 15 seconds and finally 60 oC for 1 minute. Each
sample was run in triplicate and mean/standard deviation cycle threshold values
were determined. Results were normalized with RNU48. Calculation of the relative
expression values (fold change or (2−(ΔΔCt))) of all three EBV miRNA genes were
performed using the comparative threshold cycle (Ct) method.
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4.3.6. Western blot analysis
Whole cells were collected from both adherent and non-adherent floating cells and
washed with ice-cold PBS and lysed in 0.2 ml lysis buffer (50 mM Tris-HCl, 150
mM

NaCl,

1%

Nonidet

40,

0.5%

(w/v)

Na-deoxycholate,

2

mM

phenylmethylsulfonyl fluoride, 1x protease inhibitors). Supernatant collected from
cell lysates was then removed by centrifugation at 14,000g for 30 minutes at 4 oC.
An equal amount of protein was subjected to 10% sodium dodecyl sulphate
polyacrylamide gel electrophoresis before blotting onto a polyvinylidene difluoride
membrane (Amersham Pharmacia Biotech, Piscataway, NJ, USA). The membrane
was blocked with 5% skimmed milk in tris-buffered saline with 0.05% Tween 20
(pH 7.6) for 1 hour at room temperature. After blocking, the membrane was probed
with a LMP1-primary antibody at 4 oC overnight. After washing, the membrane was
incubated with a secondary anti-mouse antibody coupled to horseradish peroxidase
(Amersham and Pharmacia Biotech) for 1 hour at room temperature. The antibodyantigen binding was then detected using an ECL chemiluminescence detection
system according to the manufacturer’s instructions and visualized by BioRad Chemi Doc™ EQ densitometer (Bio-Rad laboratories, USA). The intensities of
the protein bands were normalized and compared by Bio-Rad Quantity One
software (Bio-Rad laboratories, USA).
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4.3.7. Statistical analysis
All data were processed and presented by GraphPad Prism (Version 5.01)
(GraphPad Software, Inc.). Mean and standard deviation (SD) were used to present
data and all graphical error bars were represented in SD. Quantitative data from
three independent experiments were used for analysis of the cell cycle progression,
qPCR and western blotting. One-way analyze of variance (ANOVA) followed by
Dunnett correction or two-way ANOVA followed by Bonferroni’s correction posthoc test was used to analyze differences between groups by the software (GraphPad
Prism Version 5.01). Correlation between the expression of LMP1 miRNA, mRNA
and proteins were analysed using Pearson correlation test. A P-value of less than
0.05 was considered as significant different.
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4.4 Results
4.4.1 Intracellular accumulation FosPeg® in NPC cells
The cellular localization of photosensitizer is one of the important factors affecting
PDT efficiency. The cellular accumulation of FosPeg® in C666-1, HK1 and CNE2
cells with different incubation times of drug (0.1 g/ml, 1–24 hours) were
determined by flow cytometry. Figure 4.1 summarized the kinetics of cellular
accumulation of FosPeg® and showed a rise for up to 24 hours of incubation. The
uptake kinetic pattern of FosPeg® in HK1 cells and CNE2 cells were similar,
whereas more FosPeg® uptake was obtained after 8 hours of incubation in C666-1
cells. The data showed that 4 hour incubation demonstrated similar intracellular
uptake concentration of FosPeg® in both EBV positive and EBV negative cells and
thus a 4 hour drug incubation was selected for all subsequent experiments.

Figure 4.1 Kinetics of cellular FosPeg® accumulation in NPC cells.
The fluorescence intensity represents the cellular FosPeg® content (relative). Error bars (SD) were
obtained from 3 to 6 independent experiments.
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4.4.2 Intracellular localization of FosPeg® by fluorescence microscopy analysis
After being incubated with 1 μg/mL FosPeg® for 4 hours, the fluorescence images
of NPC cells were acquired using the fluorescence microscope. The green
fluorescence of MitoTracker Green and LysoTracker Green in cells indicated the
position of the mitochondria and lysozyme while the red fluorescence represented
the location of FosPeg®. By overlapping the images of FosPeg® and
MitoTracker/LysoTracker, the yellow fluorescence demonstrated the subcellular
distribution of FosPeg® with Mito/Lyso tracker. The coloicalisation analysis was
performed by using the software image J. As shown in Figure 4.2, the diffused
cytoplasmic distribution of FosPeg® in C666-1, HK1 and CNE2 cells were mainly
localized at the mitochondria regions. There was no obvious difference in
intracellular localization of FosPeg® in EBV positive and EBV negative cells.
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a. FosPeg® treated C666-1 cells
labeled with lysosome probe
(fluorescent
green
colour).
Localization of FosPeg® was
indicated as fluorescent red colour.
R=0.614±0.045.

b. FosPeg® treated HK1 cells
labeled with lysosome probe
(fluorescent
green
colour).
Localization of FosPeg® was
indicated as fluorescent red
colour. R=0.55±0.058.

c. FosPeg® treated CNE2 cells
labeled with lysosome probe
(fluorescent
green
colour).
Localization of FosPeg® was
indicated as fluorescent red
colour. R=0.598±0.049.

d. FosPeg® treated C666-1 cells
labeled with mitochondrial probe
(fluorescent
green
colour).
®
Localization of FosPeg
was
indicated as fluorescent red colour.
R=0.765±0.044.

e. FosPeg® treated HK1 cells
labeled with mitochondrial probe
(fluorescent
green
colour).
Localization of FosPeg® was
indicated as fluorescent red
colour. R=0.861±0.058.

f. FosPeg® treated CNE2 cells
labeled with mitochondrial probe
(fluorescent
green
colour).
Localization of FosPeg® was
indicated as fluorescent red
colour. R=0.843±0.061.

Figure 4.2 Intracellular localization of FosPeg® in NPC cells.
®

Fluorescence images were acquired from a fluorescence microscope after incubating with FosPeg
®
(1 μg/ml) for 4 h (x400). Red fluorescence represents the location of FosPeg , green fluorescence the
®
region of lysosome or mitochondria, and yellow fluorescence represent their overlay. (a, d) FosPeg
®
®
loaded C666-1 cells; (b, e) FosPeg loaded HK-1 cells; (c, f) FosPeg loaded CNE2 cells.
coloicalisation analysiswas performed by using software image J.
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4.4.3 Phototoxicity of FosPeg® PDT in NPC cells
MTT assay was used to evaluate the phototoxicity of FosPeg®-PDT on C666-1, HK1 and CNE2 cells. The results of FosPeg®-PDT mediated cytotoxicity were
presented in Figure 4.3. Within the range of FosPeg® concentration at 0.03 to 0.3
g/ml, the cytotoxic effect of FosPeg® on C666-1 cells, HK-1 cells and CNE2 cells
increased progressively with the light dose of 3 J/cm2. The effect of drugs alone
(dark toxicity) and light irradiation alone were negligible (data not shown). For all
three tested cell lines, LD30 and LD50 were obtained at 0.05 g/ml and 0.07 g/ml
FosPeg®, respectively. LD70 was obtained at 0.125 g/ml, 0.2 g/ml and 0.3 g/ml
FosPeg® on CNE2 cells, HK-1 cells and C666-1 cells, respectively. The results
showed that the FosPeg®-PDT mediated cytotoxicity were positively related to the
drug concentrations in all three tested cell lines. From the cytotoxicity data, LD30,
LD50 and LD70 at 3 J/cm2 were selected for subsequent experiments.

Figure 4.3 Phototoxicity of FosPeg® on NPC cells.
®

Cells were incubated with FosPeg of different concentrations for 4 h, and then irradiated with light
of 3 J/cm2. The percentage of cytotoxicity was measured by MTT assay. Error bars (S.D.) were from
3 to 6 independent experiments.
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4.4.4 Quantitative Evaluation of EBV LMP1 related microRNAs and mRNA
LMP1 is the principal onco-protein contributes to NPC tumourigenesis. It activates
the NF-kB and MAPK signaling pathways through the C-terminal activation regions
(CART regions). The effect of FosPeg® mediated PDT to LMP1 mRNA and EBV
encoded miRNA expression were evaluated by qPCR. LMP1 mRNA was found
only expressed in C666-1 cells but not in HK1 cells and CNE2 cells. Figure 4.4
shows the effect of FosPeg®-PDT treatment to LMP1 mRNA expression in C666-1
cells. Up to 8-fold increase in LMP1 mRNA expression was obtained after FosPeg®
mediated PDT at LD70. The effect of FosPeg® treatment to LMP1 mRNA
expression was dose-dependent.

The expression of three selected EBV-miRNAs (ebv-miR-BART1-5p, 16 and 17-5p)
were examined after FosPeg® mediated PDT. Figure 4.5 shows the effect of
FosPeg®-PDT treatment to EBV-miRNAs expression in C666-1 cells. Up to 40%
decrease of EBV-miR-BART was obtained after FosPeg® mediated PDT at LD70
and was dose-dependent.

The consequence of the decrease in ebv-miR-BART1-5p, 16 and 17-5p is the upregulation of LMP1 mRNA. Increase in the expression of LMP1 mRNA
significantly enhanced the LMP1 protein expression in FosPeg®-PDT treated C6661 cells. Figure 4.6 shows the LMP1 protein expression pattern in C666-1 cells, HK1 cells and CNE2 cells. Only C666-1 cells showed expression of LMP1 protein. Upregulation of LMP1 protein with 40% increase was found after FosPeg®-PDT
treatment at LD70 and it was in a dose dependent manner.
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Figure 4.4 Effect of FosPeg® mediated PDT on LMP1 mRNA gene expression
in C666-1 cells.
A 8-fold increase in LMP1 mRNA expression was obtained after FosPeg® mediated PDT at LD70.
Total RNA was extracted and converted to cDNA from control and PDT treated cells for the
detection of LMP1 mRNA expression by TaqMan qPCR. mRNA amounts was normalized with
GAPDH. Significant differences between treatment and control groups were analyzed by one-way
ANOVA and followed by Dunnett’s post-tests (*: p<0.05, **: p<0.01, ***: p<0.001).
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Figure 4.5 Effect of FosPeg® mediated PDT on EBV-miRNAs expression in
C666-1 cells.
(a) EBV-miR-BART 1-5p; (b) EBV miR-BART 16; (c) EBV miR-BART 17-5p. A decrease in EBVmiR-BART 1-5p, EBV miR-BART 16 and EBV miR-BART 17-5p were obtained after FosPeg®
mediated PDT at LD70. Total RNA was extracted and converted to cDNA from control and PDT
treated cells for the detection of EBV-miRNAs by qPCR. mRNA amounts was normalized with
GAPDH. Significant differences between treatment and control groups were analyzed by one-way
ANOVA and followed by Dunnett’s post-tests (*: p<0.05, **: p<0.01, ***: p<0.001).
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C666-1 cells

Figure 4.6 Effect of FosPeg® mediated PDT on the LMP1 protein expression in
C666-1 cells.
A 40% increase of LMP1 protein expression was obtained after FosPeg ® mediated PDT at LD70.
Total cellular proteins were extracted from control and PDT treated cells for the detection of LMP1
protein by western blot analysis Protein amount was normalized with GAPDH. Significant
differences between treatment and control groups were analyzed by one-way ANOVA and followed
by Dunnett’s post-tests (* p<0.05, ** p<0.01, *** p<0.001).
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4.5 Discussion
This is the first report to reveal the effect of FosPeg® mediated PDT on EBV positive
and EBV negative NPC cells and its effect to EBV-miRNAs, LMP1 mRNA and
LMP1 protein expression in vitro.

PDT is an evolving cancer treatment regimen and approved for use in USA, EU,
Canada, Russia and Japan (Bredell et al., 2010). Different studies demonstrated the
potential of PDT as cancer treatment. Lai and his colleagues showed that PDT has an
immuno-enhancing effect in NPC patients by increasing natural killer cells and
interleukin-2 (Lai et al., 1997). Our group also demonstrated promising outcomes
from a number of in vitro studies concerning the PDT effect using several PSs
including hypericin, mTHPC, merocyanine 540, 5-ALA and H-ALA on NPC/HK1,
NPC/CNE1 and NPC/CNE2 cells (Bai et al., 2011; Wu et al., 2006; Yow et al., 2009;
Yow et al., 2000a; Yow et al., 2000b; Yow et al., 2000c). All these findings suggested
that PDT should be one of the best choices over the conventional cancer therapies for
NPC.

PDT uses a combination of photosensitizing agents (PS), visible light and molecular
oxygen to selectively destroy the biological targets. PDT efficacy depends on the
tumour localizing photosensitizer, which absorbs light to produce reactive oxygen
species (ROS) to destroy the biological targets (Robertson et al., 2009). Therefore,
studying the localization and the biological targets of PS become very important to
understand the mechanism of cellular destruction in tumours. In this study, FosPeg®,
the liposomal encapsulated formulation of mTHPC has been studied to address the
following in EBV positive and EBV negative NPC cell line models: (a) uptake
kinetics and subcellular localization; (b) the photocytotoxic effect; (c) effect on EBV
related biological targets, including EBV-miRNA BART 1-5p, BART 16, BART 175p, LMP1 mRNA and LMP1 protein; and (d) the mode of cell death.
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FosPeg® (Biolitec AG) is the derivative of meta-tetra (hydroxyphenyl) chlorine
(mTHPC) contained in PEGylated liposomes. The aim of using liposomes with longcirculating polyethylene glycol (PEG) as carriers and delivery systems is to improve
its therapeutic effects by solubilizing the photosensitizer at suitable concentration,
increasing drug uptake, shorter drug-light interval, higher tumour-to-skin ratio, with
substantially decrease in forming aggregates in plasma as well as tumour eradication
(Hallewin et al., 2008; Lassalle et al., 2009; Senge, 2012).

The liposomal

encapsulated formulation of FosPeg® provides a nanoscale drug delivery system to
overcome the highly hydrophobic properties of mTHPC and optimizes the
distribution and bioavailability of mTHPC (de Visscher et al., 2011). Buchholz et al.
reported that the maximal tumour fluorescence intensity of FosPeg® could be nearly
twice higher than Foscan®, with consequence of lower drug dose and shorter
incubation time required for generalized photosensitivity in patients. As a result, the
drug-light interval could be reduced. A much higher tumour-to-skin ratio was also
obtained by applying FosPeg® in spontaneous feline squamous carcinoma. In general,
the PEGylated photosensitizers could penetrate tumour vessels easily and be retained
in tumour cells as tumour lacks functional lymphatic system to return the
extracasated macromolecules. The study from Sherifa et al. also illustrated that
FosPeg® produced less skin photosensitivity and higher tumour accumulation
compared to Foscan®. Nevertheless, no complication was observed during injection
of FosPeg®. All these results support the hypothesis that using PEGylated liposomes
as photosensitizer nanocarriers could have advantages over the ordinarily formula
Foscan®(Petri, et al., 2012; Senge, 2012; Sherifa et al., 2012).
Our study demonstrated that the accumulation of FosPeg® in C666-1 cells, HK1
cells and CNE2 cells were continued to rise up at 24 hours incubation (see Figure
4.1). The uptake kinetic pattern of FosPeg® on C666-1 cells, HK1 cells and CNE2
cells were similar in short incubation time, while a more effective FosPeg® uptake
was obtained after 8 hour drug incubation time for C666-1 cells. Nevertheless, 4
hours of incubation provided a similar intracellular drug uptake concentration of
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FosPeg® among all tested cell lines and thus was selected for all subsequent in vitro
experiments.

The mitochondrion is one of the common organelles where photosensitizer localized.
Photo-destruction of mitochondria could induce apoptosis (Buytaert et al., 2007;
Hilf, 2007; Yow et al., 2009). Our group previously demonstrated that mTHPC
possessed a strong phototoxicity toward human NPC cells which might be attributed
to severe damage to the mitochondria during mTHPC photosensitization (Yow et al.,
2009; Yow et al., 2007). This study further confirmed the finding by identifying
FosPeg® intracellular localization. FosPeg® was dominantly localized in the
mitochondria of C666-1, HK1 and CNE2 NPC cells. Images obtained by
fluorescence microscopy indicated that most of the FosPeg® was localized in the
mitochondria rather than in the lysosomes (see Figure 4.2) in all three tested cell
lines, suggesting that apoptosis followed by mitochondrial photo-toxicity could be
the primary cause of cell destruction.
A promising anti-tumour effect of FosPeg® on NPC cells were obtained with
effective drug uptake and localization. MTT method was applied to evaluate the
cytotoxic effect of FosPeg® PDT to C666-1 cells, HK1 cells and CNE2 cells. With a
range of FosPeg® concentration (0.03 – 0.3 g/ml), photo-cytotoxic effect of
FosPeg® on C666-1 cells, HK-1 cells and CNE2 cells increased progressively with
the light dose treatment (3 J/cm2). LD70 of CNE2 cells, HK-1 cells and C666-1 cells
was 0.125 g/ml, 0.2 g/ml and 0.3 g/ml FosPeg®, respectively (see Figure 4.3).
Compared with our previous study, FosPeg® showed a nearly 10 fold decrease in
drug dose required to achieve similar phototoxic effects on CNE2 cells and HK1
cells (0.4-0.8μg/ml, 5-40J/cm2) (Yow et al., 2000).
In order to study the effect of FosPeg®-PDT on EBV infected NPC cells, the
expression level of EBV encoded microRNAs, LMP1 mRNA and protein were
evaluated. LMP1 is one of the principal EBV encoded genes expressed in NPC
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which contributes to the tumourigenesis (Dawson et al., 2012; Zheng et al., 2007).
LMP1 protein activates a number of signaling pathways including NF-kB, MAPK
and Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT)
pathways. LMP1-induced signal pathways can be attributed to four functions, i.e.
inhibition of apoptosis; induction of cell immortality; promotion of cell proliferation,
and influence of cell invasion and metastasis (Li et al., 2007; Lo et al., 2007).
Interestingly, transforming potential of LMP1 is dose-dependent. A number of
studies showed that low levels of LMP1 induced cell growth and promoted cell
survival while high levels of LMP1 suppressed cell growth and sensitized to
apoptosis. The study of Deng et al. illustrated that increased in LMP1 expression
could trigger cell cycle arrest through activation of NF-kB and AP-1 protein in NPC
cell line (Deng et al., 2003). Yoshizaki et al. (2012) also reported that high level of
p53 expression was correlated with high LMP1 level. All these data revealed the
importance of LMP1 protein level in NPC pathogenesis and the maintenance of the
tumour cell properties. The expression of EBV encoded microRNA is one of the
strategies applied by EBV to maintain a low level of LMP1 protein in EBV
transfected cells. At least three EBV encoded miRNAs were identified to target
LMP1 gene and down regulate the LMP1 protein expression, including EBV-miRBART1-5p, 16 and 17-5p (Lo et al., 2012; Lo et al., 2007).

Similar finding was obtained in this study. It was found that LMP1 mRNA and
protein only expressed in EBV positive C666-1 cells but not in EBV negative HK1
cells and CNE2 cells at pre- and post- PDT treatment. FosPeg® mediated PDT could
significantly up-regulate LMP1 mRNA and protein expression in C666-1 cells and
was in a dose dependent manner. This suggested that the expression of LMP1
mRNA and protein was correlated with the presence of virus.

Quantitative

measurement of EBV-miR-BART1-5p, 16 and 17-5p expression was performed by
qPCR. The expression levels of all three tested microRNAs in C666-1 cells were
suppressed significantly after FosPeg®-PDT treatment and were in a dose dependent
manner. All these results suggested that FosPeg®-mediated PDT altered the
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expression of LMP1 protein leading to an increased sensitivity to apoptosis in C6661 cells. All the evidence shown in this study supports the hypothesis that LMP1 is
one of the major contributors to NPC tumourigenesis and could be one of the
therapeutic targets and biomarkers for NPC treatment. Additional information on the
effect of FosPeg®-mediated PDT on LMP1 induced signal transductions is needed to
reveal in cell death mechanism.
In summary, our findings confirmed that FosPeg® is effective to both EBV positive
and EBV negative NPC. Down regulation of EBV-miRNAs BART 1-5p, BART 16
and BART 17-5p significantly increased the expression of LMP1 mRNA and protein
in EBV positive C666-1 cell line. EBV-miRNAs, LMP1 mRNA and LMP1 protein
could be potential therapeutic markers for EBV positive NPC cells. Understanding
the mechanism of FosPeg®-PDT may shed light on enhanced strategic development.
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Effect of FosPeg®-PDT on the modulation of MAPK
signaling proteins in undifferentiated NPC cells/C666-1,
poorly differentiated NPC cells/CNE2 and well
differentiated NPC cells/HK1
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5.1 Abstract
Mitogen-activated protein kinase (MAPK) signaling pathways are some of the
major signaling pathways triggered by Epstein-Barr virus (EBV) in nasopharyngeal
carcinoma (NPC) cells. Latest findings reported that photosensitizers localized in
mitochondria resulted in modulation of MAPK signaling pathways.
FosPeg® is a new formulation of mTHPC encapsulated in PEGylated liposomes
with optimized distribution properties. In our previous publication, we reported that
FosPeg® localized in mitochondria. This chapter focused on the effect of FosPeg®PDT on the epidermal growth factor receptor (EGFR) signaling proteins; MAPK
signaling proteins, and their downstream proteins such as telomerase, NF-kB and
Vascular endothelial growth factor (VEGF).
Results showed that at LD70, FosPeg®-PDT elicited down-regulation of different
signaling proteins, including EGFR signaling proteins (EGFR and Raf); MAPK
signaling proteins (p38, JNK, ERK) and their downstream proteins (telomerase and
VEGF) in all three NPC cell lines. Our study indicated that EGFR signaling
pathways; MAPK signaling pathways, and their downstream signal proteins were
modulated by FosPeg®-PDT, leading to inhibition of cell proliferation and cell
motility.
Our study provided the first evidence for the role of FosPeg®-PDT on modulation of
MAPK signaling proteins and their downstream effectors in NPC cells. In vivo
studies of FosPeg® are worth examined for the benefit of PDT applications in EBV
induced cancers.
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5.2 Introduction
The localization of photosensitizer is important to PDT treatment as the singlet
oxygen and reactive oxygen species (ROS) being generated only work on a narrow
distance range (de Visscher et al., 2013Green et al., 2013; Kushibiki et al., 2013;
Shirasu et al., 2013). The preferential localization of photosensitizers in cells was
vital for the determination of the mode of cell death and the alteration of
corresponding signaling pathways (Agostinis et al., 2011; Robertson et al., 2009).
Our publication (section 4.4.1) showed that the photosensitizer FosPeg® was
selectively localized in mitochondria. A number of studies demonstrated that
photosensitizers localized in mitochondria would induce apoptotic cell destruction
(Chen et al., 2011; Devi et al., 2013; Dougherty et al., 1998; Miki et al., 2013; Wang
et al., 2012; Yow et al., 2009). Studies also reported that photosensitizers localized
in mitochondria resulted in alteration of mitogen-activated protein kinase (MAPK)
signaling pathways (Bui-Xuan et al., 2010; Ji et al., 2010).

Figure 5.1 summarized the MAPK signaling pathways involved in NPC
tumourigenesis and proposed protein targets by FosPeg®-PDT. The MAPK signaling
proteins are a chain of proteins in cells that communicate a signal from cell surface
receptor to the nucleus by phosphorylation. Signals transmitted by a cascade of
kinases, including the extracellular signal-regulated kinase (ERK), c-Jun N-terminal
kinase (JNK) and p38 MAPK (p38). Their importance in nasopharyngeal carcinoma
(NPC) development has been proved (Darling and Cook, 2014; Dent 2014; Sui et al.,
2014; Wu et al., 2011).

Phosphorylation of ERK in NPC cells is via the EGFR/Raf/ERK cascade, resulted
in deregulation of cell proliferation (Kung et al., 2011; Lo et al., 2013; Wu & Li et
al., 2009). Phosphorylation of JNK and p38 in NPC cells is LMP1 dependent,
resulted in activation of transcription factor NF-kB.

NF-kB regulated a large

number of genes transcription, such as telomerase, angiogenic factors (e.g. VEGF)
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and matrix metalloproteases (MMP) (Chung et al., 2013; Deng et al., 2003; Murono
et al., 2001; Zheng et al., 2007). Telomerase is an enzyme actively lengthens
telomere in tumour cells, leading to cell immortality.
Here in this chapter, the study aimed to determine the effect of FosPeg®-PDT on the
EGFR signaling proteins; MAPK signaling proteins, and their downstream proteins
in three NPC cell lines.

Figure 5.1 MAPK signaling pathways and their downstream effector proteins.
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5.3 Methodology

5.3.1

Materials

FosPeg® (1.5 mg mTHPC/ml) was kindly provided by Biolitec AG (Germany).
FosPeg® stock solution (10 μg/ml) was prepared in miliQ water. Primary antibodies
for p38 and JNK were purchased from Cell Signaling Technology, Inc. (Danvers,
MA). Primary antibodies for phospho-p38, phospho-JNK, ERK and phospho-ERK
were purchased from BD transduction, Inc. Primary antibodies for EGFR, phosphoEGFR, VEGF and Raf, were purchased from Santa Cruz Biotech, Inc. Primary
antibodies for telomerase and GAPDH were purchased from Abcam, Inc. Secondary
anti-mouse, anti-goat and anti-rabbit antibodies coupled to horseradish peroxidase
were purchased from Cell Signaling Technology, Inc.

5.3.2

The effect of FosPeg®-PDT on MAPK signal pathways and their downstream proteins in NPC cells

In order to elucidate the intracellular signal transduction pathways triggered by
FosPeg®-PDT in EBV positive and EBV negative cells, Western blot analysis was
applied specifically for three major members of the MAP-kinase family, namely p38,
ERK, and JNK. Whole cell lysates collected from both adherent and non-adherent
floating cells were washed with ice-cold PBS and lysed in 0.2 ml lysis buffer (50
mM Tris-HCl, 150 mM NaCl, 1% Nonidet 40, 0.5% (w/v) Na-deoxycholate, 2 mM
phenylmethylsulfonyl fluoride, 1x protease inhibitors). Supernatant was collected
from lysates by centrifugation at 14,000g for 30 minutes at 4 oC. An equal amount
of protein was subjected to 10% sodium dodecyl sulphate polyacrylamide gel
electrophoresis before blotting onto a polyvinylidene difluoride membrane
(Amersham Pharmacia Biotech, Piscataway, NJ). The membrane was blocked with
5% skimmed milk in tris-buffered saline with 0.05% Tween 20 (pH 7.6) for 1 hour
at room temperature. After blocking, the membrane was probed with specificprimary antibodies at 4 oC overnight. After washing, the membrane was incubated
with a secondary antibody coupled to horseradish peroxidase (Amersham and
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Pharmacia Biotech) for 1 hour at room temperature. The antibody-antigen binding
was then detected using an ECL chemiluminescence detection system according to
the manufacturer’s instructions and visualized by Bio-Rad Chemi Doc™ EQ
densitometer (Bio-Rad laboratories, USA). The intensities of the protein bands were
normalized and compared by Bio-Rad Quantity One software (Bio-Rad laboratories,
USA).

5.3.3

Cell cycle and DNA content analysis

Cell cycle phase distribution was analyzed by flow cytometry with propidium iodide
(PI) staining. NPC cells (5×105 cells/dish) were cultured and synchronized in RPMI1640 without FBS for 24 hours. At 4, 24, 48 and 72 hours post-PDT, treated cells
were harvested, washed and suspended in PBS. Cells were fixed with ice cold 80%
ethanol overnight at -20 °C. Fixed cells were washed twice with PBS, then resuspended in PBS containing PI staining solution (10 μg/ml PI, 10 mg/ml RNase A
and triton X-100) followed by incubation at 37 °C for 30 minutes. For each sample,
10,000 events in triplicate were counted by Cytomics FC500 (Beckman Coulter).
The data were analyzed by the FlowJo Software (Version 5.7.2) to estimate the
proportion of the cell cycle phases in form of the cell number against DNA content
histograms. The debris and doublet were gated out and excluded by the software.

5.3.4

Cell motility analysis

The cell migration was determined by wound-healing assay. The NPC cells (3 x 104
cells/well) were seeded in 96-well plates overnight at 37C with 5% CO2. After the
cells reached confluent, a wound was made with a 200 µl pipette tip. The detached
cells and debris were removed and washed with PBS. The cells were then treated
with FosPeg® at LD50; control and dark controls were included. The closure of the
wound by migrating cells was determined at 24 hours post-PDT using a Leica
inverted-phase contrast microscope (Leica DMI 4000B) coupled with a CCD
camera and quantified by NIH Image Software. The dose-dependent effect of the
PSs on wounded NPC cells was as a migration rate compared with the untreated
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cells as the control. Distance of cell migration was estimated by subtracting the
length between the lesion edges at 24 hours from this distance measured at 0 hours.

5.3.5

Statistical analysis

All data were processed and presented by GraphPad Prism (GraphPad Software,
Inc.). Mean and standard deviation (SD) were used to present data and all graphical
error bars were represented in SD. Quantitative data from three independent
experiments were used for analysis of the Western blotting, the cell cycle
progression and wound healing assay. One-way analysis of variance (ANOVA)
followed by Dunnett correction or two-way ANOVA followed by Bonferroni’s
correction post-hoc test was used to analyze differences between groups by the
GraphPad Prism (GraphPad Software, Inc.). A P-value of less than 0.05 was
considered as significant different.
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Results

5.4.1

Effect of FosPeg®-PDT on EGFR signal proteins
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The effect of FosPeg®-PDT on EGFR and Raf protein was measured by Western
blot analysis. Figure 5.2 and 5.3 indicated that FosPeg®-PDT down-regulated EGFR
and Raf protein in all three NPC cell lines. There was a 0.5-fold decrease of EGFR
obtained in both C666-1 and CNE2 cells while a 0.4-fold decrease of EGFR was
obtained in HK1 cells at LD70. A 0.5-fold, 0.7-fold and 0.6-fold decrease of Raf
protein was obtained in C666-1 cells, CNE2 cells and HK1 cells at LD70,
respectively. However, the expression of pEGFR was obtained only in C666-1 cells
and CNE2 cells but not in HK-1 cells. Result indicated that the phorphorylation site
of EGFR protein in HK1 cells may not at regions Tyr1173. Figure 5.2 shows a 0.3fold and 0.7-fold decrease of pEGFR protein in C666-1 cells and CNE2 cells at
LD70, respectively. All these results confirmed that FosPeg® mediated PDT
suppressed EGFR signaling pathways.
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(a) C666-1 cells

(c) CNE2 cells

(b) C666-1 cells

(d) CNE2 cells

(f) HK1 cells

(e) HK1 cells
Fig 5.2 Effect of FosPeg® mediated PDT on the EGFR and phospho-EGFR
(pEGFR) protein expression in C666-1 cells, HK1 cells and CNE2 cells.
Total cellular protein was extracted from control and PDT treated cells for the detection of JNK and
phospho-JNK protein by Western blot analysis. Protein amounts were normalized with GAPDH.
EGFR and phospho-EGFR protein expressed by C666-1 cells (fig a & b); EGFR and phospho-EGFR
protein expressed by CNE2 cells (fig c & d); EGFR protein expressed by HK1 cells (fig. e). PhosphorEGFR protein was not expressed in HK1 cells (fig. f). Significant differences between treatment and
control groups were analyzed by one-way ANOVA and followed by Dunnett’s post-tests (* p<0.05, **
p<0.01, *** p<0.001).
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(a) C666-1 cells

(b) HK1 cells

(c)CNE2 cells

Fig 5.3 Effect of FosPeg® mediated PDT on the Raf protein expression in C666-1
cells, HK1 cells and CNE2 cells.
Total cellular protein was extracted from control and PDT treated cells for the detection of Raf protein
by Western blot analysis. Protein amounts were normalized with GAPDH. Figure a – c showed Raf
proteins expression in C666-1 cells, HK1 cells and CNE2 cells, respectively. Significant difference
between treatment and control groups were analyzed by one-way ANOVA and followed by Dunnett’s
post-tests (* p<0.05, ** p<0.01).
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Effect of FosPeg® PDT on MAPK signaling proteins

We presented in Chapter 4 that FosPeg® localized in mitochondria in all three NPC
cell lines. We also reported that FosPeg®-PDT suppressed EGFR signaling proteins.
Taken together, it is suggested that FosPeg®-PDT could alter MAPK signaling
proteins. Hence in this section, the responses of MAPK proteins (ERK, JNK, p38)
to FosPeg®-PDT were elucidated.

Total ERK and phosphorylated ERK; total JNK and phosphorylated JNK; total p38
and phosphorylated p38 proteins were found to be expressed in all three NPC cell
lines. In comparison to control cells and dark control cells with FosPeg®-PDT
treated cells, FosPeg® mediated PDT down-regulated MAPK signaling proteins was
in drug-dose and light-dependent manners (P<0.05).

Figure 5.4 indicated a 0.3-fold, 0.7-fold and 0.5-fold decrease of ERK signaling
protein in C666-1 cells, HK1 cells and CNE2 cells, respectively. Figure 5.4 also
indicated a 0.4-fold, 0.5-fold and 0.5-fold decrease of pERK signaling protein in
C666-1 cells, HK1 cells and CNE2 cells, respectively. Figure 5.5 indicated a 0.3fold, 0.7-fold and 0.3-fold decrease of JNK signaling protein in C666-1 cells, HK1
cells and CNE2 cells, respectively. Figure 5.5 also indicated a 0.4-fold, 0.2-fold and
0.2-fold decrease of pJNK signaling protein in C666-1 cells, HK1 cells and CNE2
cells, respectively. Figure 5.6 indicated a 0.4-fold, 0.7-fold and 0.5-fold decrease of
p38 signaling protein in C666-1 cells, HK1 cells and CNE2 cells, respectively.
Figure 5.6 also indicated a 0.2-fold, 0.3-fold and 0.5-fold decrease of p-p38
signaling protein in C666-1 cells, HK1 cells and CNE2 cells, respectively. These
results confirmed that FosPeg® mediated PDT down-regulated ERK, JNK and p38
protein, but this varied in different NPC cell lines.
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(a) C666-1 cells

(b) C666-1 cells

(c) HK1 cells

(d) HK1 cells

(e) CNE2 cells

(f) CNE2 cells

Fig 5.4 Effect of FosPeg® mediated PDT on the ERK and phospho-ERK (pERK)
protein expression in C666-1 cells, HK1 cells and CNE2 cells.
Total cellular proteins were extracted from control and PDT treated cells for the detection of ERK and
phospho-ERK protein by Western blot analysis. Protein amounts were normalized with GAPDH.
ERK and phospho-ERK proteins expressed by C666-1 cells (a & b); ERK and phospho-ERK proteins
expressed by HK1 cells (c & d); ERK and phospho-ERK proteins expressed by CNE2 cells (e & f).
Significant differences between treatment and control groups were analyzed by one-way ANOVA and
followed by Dunnett’s post-tests (*: p<0.05, ***: p<0.001).
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(a) C666-1 cells

(b) C666-1 cells

(c) HK1 cells

(d) HK1 cells

(e) CNE2 cells

(f) CNE2 cells

Fig 5.5 Effect of FosPeg® mediated PDT on the JNK and phospho-JNK protein
expression in C666-1 cells, HK1 cells and CNE2 cells.
Total cellular proteins were extracted from control and PDT treated cells for the detection of JNK and
phospho-JNK protein by Western blot analysis. Protein amounts were normalized with GAPDH.
JNK and phospho-JNK protein expressed by C666-1 cells (a & b); JNK and phospho-JNK proteins
expressed by HK1 cells (c & d); JNK and phospho-JNK proteins expressed by CNE2 cells (e & f).
Significant differences between treatment and control groups were analyzed by one-way ANOVA and
followed by Dunnett’s post-tests (* p<0.05, ** p<0.01, *** p<0.001).
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(a) C666-1 cells

(b) C666-1 cells

(c) HK1 cells

(d) HK1 cells

(e) CNE2 cells

(f) CNE2 cells

Fig 5.6 Effect of FosPeg® mediated PDT on the p38 and phospho-p38 protein
expression in C666-1 cells, HK1 cells and CNE2 cells.
Total cellular proteins were extracted from control and PDT treated cells for the detection of p38
and phospho-p38 protein by Western blot analysis. Protein amounts were normalized with GAPDH.
p38 and phospho-p38 proteins expressed by C666-1 cells (a & b); p38 and phospho-p38 proteins
expressed by HK1 cells (c & d); p38 and phospho-p38 proteins expressed by CNE2 cells (e & f).
Significant differences between treatment and control groups were analyzed by one-way ANOVA
and followed by Dunnett’s post-tests (*: p<0.05, ***: p<0.001).
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Effect of FosPeg®-PDT on down-stream proteins of MAPK signaling
pathway

Down-regulation of MAPK signaling proteins responded to FosPeg®-PDT may alter
the expression of MAPK signaling pathway down-stream proteins. Thus the effect
of FosPeg®-PDT on telomerase, VEGF, and NF-kB (down-stream proteins of
MAPK signal pathways) were measured by Western blot analysis.

Figure 5.7 indicated that at LD70, a significant down-regulation of telomerase was
obtained in C666-1 cells (P<0.05). Figure 5.8 indicates that VEGF was only
expressed in C666-1 cells. A significant decrease in VEGF was obtained at LD70 in
C666-1 cells (P<0.05). However, Figure 5.9 indicates that the expression of NF-kB
protein was not affected by FosPeg®-PDT. The expression of NF-kB protein may
be overwhelmed by the oxidative stress caused by FosPeg®-PDT or other LMP1
signals present in NPC cells (Lavogna and Harhaj, 2012; Chung et al., 2013; Price
et al., 2012). All these results confirmed that FosPeg® mediated PDT suppressed
EGFR signaling proteins; MAPK signaling proteins and their down-stream proteins.
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(a) C666-1 cells

(b) HK1 cells

(c) CNE2 cells

Fig 5.7 Effect of FosPeg® mediated PDT on the telomerase expression in C666-1
cells, HK1 cells and CNE2 cells.
Total cellular protein was extracted from control and PDT treated cells for the detection of telomerase
protein by Western blot analysis. Protein amounts were normalized with GAPDH. Figure a – c shows
Telomerase expression in C666-1 cells, HK1 cells and CNE2 cells, respectively. Significant differences
between treatment and control groups were analyzed by one-way ANOVA and followed by Dunnett’s
post-tests (* p<0.05, ** p<0.01).
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(b) HK1 cells and CNE2 cells
(a) C666-1 cells

Fig 5.8 Effect of FosPeg® mediated PDT on the VEGF protein expression in C6661 cells, HK1 cells and CNE2 cells.
Total cellular protein was extracted from control and PDT treated cells for the detection of VEGF protein
by Western blot analysis. Protein amounts were normalized with GAPDH.
VEGF protein expressed by C666-1 cells (a); VEGF protein was not expressed by HK1 cells and CNE2
cells (b). Significant differences between treatment and control groups were analyzed by one-way
ANOVA and followed by Dunnett’s post-tests (* p<0.05, ** p<0.01, *** p<0.001).
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(a) C666-1 cells

(b) HK1 cells

(c) CNE2 cells
Fig 5.9 Effect of FosPeg® mediated PDT on the NF-kB protein expression in C6661 cells, HK1 cells and CNE2 cells.
Total cellular protein was extracted from control and PDT treated cells for the detection of NF-kB
protein by Western blot analysis. Protein amounts were normalized with GAPDH. Figure a – c showed
NF-kB protein expression in C666-1 cells, HK1 cells and CNE2 cells respectively. Significant
differences between treatment and control groups were analyzed by one-way ANOVA and followed by
Dunnett’s post-tests (* p<0.05, ** p<0.01, *** p<0.001).
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FosPeg®-PDT induced cell cycle and DNA content change in NPC cells

It was suggested that alteration of MAPK signaling proteins regulated cell cycle.
Thus alteration of cell cycle phase distribution mediated by FosPeg® was
determined by flow cytometric analysis.
In Table 5.1, data showed that FosPeg®-PDT demonstrated a time dependent cell
cycle arrest in all three NPC cell lines. Representative data were shown in Figure
5.10. The sub-G1, G1/G0, S and G2 phases were represented as (A), (B), (C) and (D)
in the histograms, respectively.
Table 5.1 represented the time-dependent cell cycle regulated by FosPeg®-PDT on
C666-1 cells, HK1 cells and CNE2 cells, respectively. For C666-1 cells, CNE2 cells
and HK1 cells at LD50, a significant increase in percentage of sub-G1 phase cells
were obtained at 72 hours post FosPeg®-PDT, with 62.6%, 12.7% and 13.6% C6661 cells, CNE2 cells and HK1 cells undergoing apoptosis, respectively (p<0.05).
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Figure 5.10 Flow cytometric analysis for effect of FosPeg®-PDT on cell cycle
distribution in NPC cells 24 h after treatment at LD50.
Representative data were shown in (a, d) C666-1 cells; (b, e) HK1 cells; (c, f) CNE2 cells.
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Table 5.1 Flow cytometric analysis for time-effect of FosPeg®-PDT on cell cycle
distribution in NPC cells 4-72 hours after treatment at LD50.
C666-1 cells

Control

4 hours

Sub-G1

4.40 ±
0.45%

3.91 ±
1.33%

G0/G1

54.03 ±
0.39%

59.74 ±
1.97%

S

15.23 ±
1.48%

14.32 ±
1.72%

G2/M

17.45 ±
1.24%

19.93 ±
2.42%

7.02 ±
1.45%

3.72 ±
2.62%***

3.82 ±
3.32%**

HK1 cells

Control

4 hours

24 hours

Sub-G1

1.01 ±
0.36%

0.83 ±
0.25%

3.60 ±
2.65%

48 hours
9.43 ±
2.71%*

72 hours
13.64 ±
5.34%***

70.51 ±
3.73%

80.05 ±
1.61%

76.57 ±
3.85%

69.88 ±
2.05%

67.10 ±
7.84%

S

8.48 ±
2.39%

8.76 ±
1.64%

8.36 ±
1.18%

8.64 ±
0.44%

9.10 ±
0.61%

G2/M

13.61 ±
0.71%

10.69 ±
0.58%

12.24 ±
2.24%

11.27 ±
0.42%

9.50 ±
3.04%

CNE2 cells

Control

4 hours

24 hours

48 hours

Sub-G1

1.36 ±
0.26%

1.13 ±
0.54%

6.08 ±
0.97%

6.52 ±
0.37%

72 hours
12.74 ±
5.76%**

G0/G1

77.53 ±
6.78%

65.48 ±
3.01%

73.03 ±
1.05%

78.98 ±
1.95%

64.04 ±
3.91%***

S

12.40 ±
8.66%

12.48 ±
2.75%

10.74 ±
0.74%

5.55 ±
2.49%

15.6 ±
2.47%

7.66 ±
0.66%

13.32 ±
1.12%

8.89 ±
1.00%

8.25 ±
0.54%

6.62 ±
2.02%

G0/G1

G2/M

24 hours
47.01 ±
2.03%***

48 hours
51.46 ±
8.80%***

72 hours
62.62 ±
12.06%***

29.97 ±
8.36%***

25.68 ±
10.91%***

21.69 ±
6.89%***

9.96 ±
5.41%

16.57 ±
8.76%

8.61 ±
3.75%

(a) C666-1 cells; (b) HK1 cells; (c) CNE2 cells. The cell percentages at different cell cycle phases
expressed as mean±S.D. of three independent experiments. Significant difference between treatment
and control groups were analyzed by two-way ANOVA and followed by Bonferroni’s post-tests (*
p<0.05, ** p<0.01, *** p<0.001).
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5.4.5 FosPeg®-PDT reduced cell motility
Given the impact of MAPK signal proteins on the cell motility, scratch/wound
healing assay was performed on FosPeg®-PDT treated cells (LD50). Figure 5.11
indicated that FosPeg®-PDT treated cells reduced cell migration rate in all three
NPC cell lines.

After 24 hours, the controls of HK1 cells and CNE2 cells showed a complete
closure of the wounded area. A 66% closure of the wounded area was obtained in
C666-1 control cells after 48 hours. The migration rate of FosPeg®-PDT treated
C666-1 cells, HK1 cells and CNE2 cells were 0%, 8% and 60% respectively.
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(a) C666-1 cells

(b) C666-1 cells, 48hrs
48hrs

(c) C666-1 cells, 48 hrs

(d) CNE2 cells

(e) CNE2 cells, 24hrs

(f) CNE2 cells, 24hrs

(g) HK1 cells

(h) HK1 cells, 24hrs

(i) HK1 cells, 24hrs

Control cells,

Control cells,

FosPeg® PDT treated cells,

0 hour after scratched

24/48 hours after scratch

24/48 hours after scratch

Fig 5.11 Effect of FosPeg® mediated PDT on cell migration in C666-1 cells, HK1
cells and CNE2 cells.
Figure a, b & c represent C666-1 control cells, C666-1 control cells (48 hours after scratch) and C666-1
cells (LD50 FosPeg® PDT treated cells, 48 hours after scratch);
Figure d, e & f represent CNE2 control cells, CNE2 control cells (24 hours after scratch) and CNE2 cells
(LD50 FosPeg® PDT treated cells, 24 hours after scratch);
Figure g, h & I represent HK1 control cells, HK1 control cells (24 hours after scratch) and HK1 cells
(LD50 FosPeg® PDT treated cells, 24 hours after scratch).
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Discussion

As a 3rd generation photosensitizer, FosPeg® showed an improved PDT efficacy
over mTHPC in vitro (Bovis et al., 2012; Buchholz et al., 2005; Compagnin et al.,
2011; de Visscher et al., 2011; Hallewin et al., 2008; Lassalle et al., 2009; Maeda et
al., 2000; Pegaz et al., 2006). According to chapter 4, it was confirmed that
mitochondria were the major target site of FosPeg® PDT in NPC cells regardless of
cell differentiation status.

Studies reported that PDT localized in mitochondria inhibited the expression of
EGFR signaling protein. Hwang et al. (2013) reported that photosensitizers
carboplatin and radachlorin targeted to mitochondria in head and neck cancer cells
(AMC-HN3), resulted in alteration of EGFR expression. Tsai et al. (2009) reported
that 5-ALA localized in mitochondria supress the EGFR expression level in lung
cancer cells, melanoma cells and breast carcinoma cells via reduction of EGFR
mRNA expression. Hence the effect of FosPeg®-PDT on EGFR signaling proteins
was measured in this study.

Our results illustrated that EGFR and its down-stream Raf protein were consistently
expressed in all three NPC cell lines. Down-regulation of EGFR and Raf protein
was resulted in all three NPC cell lines after FosPeg®-PDT. Similar results were
observed in various studies. Tsai et al. (2009) reported that 5-ALA-PDT downregulated the protein level of EGFR in lung adenocarcinoma cells and melanoma
cells. The reduction of EGFR was correlated with reduced invasiveness. Wong et al.
(2003) also reported that 5-ALA- and Photofrin-PDT down-regulated EGFR
expression in FaDu cells and lung fibroblasts. Ahmad et al. (2001) reported that
PDT down-regulated EGFR expression in human squamous carcinoma A431 cells.
Bhuvaneswari et al. (2009) also reported that combination therapies of PDT and
EGFR inhibitors inhibited tumour growth effectively in the bladder tumour
xenograft model.
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EGFR is an oncoprotein involved in cell proliferation. Phosphorylation of EGFR
signaling protein activated transcription factors via MAPK signaling pathways that
modulate different cellular responses, such as the cell cycle, cell proliferation,
inhibition of apoptosis, and angiogenesis (Yang et al., 2012). Studies also reported
that photosensitizers localized in mitochondria resulted in alteration of MAPK
signaling pathways (Bui-Xuan et al., 2010; Ji et al., 2010). Taken together, the
effect of FosPeg®-PDT on MAPK signaling proteins were elucidated.

The signal transduction pathways triggered by PDT treatment varied with the cell
type and photosensitizer employed (Oleinick, et al., 2002; Wu et al., 2011; Yow, et
al., 2006). Studies showed that up-regulation of MAPK signaling pathways played a
vital role in NPC development (Chan 2010; Dawson et al., 2012; Tsao et al., 2012).

ERKs are constitutively expressed in NPC cells, which regulated a diverse range of
cellular functions, such as cell growth and development (Kerkhoff & Rapp, 1998;
Zhang et al., 2007). Phosphorylation of ERK via the EGFR cascade activated NFkB, stimulated angiogenesis, cell migration and invasion (Downward, 2003; Roberts
& Der, 2007; Yu et al., 2013). Up-regulation of JNK was also observed in NPC cells,
resulted in cell cycle deregulation via increased p53 phosphorylation (Eliopoulos &
Young, 1998; Tsai et al., 2006). The p38 protein was also constitutively expressed in
NPC cells, which regulated a wide range of cellular functions, including the selfsufficiency of growth signals, angiogenesis, metastasis, regulation of the cell cycle,
and protection against apoptosis (Chen et al., 2010; Roux & Blenis, 2004).

Inhibition of MAPK signaling protein expression could be one of the therapeutic
approaches to eliminate NPC cells. Our data confirmed that FosPeg®-PDT
significantly down-regulated the expression of ERK, JNK and p38 proteins at LD70
in all three NPC cells, resulted in apoptotic cell death (P<0.05). The MAPK
signaling pathways downstream proteins, including telomerase and VEGF, were
also down-regulated by FosPeg®-PDT at LD70. Our finding was echoed with other
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studies, indicating the vital role of MAPK and their down-stream proteins in NPC
cell elimination. Chan et al. (2009) reported that inhibition of p38 expression
enhanced hypericin-PDT efficacy in HK1 cells, resulted in apoptotic cell death. It
was also reported that inhibition of p38 protein enhanced the therapeutic efficacy in
NPC cells (Chen et al., 2010). Deng et al. (2011) reported that down-regulation of
ERK protein expression in CNE2 cells by microRNA resulted in tumour growth
suppression.

However, our data indicated that the expression of NF-kB protein was not affected
by FosPeg®-PDT. The down-regulation of NF-kB protein via regulation of MAPK
signaling proteins may be overwhelmed by the oxidative stress caused by FosPeg®PDT or other LMP1 signals present in NPC cells (Lavogna and Harhaj, 2012;
Chung et al., 2013; Price et al., 2012). It was well document that NF-kB is sensitive
to the cellular oxidative stress (Ryter and Gomer, 1993; Piret et al., 1995; Rapozzi et
al., 2011). Studies also illustrated that ROS generated by PDT lead to NF-kB
activation, resulted in regulation of the inflammatory response, cell proliferation,
apoptosis and angiogenesis (Matroule et al., 2006; Coupienne et al., 2010).
To sum up, FosPeg®-PDT is an effective treatment option for both EBV positive and
EBV negative NPC cells in vitro. All the evidence shown in this study supports the
hypothesis that MAPK signaling proteins could be one of the therapeutic targets and
biomarkers for FosPeg®-PDT NPC treatment (Figure 5.12). Continuing work in this
field will further elucidate the action mechanisms mediated by FosPeg®-PDT, in turn,
as an alternative treatment complementary to radiation therapy with minimized
adverse effects. However, there remains a need for well-designed, randomized,
controlled trials in order to allow PDT to become a part of mainstream clinical
practice.
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Fig 5.12 Diagram indicated inhibitory effect of FosPeg® mediated PDT on
MAPK signaling proteins and their down-stream proteins.
 Stimulatory effect.

Inhibitory effect.
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6.1 Abstract
Multidrug resistance is the major obstacle to chemotherapy in tumour patients. The
term multidrug resistance (MDR) refers to the ability of cancer cells to develop
cross resistance to a range of anti-tumour drugs which are structurally and
functionally unrelated. Recent studies illustrated the importance of ABC membrane
transporters as one of the leading mechanisms of MDR in cancer cells. Among
these, P-glycoprotein (P-gp) is the best studied mechanisms of MDR phenotype in
photodynamic therapy (PDT) treated cells.

In this in vitro study, the expression of MDR1 gene and its product, P-gp on human
undifferentiated,

poorly

differentiated

and

well

differentiated

human

nasopharyngeal carcinoma (NPC) cells were investigated at pre and post FosPeg®
photoactivation via flow cytometry and Western blotting analysis. The influence of
P-gp efflux activity on FosPeg® was also examined via flow cytometry.

Regardless the differentiation status, all the three NPC cell lines express P-gp
protein. Results indicated that FosPeg® photoactivation heighten the expression of
MDR1 gene and P-gp transporter at LD70. 4-fold to >10-fold increase of MDR gene
and 1-fold to 2-fold increase of P-gp protein expression were obtained on NPC cells
after FosPeg® mediated-PDT. Interestingly, FosPeg® itself is not the substrate of Pgp transporter protein and no efflux of FosPeg® through P-gp was observed in all
three tested NPC cell lines. Thus the PDT efficiency was not affected even FosPeg®
mediated PDT induced MDR1 gene and P-gp protein expression in NPC cells.
FosPeg®-PDT could be a potential therapeutic approach for MDR cancer patients.
Understanding the mechanism of FosPeg® on development of drug resistance
properties may help to develop better treatment strategies for NPC.
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6.2 Introduction
Multidrug resistance is the major obstacle to chemotherapy in tumour patients. The
term multidrug resistance (MDR) refers to the ability of cancer cells being
developed to cross resists with a range of anti-tumour drugs which are structurally
and functionally unrelated. Development of resistant cells after conventional
chemotherapy is a major concern for oncologists, which may affect the therapeutic
efficacy. The ability of tumour cells to efflux a wide variety of chemotherapeutics
limited the choices of chemo-drugs by the clinicians. Resistance of tumours to
chemotherapies depends on the influence to uptake, transport and metabolism of the
drug. The phenomenon of MDR could be achieved by the following mechanisms:
increase drug efflux from the cells via the adenosine triphosphate binding cassette
transporters (ABC); inactivation of drugs via detoxifying enzymes; and defective
apoptotic pathways (Stavrovskaya, 2000; Szakacset et al., 2006). Among these,
over-expression of the transporter protein that actively pumps out chemo-drugs or
photosensitizers admitted is the major cause of drug resistance. These plasma
membrane

glycoproteins

include

P-glycoprotein

(P-gp/ABCB1),

multidrug

resistance associated protein (MRP1/ABCC1) and breast cancer resistance protein
(BCRP/ABCG2).

Multi-drug resistance (MDR1) transporter, P-glycoprotein (P-gp) is one of the
transporter proteins over-expressed in resistant tumours. Recent studies indicated
that P-gp is the most typical ATP-dependent drug efflux pump contributed to
multidrug resistance in cancer cells. P-gp/MDR transporter protein is the bestcharacterized mechanism of MDR in tumour (Eichhorn & Efferth, 2012; Gottesman
& Ling, 2006; Lespine et al., 2012; Szakacs et al., 2006; Tredan et al., 2007).
Studies also revealed that the expression of P-gp was correlated with poor survival
rates in recurrent or metastatic nasopharyngeal carcinoma (NPC) patients (Chen et
al., 2001; Hsu et al., 2002). Increased expression of P-gp was frequently seen in
NPC drug-resistant cancer cell lines. Ji’s study demonstrated an increase in P-gp
expression in NPC/CNE1 cell line after radiotherapy (Ji et al., 2013). The increased
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expression of P-gp was associated with various stimuli including anticancer drugs
and oxidative stress (Lin et al., 2001; Mo et al., 2012; Schrenk et al., 2001; Su et al.,
1998; Yamane et al., 1998).

Since there was considerable growth of PDT in the past two decades, researchers
have raised their concern on drug resistance to photosensitizers. Among these, P-gp
is the well-studied mechanism of MDR phenotype in PDT treated cells (Aszalos,
2007; Solazzo et al., 2006). Pre-clinical and clinical data published in the past two
decades indicated that tumour cells resistant to some photosensitizers did affect the
efficacy and choices of PDT to cancer patients. Patients with different tumours, such
as head and neck and liver carcinoma were affected (Capella & Capella, 2003;
Moan & Peng, 2003; Robey et al., 2005). Controversially, studies indicated that
some photosensitizers were able to inhibit the expression of P-gp in various cancers,
such as uterine carcinoma and hepatocellular carcinoma (Chu et al., 2008; Tang et
al., 2009). mTHPC-PDT was being investigated as a potential drug candidate
against multi-drug resistant breast tumours with promising results (Teiten et al.,
2001). Study also indicated that mTHPC mediated PDT did not induce resistance to
subsequent cycles of PDT (Hornung et al., 1998). However, the exact mechanism
for overcoming resistance is not fully understood.
In view of limited information related to the interaction between FosPeg® and Pgp/MDR1 transporter proteins, we therefore have systemically examined whether
FosPeg® is a P-gp substrate and determined its effects on the drug resistant
properties by examined MDR1 and P-gp protein expression in three NPC cell lines.
Expression of MDR1 mRNA and P-gp protein after FosPeg® mediated PDT
treatment together with the functional role of P-gp efflux properties on FosPeg®
were carried out.
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6.3 Methodology

6.3.1

Quantitation

of

MDR1

mRNA

expression

by

real-time

RT-

PCR
NPC cells (1x106 cells/dish) were either treated as dark control cells (0.3μg/ml
FosPeg® without light irradiation) or at the following lethal doses of FosPeg® and
LED light dose. For C666-1 cells, LD30 (0.05µg/ml, 3 J/cm2) and LD70 (0.30µg/ml,
3 J/cm2) were applied for subsequent experiments. For HK1 cells, LD30 (0.05µg/ml,
3J/cm2) and LD70 (0.25µg/ml, 3 J/cm2) were used. For CNE2 cells, LD30 (0.05µg/ml,
3J/cm2) and LD70 (0.125µg/ml, 3 J/cm2) were used. At 24 hours post-PDT, the cells
were harvested and the total cellular RNA was extracted using the High Pure RNA
isolation kits (Roche, USA) according to the manufacturer’s specifications.
Concentration of RNA in extracted samples was measured by nanodrop ND-2000
spectros photometer (Nanodrop Technologies Inc., Wilmington, DE, USA). The
extracted RNA (2 μg) from each tested sample was synthesized to cDNA using
Transcriptor First Strand cDNA Synthesis Kit (Roche, USA). Transcript of the
human MDR1 gene was quantitatively measured by Real-Time PCR using an
Applied Biosystems (ABI) 7500HT-SDS instrument (Foster City, CA). The primers
and probe set for the assay were purchased from Applied Biosystems as “Taqman
Gene Expression Assays®” for MDR1 transcript, which spans intron 23 and generate
a 110 bp amplicon. For qPCR, 20 ng of cDNA was used for each reaction with a
final volume of 20 μL, containing 200 nM primers and 100 nM probe. The cycling
conditions for PCR were 50 oC for 5 minutes, 95 oC for 10 minutes followed by 50
cycles each of 95 oC for 15 s and 60 oC for 1 minute. Each sample was run in
triplicate and mean/standard deviation cycle threshold values were determined.
Results were normalized with endogenous reference gene GAPDH. Calculation of
the relative expression values (fold change or (2−(ΔΔCt))) of all genes was performed
using the comparative threshold cycle (Ct) method.
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Flow cytometric analysis of the P-glycoprotein expression modulation
mediated by FosPeg® PDT

The untreated control and FosPeg® treated NPC cells at LD50 and LD70 were
harvested at 24 hours post-PDT. The cells were trypsinized and washed twice with
PBS. Then, the cells were re-suspended in 100μL PBS and stained with 20μL of PEconjugated P-glycoprotein monoclonal antibody CD243 (Immunotech; Beckman
Coulter, USA) for 30 minutes at room temperature. Each sample with 10,000
events/counts was analyzed by flow cytometry. The fluorescent intensity was
proportional to the P-gp expression on the cell surface.

6.3.3

Determination of MDR1/P-gp efflux transporter function in FosPeg®
treated NPC cells by flow cytometric analysis

NPC cells (1 x 106 cells/dish) were seeded in 35mm culture dishes with 5% CO2 at
37˚C overnight. Cells were either incubated in serum free medium with
Rhodamine123 (5μM), a P-gp substrate (Sigma, St Louis MO), for 30 minutes or
incubated in serum free medium with FosPeg® (0.3 μg/ml). After washed with PBS,
cells were incubated in fresh medium and allowed to efflux for up to four hours.
Then, these cells were incubated in fresh medium and allowed to efflux for four
hours in the presence or absence of 100μM verapamil as a P-gp inhibitor (Sigma, St
Louis MO). All the treated cells were harvested, washed, and analyzed by flow
cytometry as described above.
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Statistical analysis

All data were processed and presented using GraphPad Prism (Version 5.01)
(GraphPad Software, Inc.). Mean and standard deviation (SD) were used to present
data and all graphical error bars were represented in SD. Quantitative data from
three independent experiments were used for analysis of the qPCR and flow
cytometric assay. One-way analysis of variance (ANOVA) followed by Dunnett
correction or Student’s t test was used to analyze differences between groups by the
GraphPad Prism (GraphPad Software, Inc.). A P-value of less than 0.05 was
considered as significant different.

Chapter 6

169

6.4 Results
6.4.1 Effect of FosPeg®-PDT on MDR1 mRNA expression
In order to determine whether photoactivation of FosPeg® modulated multi-drug
resistance transporter function, MDR1 transcript expression was measured. Our
initial data indicated that all three tested NPC cell lines expressed MDR1 mRNA
(Figure 6.1). A significant increase in MDR1 mRNA expression was obtained at
LD70 in both C666-1 cells and HK1 cells (4.5-fold and 12.4-fold increase
respectively, P<0.05). We observed a 2.2-fold increase at LD50 and 4.5 fold increase
at LD70 in C666-1 cells; a 3-fold increase at LD50 and 12.4-fold increase at LD70 in
HK1 cells; and a 5.3-fold increase at LD50 and 4.7-fold increase at LD70 in CNE2
cells (Figure 6.1 a-c).
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Figure 6.1 MDR1 mRNA levels with photoactivated FosPeg® at pre- and posttreatment C666-1, CNE2 and HK1 cells were treated with FosPeg® at LD30,
LD50, and LD70 (a: C666-1 cells; b: CNE2 cells; c: HK1 cells).
The MDR1 mRNA levels in the control and treated cells were measured using Real-time PCR 24
hours post-PDT as described in the materials and methods. Total RNA was extracted and converted
to cDNA from control and PDT treated cells for the detection of MDR1 mRNA expression by
TaqMan qPCR. Housekeeping gene GAPDH was used as control to normalize the mRNA amounts
in different treatment. Up-regulation of MDR1 mRNA expression was obtained at LD70 at all three
tested cell lines. There were statistically significant changes in C666-1 cells and HK1 cells at LD70
FosPeg® mediated PDT. Significant differences between treatment and control groups were analyzed
by one-way ANOVA and followed by Dunnett’s post-tests (*: p<0.05, **: p<0.01, ***: p<0.001).

6.4.2 Effects of FosPeg®-PDT on MDR1/P-gp protein expression
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The expression of P-gp/MDR1 protein was measured by flow cytometry to
determine whether photoactivativation of FosPeg® up-regulated the expression of
multi-drug resistance transporter protein P-gp. The following 4 conditions were
selected for the follow-up protein expression assay including control, dark control,
LD50 and LD70. NPC cells stained with PE-conjugated P-glycoprotein monoclonal
antibody CD243 were examined by flow cytometry. As shown in figure 6.2 and
Table 6.1, increased expression of P-gp protein was obtained after FosPeg®
incubation. A significant increase in P-gp expression was obtained in both C666-1
and HK1 cells when treated with FosPeg® (LD70). A slight increase of P-gp
expression was also obtained in both C666-1 and HK1 cells when treated with
FosPeg® in dark, indicated that FosPeg® alone may induced P-gp protein expression.
This increased expression of P-gp protein induced by FosPeg® was evident by the
increase in the number of cells with a high P-gp surface expression at LD70. To
further investigate the effects of increased MDR1 gene expression to P-gp activity, a
P-gp/MDR1 efflux transporter assay was carried out.
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Figure 6.2 P-gp/MDR1 protein levels before and after treatment with
photoactivated FosPeg®.
C666-1, CNE2 and HK1 cells were treated with FosPeg® at LD50, and LD70 (a: C666-1 cells; b:
CNE2 cells; c: HK1 cells). The control and treated cells were stained with PE-conjugated Pglycoprotein monoclonal antibody (CD243) for 20 minutes at 24 hours post-PDT followed by flow
cytometric analysis (One-way ANOVA * p<0.05, ** p<0.01 and ***<0.001).

Table 6.1 Flow cytometric analysis for PE-conjugated P-glycoprotein
monoclonal antibody CD243 expression on NPC cells.
Control
LD50
LD70
Dark control

C666-1 cells
10.35 ± 1.49
11.32 ± 0.81
46.67 ± 1.91**
12.64 ± 1.18

CNE2 cells
19.31 ± 0.61
20.38 ± 0.91
20.55 ± 0.60
17.10 ± 2.16

HK1 cells
16.95 ± 1.06
22.02 ± 1.22
29.81 ± 4.16***
24.78 ± 1.20**

The fluorescence intensity of cells at different conditions expressed as mean±S.D. of three
independent experiments. Significant difference between treatment and control groups were analyzed
by one-way ANOVA and followed by Dunnett’s post-tests (*: p<0.05, **: p<0.01, ***: p<0.001).

6.4.3 Effect of MDR1/P-gp efflux transporter on FosPeg® accumulation in NPC
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cells
In order to determine whether FosPeg® is a P-gp substrate, we evaluated its levels in
the proposed cells in the presence of a validated P-gp inhibitor, verapamil.
Verapamil was applied at a concentration (100µM) known to effectively inhibit Pgp function. The following conditions were being tested: 1) incubation with
Rhodamine 123 (Rho123) for 30 minutes, then allowed for up to 4 hours efflux; 2)
incubation with FosPeg® for 4 hours, then allowed for up to 4 hours efflux in the
absence of verapamil; 3) incubation with FosPeg® for 4 hours, then allowed for up
to 4 hours efflux in the presence of verapamil; 4) control cells only. A significant
efflux of Rho123 was observed in all three NPC cell lines in a time-dependent
manner (Figure 6.3 and Table 6.2). This was evidenced by the decreased fluorescent
intensity after 4 hour efflux. All data pointed out that an active P-gp function was
identified in the tested NPC cell lines. Data also indicated that FosPeg® is not the
substrate of P-gp. In the FosPeg® treated group, no significant changes of
fluorescence intensity were observed after 4 hour efflux in the presence or in the
absence of verapamil. All these data suggested that FosPeg® induced P-gp
expression but itself was not a P-gp substrate in the C666-1 cells, CNE2 cells and
HK1 cells.

Chapter 6
(a)

173
(b)

(c)

Figure 6.3 P-gp efflux activity in C666-1cells, CNE2 cells and HK1 cells.
The C666-1 cells, CNE2 cells and HK1 cells were incubated with either 5µM Rhodamine123 for 30 minutes
or with 0.07μg/ml FosPeg® for 4 hours to allow for uptake (a: C666-1 cells; b: CNE2 cells; c: HK1 cells).
Rho123 or FosPeg® was allowed to be efflux out of the cells for up to 4 hours. Intracellular fluorescent
intensities were measured by flow cytometry in both the Rhodamine123 treated cells and the FosPeg® treated
cells after 4 hours efflux time in the presence or absence of verapamil (100µM).

Table 6.2 Flow cytometric analysis for Rho123/FosPeg® efflux on NPC cells.
C666-1 cells
CNE2 cells
HK1 cells
Control
0.26 ± 0.01
0.38 ± 0.01
0.28 ± 0.04
Rho123 0h efflux
38.90 ± 1.57
25.57 ± 1.25
21.58 ± 0.76
Rho123 2h efflux
26.32 ± 1.59**
8.13 ± 2.44***
12.3 ± 0.46****
Rho123 4h efflux
19.38 ± 4.39***
5.88 ± 2.96***
9.74 ± 0.54****
FosPeg® 0h efflux
3.76 ± 0.42
4.14 ± 0.07
3.38 ± 0.02
®
FosPeg 4h efflux
4.02 ± 0.06
4.51 ± 0.14
3.38 ± 0.05
FosPeg® 4h efflux
3.9 ± 0.21
4.34 ± 0.30
3.47 ± 0.07
with verapamil
The fluorescence intensity of cells at different conditions expressed as mean±S.D. of three
independent experiments. Significant difference between treatment and control groups were analyzed
by one-way ANOVA and followed by Dunnett’s post-test (** p<0.01, *** p<0.001, ****p,0.0001).
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6.5 Discussion
This is the first study aim at studying the effect of FosPeg®-PDT to P-gp function
modulation in NPC cells. To evaluate the potential effect of FosPeg®-PDT as a long
term treatment for nasopharyngeal carcinoma, the effects of FosPeg®-PDT on
MDR1 transcript and protein levels in three NPC cell lines were examined. There
are only few articles revealed the correlation of multidrug resistance protein
expression on EBV infected NPC cells. A few studies demonstrated that P-gp and
MRP1 were found to be expressed in NPC cells but at different levels
(Larbcharoensub et al., 2008; Tsuzuki et al., 1998). This study found that
photoactivation of intracellular FosPeg® resulted in activation of MDR1 mRNA
levels in all three NPC cell lines. The significant effect of FosPeg® on MDR1 gene
expression was observed at high dose (LD70) in all three NPC cells (P<0.05).
Compare to the photoactivated FosPeg®, however, FosPeg® itself could also trigger
P-gp expression. A slightly increased of P-gp expression was obtained in both
C666-1 and HK1 cells when treated with FosPeg® in dark indicated that FosPeg®
alone could also stimulate P-gp protein expression. Taken together, results indicated
that photosensitizer FosPeg® induced P-gp transporter protein expression at LD70.
With substantial P-gp expression detected in all three NPC cells, drug efflux
functional assay was then performed. The drug efflux functional assay was used to
evaluate the effect of increased MDR1 gene expression and P-gp protein expression
to P-gp activity, especially on the efflux of photosensitizer FosPeg®.

P-gp transporter activity was constantly detected in C666-1, HK1 and CNE2 cells,
which evidenced by the efflux of Rhodamine 123, a substrate of P-gp. For up to 4
hours efflux time, a continuously efflux of Rhodamine 123 was detected in all three
NPC cell lines in a time-dependent manner (Figure 6.3). Interestingly, FosPeg®
itself appeared not to be a substrate of P-gp. No efflux of FosPeg® was detected in
all three NPC cells for up to 4 hours efflux time. Results were in-line with Teiten’s
finding (Teiten et al., 2001). By using MCF-7/DXR human breast cancer cells (with
P–gp expression), Teiten demonstrated that the mTHPC-induced cytotoxicity was
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not modified by the presence of P-gp inhibitors SDZ-PSC-833. Our finding proved
that mTHPC based photosenstizer FosPeg® is not the substrate of P-gp transporters.
Compared with the constant efflux of Rho123, similar concentration of intracellular
FosPeg® was detected after 4 hour efflux time in the presence or absence of
verapamil. Results indicated that FosPeg® is not the substrate of P-gp transporters
(Figure 6.3). Thus FosPeg® could be used ideally as a combined therapy together
with chemo-drugs and P-gp inhibitors for drug resistance patients. Given that the
MDR1 effects appeared to increase with drug dose, it is possible to initiate the
multiple photoactivation process with lower FosPeg® dose in cancer cells in order to
minimize the FosPeg® induced MDR1 effects. Regarding the limited recognition of
FosPeg® to P-gp transporters, sufficient intracellular FosPeg® levels were reached to
provide reasonable potency against highly resistant human nasopharyngeal
carcinoma cells with P-gp over-expression phenotype. ABCG2 is another type of
transporter proteins that contribute to drug resistance properties. Robey et al. (2005)
revealed the effect of ABCG2- mediated transporter proteins on a range of
photosensitizers. The study concluded that ABCG2 should be a possible cause for
cellular resistance to photodynamic therapy. On the contrary, photosensitizers with
strong amphiphilic properties were not being affected. Selbo et al. (2012) reported
that photosensitizers, such as meso-tetra(3-hydroxyphenyl)porphyrin (m-THPP) and
meso-tetra(3-hydroxyphenyl)chlorin (m-THPC, Foscan) were not substrates of
ABCG2. These echoed with our findings as no FosPeg® was effluxed out 4 hours
after drug addition in all three NPC cell lines.
Our mechanistic studies suggested that the photosensitizer FosPeg® played a
significant role in overcoming resistant tumours with P-gp transporter protein overexpression. FosPeg®-PDT could be used to overcome MDR1-related cancer drug
resistance, which is evidenced by this study. Yet the expression of other transporter
proteins in NPC cells and their interaction with FosPeg® remain to be determined.
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In summary, this study found that FosPeg® mediated PDT induced up regulation of
MDR1 gene transcript and P-gp proteins. However, the FosPeg® mediated PDT
efficacy was independent to the P-gp transporters function. Our results suggested
that FosPeg® mediated PDT could be one of the novel treatments for P-gp mediated
resistant cells.
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7.1 Summary of findings
In summary, this study was the first report to demonstrate the therapeutic potential
of H-ALA and FosPeg®-PDT on EBV positive undifferentiated NPC cells/C666-1,
EBV negative poorly differentiated NPC cells/CNE2 and EBV negative well
differentiated NPC cells/HK1.

The photodynamic efficacy of H-ALA-PDT in the NPC cells was compared and
reported in Chapters 2 and 3 in detail. The findings presented in Chapter 2 indicated
that H-ALA offered a more effective treatment for undifferentiated NPC cells/C6661 and poorly differentiated NPC cells/CNE2 than the well differentiated NPC
cells/HK1. The PDT dosage of FosPeg® required to achieve LD50 in CNE2 was
lower than that of C666-1 (2-fold) and HK1 cells (167.8-fold).

A more in-depth investigation of H-ALA-PDT effect on NPC cells has been carried
out in both chapters 2 and 3, including the regulation of cell cycle, modulation of
EBV LMP1 protein and modulation of MAPK signaling proteins. Our findings
indicated H-ALA-PDT up-regulated EBV LMP1 protein expression in C666-1 cells,
which suggested that LMP1 protein was a therapeutic target of H-ALA-PDT in NPC
cells. Besides, down-regulation of EGFR, ERK and p38 signaling proteins were
elucidated, thereby triggering apoptotic cell death in all three NPC cell lines.
FosPeg®-PDT efficacy and antitumour mechanisms were elucidated in Chapters 4 to
6. Our findings illustrated the interaction between FosPeg® mediated PDT and EBV
encoded miRNAs. Down-regulation of EBV-miRNAs (EBV-miR-BART 1-5p,
EBV miR-BART 16 and EBV miR-BART 17-5p) followed by the up-regulation of
EBV LMP1 mRNA and protein were observed after FosPeg® mediated PDT.
Results confirmed that LMP1 mRNA and protein were the potential therapeutic
targets of FosPeg®-PDT in NPC cells.
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The findings presented in Chapters 4 and 5 also indicated that FosPeg® offered a
more effective treatment for NPC cells/HK1 and NPC cells/CNE2 than that for NPC
cells/C666-1 cells. The PDT dosage of FosPeg® required to achieve LD70 in HK1
was lower than that of CNE2 (1.6 fold) and C666-1 cells (2.4 fold).

Results

illustrated that FosPeg® was localized in mitochondria; thereby triggering apoptotic
cell death with the down-regulation of EGFR/MAPK signaling proteins. The cell
motility was reduced in all three tested NPC cell lines in response to FosPeg®-PDT.

The findings presented in Chapter 6 demonstrated the up-regulation of MDR1
mRNA and P-gp transporter protein in all three NPC cell lines. However, FosPeg®
itself is not a substrate of the P-gp transporter proteins. Results indicated that
FosPeg®-PDT could be a potential therapeutic approach towards cancer patients
with P-gp mediated drug resistance properties.

It is encouraging that this study yielded new dimensions of PDT intervention for
EBV positive and EBV negative NPC cells. This study described the PDT efficacy
of two improved 3rd generation photosensitizers, namely H-ALA and FosPeg®, on
three NPC cell lines. Evaluation of the PDT effects on EBV microRNAs, mRNA
and LMP1 protein provided new insights for identification of the possible
therapeutic targets and prognostic markers. The study of PDT effect on MAPK
signal pathways offered better understanding in PDT responses and identified
possible protein targets for further investigation. The study of FosPeg®-PDT effect
on MDR1 transporter protein generated better understanding of the causes of PDT
resistance. Through elucidating the relationship between the regulation of EBV
LMP1 protein, MAPK signaling pathways and MDR1 transporter protein, a new
therapeutic strategy could be developed to improve PDT efficacy. Additional in vivo
studies and clinical trials must be undertaken with H-ALA- and FosPeg®-PDT for
the development of this innovative technique. Its efficacy and its safety over the
conventional cancer treatments remain to be explored.
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7.2 Further investigations
This study revealed the photodynamic effect of H-ALA/FosPeg® to one of the
principal oncoprotein LMP1. In NPC, EBV expression is restricted to a subset of
latent transcripts. Other than the latent membrane protein LMP1, EBV latent nuclear
antigens EBNA1, the latent membrane protein LMP2A, as well as small noncoding
RNAs BamHI A rightward transcripts (BARTs) are also consistently expressed in
NPC cells (Marquitz & Raab-Traub, 2012). Several studies reported that LMP2A
expression resulted in transformation of epithelial cell lines to anchorage
independence tumour cells through activation of Syk, PI3K/Akt, and Ras protein.
LMP2A also provided pro-survival signals for the survival, colonization and
invasion of NPC cells and B cells (Dawson et al., 2012; Lan et al., 2012; Shair et al.,
2012). Various EBV encoded RNAs were found in NPC cells in additional to the
LMP2A viral protein expression. These RNAs were referred as complementary
strand transcripts (CSTs), BamHI A rightward transcripts (BARTs) or the BARF0
RNAs (Smith, 2001; Smith et al., 2000; Takada, 2012). The recent discovery of
BART microRNAs (miRNA) has shed new light on the function of these transcripts.
The number of EBV miRNAs made up of 23.2% of the total miRNAs in the biopsy
samples in NPC patients, whereas only 0.1% EBV miRNAs was found in adjacent
normal nasopharynx tissues (Chen et al., 2010). There were 44 EBV encoded
miRNAs registered on the miRBase version 18. These potent gene regulators are
thought to control a wide range of biological functions, including differentiation,
cell growth and cancer development (Cosmopoulos et al., 2009; He et al., 2012; Lo
et al., 2012; Marquitz & Raab-Traub, 2012; Zhao, et al., 2012). Recent studies also
indicated interaction between human miRNAs and EBV expressed viral proteins.
Du et al. (2011) reported that LMP1 and LMP2A expressed in nasopharyngeal
carcinoma could up-regulate the expression of MiR-155, which was associated with
N stage and poor prognosis of NPC patients. Thus further studies on the effect of
FosPeg®-PDT to other EBV encoded miRNAs as well as human miRNA profiling is
needed to further elucidate the mechanisms in NPC tumour destruction.
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Further investigation on the effect of FosPeg®-PDT to MAPK singaling proteins
using gene knockout cell models is also needed to further elucidate the mechanisms
in NPC tumour destruction. Our data showed a down-regulation of MAPK signaling
proteins after FosPeg®-PDT. Yet the correlation between modulation of MAPK
signaling proteins and cancer cell death was not provided in this study. Using cells
models which MAPK signalling proteins are knocked-out could help to illustrate the
relationship between modulation of MAPK signaling proteins and cancer cell death
in NPC cells.

Besides direct tumour cells destruction, PDT is also capable of eliciting various
effects in the tumour microenvironment. There is accumulating evidence support
that PDT has effect on tumour stroma, which composed of extracellular matrix,
vasculature and immune system cells (tumour-associated/-infiltrating immune cells).
It has also come to light that application of PDT could develop different immune
phenomena, such as inflammation, modulation of cytokines production, and
activation of complement cascades (Gollnick, 2012; Sanabria et al., 2013).
Membrane lipids, transcription factors NF-kB and AP-1 were observed to be
generated after photo-oxidation, which could precipitate in rapid and strong
inflammatory reactions (Firczuk et al., 2011; Girotti, 2001; Granville et al., 2001).
With better understanding of PDT-induced chemical modulation in the tumour
microenvironment, clinicians could develop novel approach in curing tumour. All
these evidence provide new insight for PDT treatment.
In spite of the low number of new clinically approved drugs, modification of
existing but still underappreciated photosensitizers becomes other therapeutic
approaches for PDT. With improvement of photosensitizers, PDT will have
increased importance that meets the need of medication for cancer patients in
coming future. The future of PDT depends on the ease of use, cost effectiveness, the
treatment outcomes and quality of life compared to conventional treatments. The
liposomal mTHPC used in this study definitely played a major role to meet these
criteria. Another approach could be chemically modified photosensitizers with
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sugars to improve solubility, tumour selectivity and decrease toxicity. This opened
the possibility to target saccharide specific binding domains that are expressed on
tumour-associated macrophages (Bredell et al., 2010; Yano et al., 2011).
Photoimmunotherapy

(PIT)

is

another

innovative

PDT

combined

with

immunomodulation for cancer treatment. For PIT, photosensitizers are conjugated
with monoclonal antibodies (MAbs) which targets on an overexpressed tumour
marker (cellular) (Qiang, Yow, & Huang, 2008). Despite the encouraging progress
made in basic research over the past decades, chemical modification and
photoimmunoconjugates to improve PDT efficacy still awaits clinical evaluations
for NPC patients (van Dongen et al., 2004).

Further investigations in PDT effect to EBV expressed transcripts, EBV-miRNAs,
human miRNAs; modulation of tumour microenvironment and immunity; and
modification of photosensitizers or PIT may open up a variety of treatment
modalities for nasopharyngeal carcinoma.
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