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Abstract
The incidence of nasopharyngeal carcinoma (NPC) is high in Southeast China,
including Hong Kong. Current therapy on NPC relies largely on radiotherapy
and chemotherapy, but treatment failures remain the major challenge for
advanced stage and recurrent/metastatic NPC. Previous studies indicated that
after completion of primary treatment, the tumor recurrent rate for NPC was
between 15% and 58%. Recent researches suggest the existence of cancer stem
cells (CSCs). CSC refers to a sub-population of cells within the bulk tumor.
CSCs exhibit the stem cell property of self-renew and differentiation, and are
responsible for sustaining tumorigenesis and establishing the heterogeneity in
the tumor. CSCs are generally more resistant to conventional treatment
methods and might be responsible for tumor recurrent after treatment.
Therapies that can eliminate cells with CSCs-characteristics might provide a
more durable response and better prognosis.
Sulforaphane (SFN) is a natural compound present in Cruciferous vegetables.
SFN has been shown to inhibit the in vitro and in vivo growth of various types of
tumor cells through the (i) induction of cell cycle arrest and apoptosis, (ii)
inhibition of angiogenesis and metastasis, and (iii) suppression of cancer stem
cells (CSCs). However, the effects of SFN on NPC have not been examined in
detail. The present study aims to study the anti-tumor activities of SFN on
NPC.
In the first part of this study, the effects of SFN on the in vitro growth of NPC
cells were examined. The growth of both EBV-negative HONE-1 and
EBV-positive C666-1 cells was found to be inhibited by SFN. The growth
inhibition was associated with the induction of G2/M cell cycle arrest and
apoptosis.
The effects of SFN on the growth of NPC cells with CSCs
characteristics were also examined by the tumor spheres formation assay. SFN
was found to reduce the capacity of both HONE-1 and C666-1 cells to form
CSCs-enriched tumor spheres. The population of cells with high expression of
NPC CSCs-associated markers (Sox2 and ALDH) was found to be reduced after
SFN treatment. Under the culture conditions for CSCs, ALDH inhibitor was
found to reduce the capacity of NPC cells to form tumor spheres. Similarly, the
capability of Sox2 siRNA-treated NPC cells to form tumor spheres was also
reduced in the spheroids assay. Results from these studies indicated that the
ii

growth of NPC cells with CSCs characteristics could be reduced by SFN.
After the in vitro study of SFN on the growth of NPC cells, mechanisms that are
associated with the SFN-induced growth inhibition on NPC cells were examined.
MIF is a NPC biomarker that is highly expressed in NPC patients. Previous
study has shown that SFN could interact with MIF and affect the biological
function of MIF. In the present study, SFN was found to down-regulate the
expression of MIF in NPC cells. One of the receptors of MIF, CXCR2, was
found to be down-regulated after the SFN treatment. The downstream Akt
signaling was also inhibited. Results from the second part of this study indicated
that SFN-mediated inhibition of MIF/CXCR2/Akt signaling was involved in the
growth inhibitory effects of SFN on NPC cells.
In NPC, many genes were found to be down-regulated through hypermethylation
and such down-regulation contributed to NPC development. In the present
study, DNMT1 was found to be down-regulated after SFN treatment, and the
effect was accompanied with the restored expression of WIF1 and Rassf1a.
Further mechanistic study showd that siRNA-mediated DNMT1 knock-down
could reduce the capacity of tumor spheres formation of NPC cells. Interestingly,
the expression of the tumor suppressor genes WIF1 and Rassf1a was restored.
In addition, exogenously added WIF1 could reduce the formation of tumor
spheres. These findings suggested that SFN-mediated down-regulation of
DNMT1 was associated with the growth inhibitory effects of SFN on NPC cells.
Finally, the in vivo efficacy of SFN alone or SFN in combination with cisplatin
on the growth of NPC xenograft was examined. SFN was found to inhibit the
growth of C666-1 xenograft and enhance the anti-tumor effects of cisplatin on
the C666-1 xenograft.
Taken together, results from this study demonstrated the anti-tumor effects of
SFN in NPC and suggested that SFN could be a potential therapeutic drug for
NPC.
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Chapter 1. INTRODUCTION

1.1 Nasopharyngeal carcinoma (NPC)
1.1.1 Epidemiology of NPC

Nasopharynx refers to the upper region of the throat that lies behind the nose. It
lies just above the soft palate and the back of the nasal passages.
Nasopharyngeal carcinoma (NPC) arises from the epithelial lining of the
nasopharynx. Each year, about 80,000 new cases of NPC occur worldwide, and
approximately 5,000 patients die from this disease (Petersson, 2015).

The annual incidence rate of NPC in the non-endemic regions for both men and
women is below 1 per 100,000 person-years (Yu and Yuan, 2002). For example,
in California of the United States (2007), the age-standardized incidence rate in
white men and women was 0.8 and 0.1 per 100000 person-years, respectively
(Cancer Incidence Rate in Five Continents, Volume IX). However, in endemic
regions such as southern China, Southeast Asia, the Middle East, and North
Africa, the incidence rate was quite high. For example, in 2012, NPC ranked the
1

eighth common cancer in Hong Kong with an incidence rate of 11.5 per 100,000
people, and it caused 329 deaths, which was about 2.5% of death caused by all
types of cancers (Hong Kong Cancer Registry).

Incidence rate of NPC was found to be 2 to 3 times higher in males than in
females (Chang and Adami, 2006). For example, in 2012, there were 595 male
newly diagnosed NPC patients in Hong Kong while for female the number was
224 (Hong Kong Cancer Registry). In the low-risk population, the incidence rate
of NPC was found to increase monotonically with age. However, in the high-risk
Southern China population, the incidence rate increases and peaks at an age
between 45 and 54, and then shows a definite decline at older age (Yu and Yuan,
2002).

1.1.2 Etiology and pathogenesis

In 1979, the World Health Organization (WHO) classified NPC into three
classes:

Type I keratinizing squamous cell carcinoma. It accounts for only 1% of cases
in endemic areas. Type II differentiated non-keratinizing squamous cell
2

carcinoma (SCC). It is the least common type of NPC. Type III
undifferentiated non-keratinizing squamous cell carcinoma: Type III NPC
accounts for 95% of all cases in endemic areas.

In the 1991 WHO classification, Type II and III were combined as Type IIa and
Type IIb under the category “non-keratinizing carcinoma”.

There are three major etiological factors for NPC, namely genetic,
environmental, and viral factors. The racial distribution of NPC is quite uneven.
In the endemic region (e.g. Guangdong province) of China, the rates of NPC in
the Cantonese speakers are two times higher than the other dialect groups such
as Hakka and ChaoChiu (Li et al., 1985). In the non-endemic regions such as
USA, the incidences of NPC are highest in Chinese American, followed by
Filipinos, Blacks and finally White (Burt et al., 1992). One reason for this
uneven racial distribution is the highly polymorphic human leukocyte antigen
(HLA) alleles. HLA molecules are essential for the presentation of antigens,
such as viral peptides, to the immune system. Since nearly all NPC tumors
contains Epstein-Barr Virus (EBV), it is possible that high risk individuals may
carry certain HLA alleles with decreased ability to present EBV antigens to the
immune system (Hildesheim et al., 2002). Indeed, previous studies have
3

consistently demonstrated that HLA-A*11, HLA-A*13 are associated with NPC
resistance, while HLA-A*02, HLA-A*33, HLA-B*46, and HLA-B*58 are
associated with NPC susceptibility (Chan et al., 1983; Hu et al., 2005;
Hildesheim et al., 2002). Hildesheim and co-workers also suggested that within
the HLA-A*02 serogroup, only the HLA-A*0207 alleles is associated with the
NPC risks (Hildesheim et al., 2002). Since HLA-A*0207 is common among
Chinese descents but is rare among Caucasians, it might explain the high NPC
incidence rate among Chinese when compared with Caucasians.

EBV is another important risk factor for NPC. EBV was the first human virus
found to be associated with human cancers (Epstein et al., 1966). About 90% of
the adult population is EBV-positive by serology (Cohen et al., 2011). EBV is
known to be involved in the pathogenesis of NPC as well as lymphoma (Lo et al.,
2004).

EBV envelope protein, glycoprotein 350 (gp350), has been shown to

bind with the B-cell surface protein CD21 (Cluster of differentiation 21) and
mediate the subsequent infection. In normal carriers, the frequency of
EBV-infected B-cell are in the range of 1 to 50 per 106 in the circulation (Cohen,
2000). After primary infection, EBV latent infection is not found in
nasopharyngeal epithelia of healthy individuals, but only found in some B cells.
The mechanisms through which EBV enters nasopharyngeal cells are not fully
4

understood since CD21 is not expressed by nasopharyngeal epithelial cells
(Young et al., 1989; Niedobitek et al., 1989). EBV genome encodes nearly 100
types of viral protein, and about 10 types of these proteins are expressed in latent
infected B cells (Cohen, 2000).

There are three major types of EBV latent infection, each with a special
combination of viral genes expression. In NPC, EBV undergoes type II latent
infection and expresses EBNA-1 (Epstein-Barr virus nuclear antigen 1), LMP-1
(Latent membrane protein 1), LMP-2A (Latent membrane protein 2A), LMP-2B
(Latent membrane protein 2B), EBER (Epstein-Barr virus-encoded small RNAs),
but not EBNA-2 (Epstein-Barr virus nuclear antigen 2), EBNA-3 (Epstein-Barr
virus nuclear antigen 2) (Cohen, 2000).
oncoprotein in NPC.

LMP-1 was found to be the primary

LMP-1 has been shown to promote cell growth, protect

the cells from apoptosis (Wang et al., 1985), promote cell motility (Horikawa et
al., 2000; Lee et al., 2007; Zhao et al., 2012), induce epithelial-mesenchymal
transition (EMT) (Tsai et al., 2002; Horikawa et al., 2011; Horikawa et al., 2007),
and repress the expression of tumor suppressor genes (TSGs) such as Rassf1a
(Ras association domain-containing protein 1a) and p16 by inducing
hypermethylation (Song et al., 2004; Lo et al., 1996). EBNA1 plays an important
role in the governing of replication and mitotic separation of EBV episomes and
5

is required for the maintenance of EBV genome in the infected host cells.
EBNA1 has also been shown to induce reactive oxygen species (ROS) and
promote DNA damage (Cao et al., 2012), reduce the expression of p53 upon
DNA damage to promote cell survival (Tsao et al., 2015), and promote NF-B
(nuclear factor kappa-light-chain-enhancer of activated B cells) signaling for the
promotion of cell survival (Wood et al., 2007; Chung et al., 2013). LMP-2A has
been shown to promote cell survival through the modulation of several signaling
pathways including PI3K-Akt, RhoA (Ras homolog gene family, member A),
and MAPK-ERK signaling (Tsao et al., 2002). Few studies have been conducted
on the role of LMP-2B in epithelial cells.

EBER-1 and EBER-2 are abundantly expressed in EBV-infected cells. They can
interact with retinoic acid-inducible gene 1 (RIG-1) and Toll-like receptor 3
(TLR3), which eventually trigger the release of insulin-like growth factor 1
(IGF-1) and stimulates autocrine growth of infected cells (Takada and Nanbo,
2001; Samanta et al., 2008).

The third risk factor for

NPC

is

non-viral

environmental

factors.

Cantonese-styled salted fish is a traditional favorite item in Cantonese diet. In
early 1970s, Ho first proposed the consumption of salted fish as a potential risk
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factor for NPC (Ho, 1972). Many subsequent studies also reported that
Cantonese-styled salted fish might be a risk factor for NPC (Jia et al., 2010; Guo
et al., 2009; Yu et al., 1986). Salt-preserved fish containing N-nitrosamine has
been implicated as a source of carcinogenic chemicals. However, there was no
study to explain why nasopharynx is more sensitive to salted fish compared to
other anatomic sites. In a recent review article, Jia and Qin suggested that the
conversion of nitrosamine into active carcinogenic metabolite needs a set of
metabolic enzymes and the location of these specific enzymes might determine
the site of cancer development (Jia and Qin, 2012). In addition to the
consumption salted fishes, wood dust has also been implicated as a risk factor
for NPC. Demers and co-workers conducted a literature study, and an
association between the exposure to wood dust and increased risk of NPC was
found in approximately 29,000 wood workers in UK and USA (Demers et al.,
1995). The development of NPC was attributed to the trapping of dust particles
in the nasopharynx and the subsequent dust-induced chronic inflammation and
cancer promotion.

Consumption of betel nut (Yang et al., 2005), racid sheep fat

(Feng et al., 2007), and higher level of metal element in drinking water (Feng et
al., 2007; Xia et al., 1988) have also been implicated as the non-viral
environmental risk factors for NPC.
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In contrast to the tumor promotion, consumption of fresh fruits and vegetables
has been shown to reduce the risk of developing NPC. Gallicchio has shown in
2006 that high fresh vegetable intake is associated with a 36% decrease in the
risk of NPC (Gallicchio et al., 2006). A possible explanation for the inverse
association between fresh vegetable intake and NPC risk might be that fresh
vegetables and fruits contain antioxidants and those antioxidants can prevent
DNA damage from reactive oxygen species.

1.1.3 Treatments of NPC

NPC are currently treated with different regimes according to the stages of
cancer progression. Since 1950, approximately 20 different staging systems have
been reported in the literatures (Jeyakumar et al., 2006). The staging system
published by the American Joint Committee on Cancer (AJCC) in 2002 is the
widely accepted one. According to this system, NPC is classified into four stages
according to the conditions of original tumor and metastasis to lymph nodes.

Since the symptoms of NPC, such as blood-stained nasal discharge (18% of
cases) and unilateral nasal obstruction (5% of cases) are easily neglected, many
NPC patients seek medical services after the cancer has spread to regional lymph
nodes or even after distant metastasis has occurred. For example, 6% of the
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patients in endemic area have distant metastasis when diagnosed (Jeyakumar et
al., 2006). As a result, surgery has limited role in the management of NPC.
Another factor that limits the use of surgery for NPC is the anatomic barriers to
surgical access.

Radiotherapy (RT) is currently the most effective treatment option for NPC.
Radiotherapy was initially applied for NPC patients at Institute Curie in Paris in
the early 1920s, and RT alone was the standard treatment for almost all stages of
NPC until 1990 (Caponigro et al., 2010; Jeyakumar et al., 2006).

Patients at

their early stage (T1-2a, N0, M0) can be treated with radiotherapy alone.
However, most of the patients are diagnosed at locally advanced stage, and the
outcome of radiotherapy alone is not satisfactory, with 5-years survival rates
between 34% an 52% (Caponigro et al., 2010) . Chemoradiotherapy, which
combines radiotherapy and chemotherapy together, has been reported to be more
efficient for patients at advanced stages. In a previous study on 147 NPC patients,
patients receiving radiotherapy alone was found to have a significantly lower
3-year survival rate (46%) than patients treated with chemoradiotherapy (76%)
(Al Sarraf et al., 1998).

The superiority of concurrent chemoradiotherapy than

radiotherapy alone has also been reported by different researchers since then
(Lin et al., 2003; Chan et al., 2002; Chen et al., 2008).
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For the patients with recurrent/metastatic NPC, the prognosis is generally grim.
Platinum-based

combination

chemotherapy

is

usually

used

in

recurrent/metastatic NPC patients. The response rate falls between 50% an 70%,
with a median survival time of approximately 11 months (Caponigro et al.,
2010).

1.1.4 Cancer stem cells (CSCs) hypothesis

Two models have been proposed to describe the process of cancer development.
According to the Clonal Evolution Model (Nowell, 1976),

a single previously

normal cell become “neoplastic” through a carcinogen-induced change. This
change provides the neoplastic cells with a selective growth advantage. During
the proliferation of these neoplastic cells, some further mutation might occur.
After the sequential mutation and selection, the tumor containing a group of
heterogeneous cells is formed.

For the Cancer Stem Cell (CSC) model, cancer cells with stem cell properties
(cancer stem cells) are responsible for tumor generation.

CSCs have been

shown to exhibit the stem cell property of self-renew and differentiation. CSCs
are responsible for sustaining tumorigenesis and establishing the heterogeneity
in the tumor (Visvader and Lindeman, 2012).
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According to this hypothesis,

only a subpopulation of cancer cells is tumorigenic and the bulk of tumor cells
have limited proliferation capacity (Reya et al., 2001). Accumulated findings in
the last decades favor the CSCs hypothesis for tumor development (Eramo et al.,
2008; Ricci-Vitiani et al., 2007; Collins et al., 2005).

Cancer is constituted of a heterogeneous population of cells with different
morphology, gene expression patterns and proliferative capacity.

In 1970s,

Hamburger and Salmon found that only 1 in 1000 to 1 in 5000 cells isolated
from solid tumor can form colonies in the colony-forming assay (Hamburger and
Salmon, 1977).

Similarly, researchers also found that only 1 to 4% of

transplanted murine lymphoma cells formed colonies in the recipient animals
(Park et al., 1971; BRUCE and VAN DER, 1963).

There are two possible

explanations to explain these observations: either all cells have a low probability
of proliferation such that all cancer cells have the potential to behave as cancer
stem cells, or only a small, definable subset of cells have extensive proliferation
capacity.

To prove the second possibility, Dick and co-workers successfully

demonstrated that human acute myeloid leukaemia (AML) stem cells could be
identified as CD34+CD38- cells from patient sample (Bonnet and Dick, 1997).
In their study, only CD34+CD38- cells were capable of transferring AML from
human

patients

to

non-obese

diabetic
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mice

with

severe

combined

immunodeficiency disease (NOD/SCID) mice while cells of all others
phenotypes failed to do so.

Six years after the identification of CSCs in AML,

Al-Hajj and colleagues demonstrated the existence of CSCs in solid tumor for
the first time (Al Hajj et al., 2003).

They found that only CD44+CD24-/low cells

were able to form tumor in immunocompromised mice while cells with other
phenotypes failed to form tumor.

In the past decade, cells with CSC properties

have been identified and isolated in different kinds of solid tumors such as lung,
colonic, prostatic, and pancreatic cancer (Eramo et al., 2008; Ricci-Vitiani et al.,
2007; Collins et al., 2005; Li et al., 2007).

The precise origin of CSCs is not well defined yet. Some researchers suggested
that CSCs may occur as a result of malignant transformation of normal stem
cells. Many scholars supported this hypothesis for the following two reasons.
First, for a normal somatic cell to be transformed into malignant cell, several
mutations must be accumulated. However, mutation is a low frequency event.
To accumulate the required mutations, it may take years or even decades, and no
cell would survive so long except for adult stem cells. Secondly, CSCs share
many characteristics with stem cells such as self-renew and differentiation ability,
which will take more mutations for somatic cells to acquire (Islam et al., 2015).
Another hypothesis for the origin of CSCs suggests that CSCs occur as a result
12

of de-differentiation of mature cancer cells.

In 2011, Scheel and colleagues

showed that in breast cancer, differentiated cancer cells can be induced to
undergo de-differentiation process and acquire CSCs properties (Scheel et al.,
2011).

It was found that normal breast stem cells and CSCs in breast cancer

present the mesenchymal phenotype and share gene expression profile of
epithelial-mesenchymal transition (EMT) (Mani et al., 2008).

EMT is a

process in which epithelial cells lose the epithelial characteristics and acquire a
mesenchymal-like phenotype. During EMT, epithelial cells become detached
from each other, penetrate the basement membrane, and acquire a more flexible
phenotype similar to mesenchymal cells (Nakamura and Tokura, 2011).
Recently researchers have immortalized epithelial cells to mimic the process of
cancer development.

It was found that immortalized epithelial cells could be

transformed from an epithelial phenotype to a spindle-shaped, more
mesenchymal-like phenotype.

In addition, the capability of immortalized cells

to undergo self-renewal and the ability to differentiate were also found to be
increased. These findings suggest that EMT could be a potential mechanism to
enrich epithelial stem cells (Zhao et al., 2010).

Regarding the frequency of CSCs in different cancer varies, previous study on
acute myeloid leukemia showed that about 1 in 106 cells has self-renewal and
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tumor-forming capacity in nude mice (Hope et al., 2004).

In colon cancer, the

frequency of CSCs has been shown to be about 2% (Todaro et al., 2007).

In

melanoma, the frequency of CSCs is between 2.5 - 41% (Boiko et al., 2010).
The differences in the frequency of CSCs may be cancer type and cancer stage
dependent.

Since the detection of CSCs depends on the in vitro isolation and

the in vivo formation of tumor, it might not detect cells that are capable of
forming tumor in the original host, but fail to do so in xenotransplantation.

According to the CSCs hypothesis, only a definable subpopulation of the tumor
cells is capable of forming tumor and the bulk of tumor cells have limited
proliferation capacity.

Therefore, therapeutic targeting of CSCs may provide

better prognosis after the treatment.

Currently, most cancer patients are treated

with surgery, radiotherapy, and/or chemotherapy.

Surgery is efficient in

removing the primary tumor, but has limited usage for metastatic cancer.
Therefore, radiotherapy and chemotherapy are commonly combined with
surgery to kill the small number of secondary tumors. CSCs are slow in cell
cycling, this characteristic make it more resistant to radiotherapy (Jung and Kim,
2015).

Besides, it has been shown that CSCs can repair the DNA damage

caused by radiation more efficiently than the bulk tumor cells (Bao et al., 2006).
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In addition to the DNA repairing, CSCs have also been shown to express a
higher level of multidrug resistance (MDR) proteins than the bulk tumor cells,
and such a high level expression of MDR proteinss make the CSCs more
resistant to chemotherapy (Dean et al., 2005; Donnenberg and Donnenberg,
2005).

Since CSCs are responsible for tumor development and are resistant to

traditional therapeutic methods, new therapeutic options targeting CSCs should
be combined with traditional radiotherapy and chemotherapy to provide more
efficient and less toxic treatment for cancer.

1.1.5 CSCs in NPC

As mentioned before, CSCs may express a high level of ATP –binding cassette
drug transporter proteins, and these proteins can pump out DNA dye Hoechst
33442 and generate an under-stained side-population (SP) of cells in
fluorescence activated cell sorting (FACS) analysis. Thus, isolation of SP from
tumor cells can be the first step to obtain CSCs.

In 2007, Wang and co-workers

isolated the side population from the EBV-negative CNE-1 NPC cell line (Wang
et al., 2007). In their study, the SP was found to exhibit a strong tumorigenic
ability both in vitro and in vivo.

Besides, they also found that the SP express a

high level of cytokine 19, suggesting that cytokine 19 could be a molecular
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marker for further characterization of NPC CSCs (Wang et al., 2007).

Subsequently, Su and co-workers proposed CD44 to be the molecular marker for
NPC CSCs in 2011.

They sorted out CD44+ cells from the EBV-negative

SUNE-1 5-8F NPC cell line and found that CD44+ cells exhibited greater
proliferation ability than the CD44- cells.

Furthermore, they found that the

population of CD44+ cells are more resistant to radiation and cisplatin treatment
(Su et al., 2011).

The exhibition of CSCs phenotype by CD44+ cells was

further demonstrated recently (Janisiewicz et al., 2012; Lun et al., 2012; Wang et
al., 2015).

Lun and co-workers further studied the CSCs in the EBV-positive

C666-1 NPC cell line and found that CD44+Sox2+ cells exhibited a high tumor
spheres forming capacity and this population of cells was proposed to be the
CSCs in NPC (Lun et al., 2012).

In addition to CD44 and Sox2, aldehyde dehydrogenase 1 (ALDH1) has recently
been implicated as a CSC marker in NPC (Wu et al., 2013a; Yu et al., 2013).
Wu and co-workers sorted the ALDH1+ cells from the EBV-negative 5-8F and
CNE2 NPC cell lines and found that these cells had a higher colony-formation
ability and could form tumor in nude mice more efficiently (Wu et al., 2013a).
Yu and co-workers also found that ALDH-high cells are more resistant to
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chemotherapy and radiation. The ALDH-high population can reconstitute a
heterogeneous population, and have a greater capacity of forming tumor in nude
mice (Yu et al., 2013).

In addition, researchers found that ALDH expression at

the tumor invasive front links closely with tumor aggressiveness and contributes
to worse survival of NPC (Luo and Yao, 2014).
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1.2 Sulforaphane (SFN)
1.2.1 Broccoli as the major source of SFN

Cruciferous vegetables belong to the family of Cruciferae. Plants in the
Cruciferae family have flowers with four equal-sized petals in the shape of a
‘crucifer’ cross. Some commonly consumed cruciferous vegetables include
broccoli, cabbage, mustard, Brussels sprouts, collard greens, cauliflower, turnips
and Chinese cabbage. Previous epidemiological studies have shown an inverse
association between vegetable consumption and cancer risk (Verhoeven et al.,
1996; Voorrips et al., 2000b; Feskanich et al., 2000; Voorrips et al., 2000a;
Giovannucci et al., 2003).

Like other vegetables, cruciferous vegetables contain some phytochemicals with
cancer chemopreventive properties. These chemicals include fiber, carotenoids,
folate, and chlorophyll. However, cruciferous vegetables are particularly rich
with glucosinolates and the chemopreventive effect of cruciferous vegetables has
been attributed to the high level of glucosinolates (Bianchini and Vainio, 2004;
Drewnowski

and Gomez-Carneros, 2000;

Talalay and

Fahey,

2001).

Glucosinolates can be hydrolyzed either by the plants enzyme myrosinase or by
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the gastrointestinal microflora.

Biologically active compounds, including

indoles and isothiocyanates (ITCs), are formed during the hydrolysis.

More than 100 glucosinolates with unique hydrolysis products have been
identified in plants. Among them, the hydrolysis of glucoraphanin yields either
sulforaphane or nitrile.

Recent studies showed that a low pH and ferrous ions

favor the formation of nitrile while a neutral pH favors the formation of SFN
(Liang and Yuan, 2012).

SFN was initially discovered from red cabbage with antimicrobial activity and
was later found to induce the expression of phase II detoxification enzymes
(Prochaska et al., 1992; Liang and Yuan, 2012).

Natural SFN can only be

obtained through the hydrolysis of glucoraphanin by endogenous or exogenous
myrosinase. In a previous study including 59 kinds of cruciferous vegetables, it
was found that seeds from most broccoli cultivars were a better source for
glucoraphanin than the others (West et al., 2004).

1.2.2 Metabolisms of SFN

From the cell culture studies, SFN was found to be transported into the cell by
diffusion.

Upon entering the cell, it could be rapidly conjugated with
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intracellular thiols (Zhang and Tang, 2007).

Glutathione (GSH), the most

abundant intracellular thiol, forms interchangeable conjugate with SFN (Zhang,
2000).

The accumulation of SFN in cells is a very rapid process.

When

murine hepatoma cells were exposed to 100 M of SFN for 30 minutes, the
intracellular concentration of SFN reached 6.4 mM, and 95% of the accumulated
SFN was GSH-SFN conjugate (Zhang, 2000).

GSH-conjugated SFN are

rapidly exported from cells; the exportation is partially through the membrane
transporter multidrug resistance-associated protein 1 (MRP1) (Zhang and
Callaway, 2002; Callaway et al., 2004).
a reversible process.

The conjugation of GSH with SFN is

Since GSH-SFN conjugate is rapidly exported,

continuous accumulation of SFN inside cells requires a continuous presence of
SFN in the extracellular space to allow for continuous uptake (Zhang and Tang,
2007).

In animal, SFN is metabolized by mercapturic acid pathway. SFN is initially
conjugated with GSH, the conjugate then undergoes sequential enzymatic
modifications to form cysteinylglycine, cysteine and N-acetylcysteine (NAC)
conjugates (Zhang and Tang, 2007).

Figure 1.1 summarized the metabolism of

SFN.

20

R-N=C=S
R-NH-C=S

GST

S
-Glu-Cys-Gly

SH
-Glu-Cys-Gly

-GT

R-NH-C=S
S
Cys-Gly

CG

R-NH-C=S
S
N-Acetyl-Cys

R-NH-C=S

AT

S
Cys

Figure 1.1 Metabolism of SFN through the mercapturic acid pathway. The
chemical structure of SFN is abbreviated as R–N=C=S, where R represents
CH3-SO-(CH2)4.
Abbreviations:

glutathione S-transferase (GST), γ-glutamyltranspeptidase

( γ-GT) ,cysteinylglycinase (CG) , N-acetyltransferase (AT).

(The figure is adopted from Zhang and Tang, 2007)
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After oral consumption of SFN, SFN would be eliminated almost entirely within
24 hours. About 72% of a single oral dose of SFN could be recovered from the
urine of rats as NAC conjugates within the first 24 hours, but within the
following 24 hours, only about 1% of the dose was detected (Kassahun et al.,
1997).

A similar study also found that after a single dose of approximately 200

M SFN, around 58.3% and 77.9% of the dosage was recovered as SFN
equivalent in the urine in 8 hours and 72 hours, respectively (Ye et al., 2002).
In addition, the primary urinary metabolite of SFN (NAC conjugate of SFN) has
similar growth inhibitory potencies in human bladder cancer cells as SFN.
Besides, both SFN and SFN-NAC conjugate accumulated in cells predominantly
as the glutathione conjugate of SFN and they demonstrated the same
anti-proliferative mechanism (Tang et al., 2006).

1.2.3 Chemoprevention activities of SFN

Inhibition of Phase I enzymes

Most dietary and environmental carcinogens are actually pro-carcinogens which
need to be activated by drug-metabolizing enzymes into highly reactive
intermediates that can bind with macromolecules (Lenzi et al., 2014).

Phase I

enzymes are involved in chemical reactions that generally leads to detoxification
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of chemicals and bio-activation of pro-carcinogens. Cytochrome P450 (CYP)
enzymes are the most important phase I enzymes which contribute to 66% of
bioactivation of carcinogen (Rendic and Guengerich, 2012).

Among the 18

families of CYPs, six CYPs, 1A1, 1A2, 1B1, 2A6, 2E1, and 3A4 accounts for
77% of the CYPs activation reactions (Rendic and Guengerich, 2012).

SFN

can inhibit the activity of CYPs either by a direct interaction with CYPs or
through the regulation of mRNA expression.

For example, it had been shown

that the enzymatic activity of CYP1A1, CYP2B1 and CYP2B2 in rat
hepatocytes was decreased dose-dependently by SFN.

Besides, the expression

of CYP3A4 was decreased at both mRNA and activity levels (Maheo et al.,
1997).

Induction of Phase II enzymes

SFN is capable of inducing a lot of Phase II detoxification genes, including
ferritin, epoxide hydrolase, glutathione peroxidase, glutamate cysteine
synthetase, glutathione S-transferase (GST) (Thimmulappa et al., 2002; Hu et al.,
2006; Zhang et al., 2002; Wu and Juurlink, 2001).

The genes of Phase II

enzymes carry in their 5’-flanking region with one or more DNA regulatory
elements called anti-oxidant response element (ARE).
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Activation of ARE

results in the induction of downstream genes expression (Zhang and Gordon,
2004).

Nuclear factor erythroid 2-related factor 2 (Nrf2) is the key ARE

activator which is normally bound by its repressor Kelch-like ECH-associated
protein 1 (Keap1). The binding of Nrf2 by Keap1 targets Nrf2 for proteosomal
degradation.

The unbound Nrf2 translocates into nucleus, complexes with

other nuclear factors and binds with ARE to induce the transcription of

the

downstream targets (Dinkova-Kostova et al., 2005).

SFN has been shown to directly react with the sulfhydryl groups of cysteine of
Keap1 (Dinkova-Kostova et al., 2002; Kensler et al., 2013).

In response to the

SFN-induced modification of Keap1, Nrf2 is released from Keap1-Nrf2 complex
and translocates into the nucleus for the activation of Phase II genes.

1.2.4 SFN as a potential drug for cancer therapy

Induction of cell cycle arrest

SFN has been shown to arrest cells at G1 phase (Chiao et al., 2002; Shan et al.,
2006), S phase (Tang and Zhang, 2004), or G2/M phase (Jackson and Singletary,
2004a; Parnaud et al., 2004; Pham et al., 2004) in different cell lines.

G2/M arrest is the main type of cell cycle arrest induced by SFN and this cell
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cycle arrest has been reported in PC-3 and DU-145 human prostate cancer cells
(Singh et al., 2004b; Wang et al., 2004), HCT-116, HT29, and Caco-2 human
colon cancer cells (Singh et al., 2004b; Gamet-Payrastre et al., 2000; Wang et al.,
2012), MCF-7 human breast cancer cells (Jackson and Singletary, 2004a),
U2-OS human osteosarcoma cells (Kim et al., 2011), and in primary myeloma
tumor cells (Jakubikova et al., 2011).

In PC-3 prostate cancer cells, the G2/M cell cycle arrest induced by SFN has
been associated with a significant decrease in the protein levels of cyclin B1, cell
division cycle 25B (Cdc25B), and Cdc25C, and the subsequent accumulation of
Tyr-15-phosphorylated (inactive) cyclin-dependend kinase 1 (cdk1) (Singh et al.,
2004b).

Induction of apoptosis

SFN has been shown to induce apoptosis in many different cell lines. The first
evidence came from colon cancer cells (Gamet-Payrastre et al., 1998;
Gamet-Payrastre et al., 2000; Jakubikova et al., 2005). The pro-apoptotic effect
of SFN has been demonstrated in various types of tumor cells. These includes
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prostate tumor (Chiao et al., 2002; Choi et al., 2007; Singh et al., 2004a),
medulloblastoma (Gingras et al., 2004), mammary tumor (Jackson and
Singletary, 2004b), ovary tumor (Chaudhuri et al., 2007), pancreas tumor (Pham
et al., 2004), leukemia (Fimognari et al., 2002; Fimognari et al., 2003), bladder
tumor (Shan et al., 2006; Tang and Zhang, 2004), melanoma (Misiewicz et al.,
2003), and myeloma (Jakubikova et al., 2011).

Numerous molecular mechanisms have been proposed to explain the
pro-apoptotic action of SFN.

In PNAC-1 pancreatic cancer cell line, SFN

induces the cleavage of caspase-8 and activates the death receptor pathway of
apoptosis (Pham et al., 2004).

In F3II mammary cancer cells, SFN induces

fragmentation of DNA repairing protein poly(ADP-ribose) polymerase (PARP)
and reduces the expression of apoptosis repressor B-cell lymphoma 2 (Bcl2)
(Jackson and Singletary, 2004b).

The fragmentation of PARP has also been

reported in SFN-treated PC-3 prostate cancer cells (Singh et al., 2004a) and
HT29 colon cancer cells (Gamet-Payrastre et al., 2000).

Other reported

mechanisms for SFN-induced apoptosis include the increase in oxidative stress
(Singh et al., 2005), decreased levels of intracellular antioxidants (Pham et al.,
2004), and inhibition of NF-B activity (Jeong et al., 2004).
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Inhibition of Angiogenesis

Angiogenesis refers to the formation of new blood vessels, which is essential for
the growth of normal tissue such as wound healing; it is also a critical process in
tumor development which allows the tumor to nourish itself, to expand, and to
metastases (Carmeliet and Jain, 2000). Without angiogenesis, the intra-tumoral
cells will be deprived of nutrient and oxygen supply.

And the tumor growth is

limited to 1-2 mm3 (Lenzi et al., 2014).

Tumor cells release pro-angiogenic molecules such as vascular endothelial
growth factor (VEGF) (Carmeliet, 2005).

In HMC-1 human microvascular

endothelial cells, SFN reduces the in vitro formation of microcapillaries by the
inhibition of the expression of VEGF (Bertl et al., 2006).

The inhibitory effects

of SFN on angiogenesis has also been demonstrated using human umbilical vein
endothelial cells (HUVEC) (Bao et al., 2014; Asakage et al., 2006) and bovine
aortic endothelial cells (Jackson et al., 2007).

Inhibition of metastasis

One of the great barriers for cancer cure is the difficulty in eliminating
metastatic cancer cells.

The spread of tumor cells from primary tumor to
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another organ begins locally through the release of enzymes to digest the
surrounding tissues. When tumor cells encounter lymphatic vessels, the tumor
cells can destroy the wall and penetrate into the vessels; then the tumor cells can
spread throughout the body (Liotta et al., 1980; Liotta, 1986).

The matrix

metalloproteinases (MMPs) belong to a family of endopeptides that can destroy
most of the components of the extracellular matrix (ECM) and SFN has been
shown to inhibit the activation of MMPs, thus inhibit the metastasis of cancer
(Stetler-Stevenson et al., 1996; Thejass and Kuttan, 2006).

In YD10B oral

carcinoma cell, SFN was shown to inhibit cell migration by down-regulating the
expression MMP-1 and MMP-2 (Jee et al., 2011)

SFN as a CSCs-inhibiting drug

As mentioned before, conventional therapy like radiotherapy and chemotherapy
may fail to eliminate CSCs because of the enhanced DNA repair ability of CSCs
and the high level of MDR proteins expressed by CSCs. Such failure leads to
tumor relapse after treatment despite the initial shrinkage of tumor. According
to the CSCs hypothesis, only the CSCs poses unlimited proliferation ability and
is responsible for the formation of tumor (Reya et al., 2001).

By targeting the

population of CSCs, patients may be treated with better prognosis.
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In breast cancer, it was found that a population cells with high aldehyde
dehydrogenase activity was enriched with tumorigenic stem/progenitor cells
(Ginestier et al., 2007). The population with a high ALDH activity was found
to be reduced by SFN treatment and such reduction was associated with the
down-regulation of Wnt/-catenin signaling (Li et al., 2010b).

In pancreatic cancer, it was found that sonic hedgehog (SHh) signaling pathway,
which plays a vital role in embryonic development, is hyper-activated and
contributes to the self-renew of pancreatic CSCs (Tang et al., 2012). Binding of
hedgehog to its receptor Patched (Ptch-1) activates the transmembrane protein
Smoothened (Smo), which subsequently activates the Gli family of transcription
factor, leading to activation of target genes including Nanog, Oct4
(octamer-binding transcription factor 4), VEGF, and ZEB-1 (Zinc finger
E-box-binding homeobox 1) (Munoz et al., 2012; Li and Zhang, 2013). Gli1 and
Gli2 are acetylated and their activation requires HDAC-1 (histone deacetylases
1)-mediated deacetylation (Canettieri et al., 2010). Li and co-workers found that
SFN modulated SHh signaling and resulted in reduction of tumor growth of
orthotopically implanted primary pancreatic CSCs in mice (Li et al., 2013).

In

human cervical cancer cells, HDAC1 expression as well as activity was inhibited
by SFN treatment (Ali et al., 2015).

It is possible that SFN treatment inhibits
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HDAC activity, resulting in the repression of SHh signaling and inhibition of the
growth of CSCs.

Study on the combination of SFN with conventional drugs

As mentioned above, SFN may function as a CSCs-inhibiting drug.

Since

conventional chemotherapeutic drugs lack the ability to kill cancer stem cells, it
is possible to combine SFN with those chemotherapeutic drugs to achieve a
better prognosis. Several such combination studies have been conducted.

Using the established pancreatic CSCs cell lines, Kallifatidis and co-workers
found that SFN enhanced the cytotoxicity of various chemotherapeutic drugs
(cisplatin, gemcitabine, doxorubicin and 5-flurouracil) (Kallifatidis et al., 2011).
They found that under combination treatment, the clonogenicity/spheroid
formation capacity, as well as aldehyde dehydrogenase 1 (ALDH1) activity was
inhibited, indicating that SFN may act on the cells with CSCs characteristics.

Leukemia CSCs consists of two major subpopulation, namely CD34+/CD38cells and CD34+/CD38+ cells (Corbin et al., 2011). Lin and co-workers isolated
the leukemia CSCs and found that CD34+/CD38- cells are particularly resistant
to imatinib, an inhibitor used in first line therapy for leukemia.
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In their study,

SFN co-treatment was found to sensitize leukemia CSCs for imatinib treatment
and CD34+/CD38- cells were effectively eliminated (Lin et al., 2012).

In ovarian cancer, Chen and co-workers studied the effects of SFN and cisplatin
combination treatment on both cisplatin-sensitive and cisplatin-resistant cell
lines. They found that combinational treatment can reduce cell viability of both
ovarian cancer cell lines in a time- and dose-dependent manner. Furthermore,
SFN combinational treatment with cisplatin can enhance cisplatin-induced
apoptosis and G2/M phase arrest, thereby enhancing the efficacy of cisplatin on
ovarian cancer cells (Chen et al., 2013).

Clinical trials of SFN

Ever since the discovery that SFN is a potent inducer of phase II enzymes, many
researchers have set out to explore the potential use of SFN as a
chemopreventive or therapeutic drug.

Many pre-clinical and clinical studies

have been conducted in the past years. Table 1.1 listed some of the selected
clinical trials of SFN.

In 2000, Conaway and co-workers compared the bioavailability of fresh broccoli
and steamed broccoli (Conaway et al., 2000).
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Participants were prohibited for

food containing glucosinolates or isothiocyanates for 48 hours. Participants
were then allowed to consume a single dose of 200 g of fresh or steamed
broccoli and the blood and urine samples were collected during the first 24 hours
for analysis of total ITCs equivalent level.

Their results showed that the

average 24-hour urinary excretion of ITC equivalents amounted to 32.3 ± 12.7%
of the amounts ingested for fresh broccoli and 10.2 ± 5.9% of the amounts
ingested for steamed broccoli. This result suggested that the bioavailability of
ITCs from fresh broccoli is about 3 times higher than from steamed broccoli.

In 2005, Kensler and co-workers reported a study on whether daily consumption
of glucoraphanin, the precursor of potent detoxification enzyme inducer SFN,
could modulate aflatoxin bioavailability and disposition in residents of Qidong
China.

Residents of Qidong are at high risk for development of hepatocellular

carcinoma, which is partly due to consumption of aflatoxin-contaminated foods
and also the exposure to high levels of phenanthrene.

In their study, 200

healthy adults were randomly divided into two groups: a group drank infusions
containing 400 mol of glucoraphanin nightly for 2 weeks and another group
consumed no more than 3 mol of glucoraphanin nightly for 2 weeks. No sign
of safety or tolerance was noted in their study.

When comparing the urinary

excretion of aflatoxin-DNA adduct (the aflatoxin-DNA adduct excretion product
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is a biomarker of the biologically effective dose of aflatoxin and elevated levels
are associated with increased risk of liver cancer(Qian et al., 1994)) and trans,
anti -phenanthrene tetraol (a metabolite of combustion product of phenanthrene),
the researchers found that there were no significant difference between the two
tested groups. However, it was found this observation might result from the
large inter-individual variability in the bioavailability of glucoraphanin.

In

their study, the urinary levels of dithiocarbamates (sulforaphane metabolites)
within the first 12 hours was on an average of 12% of the administrated dose; a
striking difference was observed with individuals excreting 1% and also
individuals excreting 45% of the administrated dose. An inverse association
was found between urinary aflatoxin-DNA adducts and the dithiocarbamates
level (p=0.002); similar inverse association was also observed between the
urinary trans, anti -phenanthrene tetraol and dithiocarbamates level (p=0.0001).

In 2007, Cornblatt and co-workers studied whether sulforaphane is bioavailable
in human breast tissue (Cornblatt et al., 2007). Eight women who were
scheduled to undergo reduction mammoplasty were enrolled in this study and
were asked to consume a broccoli sprout preparation containing 200 mol of
sulforaphane on average 50 min prior to the start of surgery. The level of
dithiocarbamates in the removed breast tissue were then measured and the mean
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breast tissue dithiocarbamates concentration was found to be 1.45 ± 1.12 and
2.00 ± 1.95 pmol/mg tissue for the right and the left breast (remove tissue from
right breast first), respectively.

In 2009, Riedl and co-workers reported that SFN can induce the expression of
Phase II enzymes in the upper airway of human subjects (Riedl et al., 2009).

In

this study which involved 65 participants, it was found that Phase II enzymes
such

as

GSTM1

(glutathione-s-transferase

M1),

GSTP1

(glutathione-s-transferase P1), NQO1 (NADPH quinone oxidoreductase 1), and
HO-1 (hemeoxygenase-1) were all up-regulated and demonstrated a potential of
use SFN to reduce the inflammatory effects of oxidative stress.

From 2010 to 2013, Oregon Health & Science University Knight Cancer
Institute sponsored a phase II clinical trial to investigate the effect of
SFN-enriched broccoli extract on recurrent prostate cancer (Alumkal et al.,
2015).

In their study, 20 patients with recurrent prostate cancer were treated

with 200 mol/day of sulforaphane-rich broccoli extracts for 20 weeks.

The

primary endpoint was set as 50% reduction in PSA (prostate-specific antigen,
which is often elevated in prostate cancer) and only one patient experienced such
effect.

However, they found that the doubling time for PSA was significantly
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lengthened during the treatment (pre-treatment: 6.1 months; on-treatment: 9.6
months). Furthermore, treatment with 200 mol/day was found to be safe and
no Grade 3 adverse event was observed.
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Table 1.1 Clinical trials on SFN
References

No. of
subjects

Intervention

Endpoints

Conaway
et.
al.
(Conaway
et al., 2000)

12

200 g fresh or
steamed broccoli at
a single dose

Compare metabolic fate
steamed vs. fresh broccoli

of

Bioavailability of ITCs from fresh broccoli is
approximately 3 times greater than from steamed
broccoli

Kensler et.
al.(Kensler
et al., 2005)

200

Hot water
infusions of
3-day-old broccoli
sprouts nightly for
2 weeks

Determine whether broccoli
sprouts can alter the disposition
of aflatoxin and phenanthrene

Significant inter-individual differences in
bioavailability; an inverse association between
urinary levels of dithiocarbamates and urinary
aflatoxin-DNA adduct.

Shapiro et.
al.(Shapiro
et al., 2006)

12

21 doses of
glucoraphanin or
SFN over 7 days (8
hours interval)

Evaluate safety, tolerance, and
metabolism

No significant or consistent abnormal events
(toxicities) associated with any of the sprout
extract ingestions

Cornblatt
et.
al.(Cornblat
t et al.,
2007)

8

Single dose of oral
broccoli sprouts
delivering 200
mol SFN at 1
hour pre-surgery

Evaluate whether sulforaphane is
bioavailable in human breast
tissue

2 pmol/mg breast tissue was observed

Traka
et.
al.(Traka et
al., 2008)

22

400 g of broccoli
per-week for over
6 months

Monitor global gene expression
change in prostate gland before,
during and after broccoli-rich diet

Broccoli interacts with GSTM1 genotype to result
in complex changes to signalling pathways
associated with inflammation and carcinogenesis
in the prostate
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Findings

Table 1.1 Clinical trials on SFN (continued)
Riedl et al.
(Riedl
et
al., 2009)

65

Dose-escalation
from 25 g to 200 g
of fresh broccoli
sprouts

Determine the effect of SFN on
the expression of phase II
enzymes

Safe and effective induction of Phase II enzymes
in the upper airway of human subjects

Hanlon et.
al.(Hanlon
et al., 2009)

6

Single and
repeated intake of
raw broccoli

Phamacokinetic study of SFN

SFN was rapidly absorbed, with peak plasma
levels reached within 1.5 hour; plasma level
declined rapidly to 50% of peak level within 3
hours, and then decreased to about 10-15% by
about 8 hour, and thereafter remained fairly
constant between 8 hours and 24 hours.

Bahadoran
et.
al.(Bahador
an et al.,
2011)

81

10 g and 5 g daily
of broccoli sprout
powder for 4
weeks

Determine whether broccoli
sprout powder can reduce
biomarkers of oxidative stress in
type 2 diabetes

Significant decrease in oxidative stress index.

Alumkal et.
al.
(Alumkal et
al., 2015)

20

200 mol/day of
sulforaphane-rich
broccoli extracts
for 20 weeks

Determine
whether
50%
reduction
in
PSA
(prostate-specific antigen, which
is often elevated in prostate
cancer) can be achieved

No 50% reduction in PSA was observed; the
doubling time for PSA is significantly lengthened
under treatment; treatment with 200 mol/day
was safe with no Grade 3 adverse events.

(Adopted and modified from Houghton et al., 2013)
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1.3 Aims of study
NPC is one of the most common cancers in Southeast Asia.

NPC is treated

primarily by radiotherapy but a substantial proportion of patients with advanced
stage cancer suffers tumor relapse after the completion of treatment (Yang et al.,
1996; Li et al., 2014).

The anti-cancer activity of SFN has been demonstrated

in different types of cancers but the studies on the anti-cancer activity of SFN on
NPC were limited.

In the present study, we hypothesized that SFN possess

anti-cancer effects in the EBV-associated nasopharyngeal carcinoma.

The first part of the experimental study aims to evaluate the effect of SFN on the
growth of NPC cells as well as on the growth of CSCs-enriched NPC tumor
spheres. Since MIF/CXCR2 signaling has been demonstrated to be involved in
the growth of NPC C666-1 tumor spheres (Lo et al., 2013) and the dysregulation
of the Wnt signaling pathway (one of the CSC-associated singaling pathways)
has been implicated in the development of NPC, Part-2 and Part-3 of this thesis
aim to study the anti-tumor mechanisms of SFN in NPC.

In the 2nd part of

the experimental study, the impact of SFN treatment on the expression
phosphor-Akt and CXCR2 was examined using Western blot and flow cytometry,
respectively. Pathway specific inhibitor was also used in the functional study.
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CSC-enriched tumor spheres formation assay was used as the end-point assay.

In NPC, many genes were found to be inactivated through DNA
hypermethylation.

Since SFN has been shown to down-regulate DNMT

expression in various types of tumor cells (Meeran et al., 2010; Ali et al., 2015),
the 3rd part of this study aims to examine the impact of SFN treatment on the
expression of DNMT and the subsequent downstream action of DNMT
knockdown on the growth of NPC spheroid cells. Both Western blot, siRNA
silencing technology and CSC-enriched culture techniques were used to address
the issue in this part of the study.

Part-4 aims to evaluate the efficacy of combination of SFN on the in vivo growth
of NPC in the NPC xenograft nude mice model.

39

Chapter 2. Materials and Methods
2.1 Materials for cell culture
2.1.1 Culture media

RPMI 1640

RPMI 1640 powder (GIBCO: 23400-021) was dissolved in 800 ml Milli-Q
water together with 2 g sodium bicarbonate (Sigma: S5761). Then the solution
was adjusted to a pH value between 7.2 and 7.3 by using 2 M sodium hydroxide
solution and 5 M hydrochloric acid solution. After the pH was tuned, the final
volume was toped up to 1 L. The medium was filtered by 0.2 m Millipore
filter for sterization, and then stored at 4 oC.

Dulbecco’s Modified Eagle Medium (DMEM)

DMEM powder (GIBCO: 12100-046) was dissolved in 800 ml Milli-Q water
with 3.7 g sodium bicarbonate (Sigma: S5761).

Then the pH was adjusted to

7.4 by using 2 M sodium hydroxide solution and 5 M hydrochloric acid solution.
After the pH was tuned, the final volume was toped up to 1 L. The medium
was then filtered by 0.2 m Millipore filter for sterization, and then stored at
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4oC.

2.1.2 Completion of media

Completion of RPMI 1640

Completed RPMI 1640 was prepared by adding 10% Fetal Bovine Serum (FBS)
(GIBCO: 10270-106) and Pen Strep (GIBCO: 15070-063) including 50 Units/ml
penicillin and 50 g/ml streptomycin to the plain RPMI 1640.

Completed

RPMI 1640 was stored at 4 oC.

Completion of DMEM

Completed DMEM was prepared by adding 5% heat-inactivated fetal bovine
serum (GIBCO: 10270-106), 5% heat-inactivated newborn calf serum (GIBCO:
16010159) and Pen Strep (PS) (GIBCO: 15070-063) including 50 Units/ml
penicillin and 50 g/ml streptomycin to the plain DMEM. Completed DMEM
was stored at 4 oC.

2.1.3 Buffers and solutions

Dulbecco’s Phosphate-Buffered Saline (PBS)

PBS powder (GIBCO: 21600-010) was dissolved in 800 ml Milli-Q water and
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then toped up to 1 L.

The solution was filtered by 0.2 m Millipore filter for

sterilization and the buffer was stored at room temperature.

Trypsin-EDTA

Trypsin-EDTA (Invitrogen: 25200-072) was stored at -20 oC until use.

Trypan Blue Stain (0.4%)

Trypan Blue Stain (Thermo: J100191) was stored at room temperature.

2.2 Chemicals
Dimethyl Sulfoxide (DMSO)

Dimethyl Sulfoxide (DMSO) (Sigma: D-2650) was aliquoted and stored at
-20oC until use.

Sulforaphane

60 mM of SFN (Sigma: S4441) was prepared by dissolving SFN in DMSO.
The stock SFN was then stored at -20 oC until use.
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SB225002

10 mM of SB225002 (Merck: 559405) was prepared by dissolving SB225002 in
DMSO. The stock SB225002 was then stored at -20 oC until use.

Bovine Serum Albumin (BSA)

BSA (Sigma: A2153) was stored at 4 oC until use.

Recombinant human WIF1

200 g/ml of WIF1 (Wnt inhibitory factor 1) (R&D: 1341-WF) was prepared by
dissolving WIF1 in PBS containing 0.1% BSA.

2.3 Reagents for
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliu
m bromide (MTT) assay
MTT (sigma: M5655) was stored at 4 oC. A 5 mg/ml stock solution of MTT
was prepared by dissolving MTT in PBS. The stock solution was then filtered
through 0.2 m Millipore filter and stored at 4 oC until use.
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2.4 Reagents for real time polymerase chain
reaction (RT-PCR)
2.4.1 Reagents for preparation of cDNA

Table 2.1 List of reagents used for the preparation of cDNA
Reagents

Suppliers and

Storage

catalogue number
Trizol

Invitrogen: 15596-026

4 oC

Chloroform

Sigma: C2432

4 oC

2-propanol

Sigma: I9516

Room temperature

Ethanol

(abasolute

Haen:

Room temperature

ethanol)

Riedel-de
32221

Diethyl pyrocarbonate

Sigma: D5758

4 oC

Invitrogen: 18427088

-20 oC

Invitrogen: 18418012

-20 oC

5x first strand buffer

Invitrogen: Y02321

-20 oC

0.1 M Dithiothreitol
(DTT)

Invitrogen: Y00147

-20 oC

(DEPC)
10 mM
deoxynucleotide
(dNTP) Mix
Oligo
primer

(dT)

12-18
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RNaseOut
recombinant
ribonuclease inhibitor
(5,000 U)

Invitrogen: 10777-019

-20 oC

M-MLV RT (40,000U)

Invitrogen: 28023-013

-20 oC

DEPC-treated water

DEPC-treated water was prepared by adding 0.1 ml DEPC (diethyl
pyrocarbonate) (Sigma: D5758) in 100 ml DI water for 24 hours. Then, the
DEPC-treated water was autoclaved at 121 oC for 20 minutes to degrade residual
DEPC.

75% Ethanol

40 ml 75% Ethanol was prepared by mixing 30 ml absolute ethanol (Riedel-de
Haen: 32221) with 12.5 ml DEPC-treated water.

The mixture was then

stored at -20 oC.

0.1 g/l Oligo(dT) 12-18

50 l (0.1 g/l) Oligo(dT)12-18 was prepared by mixing 10 l of
45

Oligo(dT)12-18 primer (0.5 g/l) (Invitrogen: 18418012) with 40 l of
DEPC-treated water.

2.4.2 Reagents for real time Polymerase Chain Reaction (PCR)

Power SYBR Green Master Mix (2X concentrate)

Power SYBR Green Master Mix (2X concentrate) (Applied Biosystems:
4368577) was stored at -20 oC.

Table 2.2 Primers used for real-time PCR

Primer

Sense

Anti-sense

CXCR2

AGGTCAGAAGTTTCATCGTCAAG

AAAGCTGTCACTCTCCATGTTAA

MIF

GTTCCTCTCCGAGCTCACCCAGCA

GCAGCTTGCTGTAGGAGCGGTTCTG

GC

Rassf1a

CAGATTGCAAGTTCACCTGCCACT

GATGAAGCCTGTGTAAGAACCGTCC

A

T

Sox2

CAGACTTCACATGTCCCAGC

GGCAGTGTGCCGTTAATGG

WIF1

CACTGTGGTAGTGGCATTTAAACA

GCCAATGCAAAAAGTTCATACATT

ATA

GAPDH

GAAGGTGAAGGTCGGAGTC

GAAGATGGTGATGGGATTTC
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2.5 Reagents for tumor spheres formation assay
DMEM/F12 (1:1)

DMEM/F12 (1:1) (GIBCO: 11330-032) was stored at 4 oC until use.

Human epidermal growth factor (hEGF)

2 mg/ml stock epidermal growth factor (Sigma: E9644) was prepared by
dissolving 2 mg of EGF in 1 ml Milli-Q water.

This stock was stored at -80 oC

until use.

Human basic fibroblast growth factor (hFGF)

100 g/ml stock human basic fibroblast growth factor (Cell signaling: 8910) was
prepared by dissolving 50 g of FGF in 0.5 ml of PBS (with 2 mM
Dithiothreitol (DTT)). This stock was stored at -80 oC until use.

Dithiothreitol (DTT)

1 M DTT (Amersham Bioscience: US15397) stock solution was prepared by
dissolving DTT in filtered Milli-Q water.
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PBS with 2 mM DTT was then

prepared by adding 1 l of 1 M DTT into 0.5 ml PBS.

Human insulin-like growth factor I (hIGF-I)

100 g/ml stock human insulin-like growth factor I (hIGF-I) (Cell signaling:
8917) was prepared by dissolving 50 g of hIGF-I in 0.5 ml of 20 mM citrate
(pH=3.0).

Citrate

Sodium citrate tribasic dihydrate (Sigma: 4641) was stored at room temperature
and dissolved in Milli-Q water before use.

2.6 Reagents for Western blotting
2.6.1 Buffers for the preparation of protein samples

Cell lysis buffer

30 ml cell lysis buffer was prepared by mixing 7.5 ml of 1 M Tris (pH 8.0) with
0.9 ml of 5 M NaCl, 0.3 ml of NP-40 and 21.3 ml of Milli-Q water. Cell lysis
buffer was stored at 4 oC until use.
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Protease inhibitor cocktail

Protease inhibitor cocktail (Sigma: P8340) was stored at -20 oC until use.

Phosphatase inhibitor cocktail set II

Phosphatase inhibitor cocktail set II (CalBiochem: 524625) was stored at -20 oC
until use.

Reagent A, Reagent S, and Reagent B

Reagent A (Bio-Rad: 500-0113), Reagent S (Bio-Rad: 500-0115) and Reagent B
(Bio-Rad: 500-0114) were stored at room temperature until use.

Loading Buffer (5X)

10 ml of loading buffer was prepared by mixing 2.5 ml of 1.5 M Tris-HCl (pH
6.8) with 1.2 g of sodium dodecyl sulfate (SDS) (USB: 75819), 6 ml of glycerol
(USB: 16374), 0.6 ml of 2-mercaptoethanol, 2.5 mg of bromophenol blue (USB:
12370) and 0.9 ml of Milli-Q water.

Loading buffer was stored at -20 oC until

use.
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2.6.2 Reagents for the preparation of stacking gel and resolving

gel

30% Acrylamide/Bis solution

30% Acrylamide/Bis solution (Bio-Rad: 161-0156) was stored at 4 oC until use.

0.5 M Tris-HCL (pH 6.8)

12.11 g of Tris powder (USB: 75825) was dissolved in 150 ml of Milli-Q water.
The pH was then adjusted to 6.8 using 5 M HCl and 2 M NaOH solutions.

The

final volume was made up to 200 ml and stored at room temperature.

1.5 M Tris-HCl (pH 8.8)

36.34 g of Tris powder (USB: 75825) was dissolved in 150 ml of Milli-Q water.
The solution was adjusted to pH 8.8 using 5 M HCl and 2 M NaOH solutions.
The final volume was then made up to 200 ml and stored at room temperature.

10% Sodium dodecyl sulfate (SDS)

10% Sodium dodecyl sulfate (USB: 75819) was prepared by dissolving 10 g of
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SDS powder in 100 ml of Milli-Q water. The solution was then stored at room
temperature.

10% Ammonium persulfate (APS)

10% Ammonium persulfate (APS) (USB: 76322) was prepared by dissolving 2 g
of APS powder in 20 ml of Milli-Q water. The solution was then stored at 4 oC
until use.

N,N,N’,N’-Tetramethylethylenediamine (TEMED)

TEMED (USB: 76320) was stored at room temperature.

2-Propanol

2-Propanol (Sigma: I9516) was stored at room temperature.

2.6.3 Reagents for gel electrophoresis

5% Stacking gel

5% Stacking gel was set by mixing 0.53 ml of 30% Acrylamide/Bis solution
with 1.76 ml autoclaved Milli-Q water, 0.8 ml of 0.5 M Tris-HCl (pH 6.8), 32 l
of 10% SDS, 32 l of 10% APS and 3.2 l of TEMED.
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7.5% Resolving gel

7.5% Resolving gel was set by mixing 1.98 ml of 30% Acrylamide/Bis solution
with 3.86 ml autoclaved Milli-Q water, 2 ml of 1.5 M Tris-HCl (pH 8.8), 80 l
of 10% SDS, 160 l of 10% APS and 6.4 l of TEMED.

10% Resolving gel

10% Resolving gel was set by mixing 2.64 ml of 30% Acrylamide/Bis solution
with 3.2 ml autoclaved Milli-Q water, 2 ml of 1.5 M Tris-HCl (pH 8.8), 80 l of
10% SDS, 160 l of 10% APS and 6.4 l of TEMED.

15% Resolving gel

15% Resolving gel was set by mixing 3.96 ml 30% Acrylamide/Bis solution
with 1.88 ml autoclaved Milli-Q water, 2 ml 1.5 M Tris-HCl (pH 8.8), 80 l of
10% SDS, 160 l of 10% APS and 6.4 l of TEMED.

10X Electrophoresis buffer

10X electrophoresis buffer was prepared by dissolving 144.2 g glycine (USB:
16407), 30 g Tris (USB: 75825) and 10 g SDS in 800 ml Milli Q water.

The

pH was then adjusted to 8.3 using 5 M HCl and 2 M NaOH solutions. The
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solution was then made up to 1 L and stored at room temperature.

1X Electrophoresis buffer

100 ml of 10X electrophoresis buffer was mixed with 900 ml Milli-Q water to
obtain 1X electrophoresis buffer.

2.6.4 Reagents for immunoblotting

Polyscreen PVDF Transfer Membranes

Polyscreen PVDF Transfer Membranes (PerkinElmer: NEF1000001PK) was
stored at room temperature.

10X transfer buffer

1 L of 10X transfer buffer was prepared by dissolving 112g glycine, 60 g Tris,
and 5 g SDS in 800 ml Milli-Q water. The final volume was then made up to
1L and the solution was stored at room temperature.

1X transfer buffer

100 ml of 10X transfer buffer was mixed with 700 ml Milli-Q water and 200 ml
methanol to obtain 1 L of 1X transfer buffer.
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2.6.5 Washing buffer

10X Tris-buffered saline (TBS)

10X Tris-buffered saline (TBS) was prepared by dissolving 80 g NaCl (USB:
21618), 30 g Tris and 2 g KCl (USB: 20598) in 800 ml Milli-Q water.
was then adjusted to 7.4 by 5 M HCl and 2 M NaOH solutions.

The pH
The final

volume was made up to 1 L and the solution was stored at room temperature.

1X Tris-buffered saline plus Tween-20 (TBST)

1X Tris-buffered saline plus Tween-20 (TBST) was prepared by mixing 0.5 ml
Tween-20 (USB: 20605), 50 ml of 10X TBS, and 450 ml Milli-Q water.

2.6.6 Blocking buffer

5% non-fat dry milk in 1X TBST

Blocking buffer was prepared by dissolving 0.5g non-fat dry milk in 10 ml of 1X
TBST.
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2.6.7 Antibody diluting buffer and antibodies

Primary antibody

Primary antibody was diluted in 1X TBST containing 3% non-fat dry milk.
Table 2.3 showed the antibodies used in this study.

Table 2.3 List of primary antibodies
Primary antibody

Suppliers and catalogue number

Akt

Cell signaling: 9272

Caspase-3

Cell signaling: 9665

DNMT1

Cell signaling: 5032

MIF

Santa Cruz: sc-7304

p-Akt

Cell signaling: 9271

Sox2

Cell signaling: 3579

-Actin

Sigma: A5060
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Secondary antibody

Horseradish peroxidase (HRP)-conjugated secondary antibody was diluted in 1X
TBST containing 3% non-fat dry milk.

Table 2.4 below shows the list of

secondary antibodies used in this study.

Table 2.4 List of secondary antibodies

Secondary antibody

Supplier and catalogue number

Goat anti-mouse IgG (H+L)-HRP

Invitrogen: 816520

Goat anti-rabbit IgG(H+L)-HRP

Invitrogen: 816120

2.6.8 Reagents for image development

WESTSAVE up (Western blotting substrate)

WESTSAVE up (Western blotting substrate) (Abfrontier: LF-QC0101) was
stored at 4 oC until use. Upon usage, 3 l of detection reagent B (Peroxide
solution) was added into 1 ml of detection reagent A (Luminol enhancer
solution).

GBX developer and fixer

GBX developer and fixer (Kodak: 6610109) was stored at room temperature.
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2.7 Reagents for flow cytometry analysis
Cell cycle analysis
Propidium iodide (PI) (Sigma: P4170) was stored at 4 oC and 1 mg/ml PI in PBS
was prepared freshly each time before use. RNAse A (Roche: 10109169001) was
stored at 4 oC and 10 mg/ml RNAse A in Milli-Q water was prepared freshly
each time before use.

10% Triton X-100 (USB: 22686) was prepared by

mixing 1 ml Triton X-100 with 9 ml PBS and stored at room temperature.

CXCR2 expression analysis

Phycoerythrin (PE)-conjugated mouse monoclonal anti-human CXCR2 (R&D:
FAB331P) were stored at 4 oC until use.

An isotype control antibody,

PE-conjugated mouse IgG2A Isotype control antibody (R&D: IC003P) was
stored at 4 oC until use.

Sox2 expression analysis

Alexa Fluor 647 conjugated Sox2 antibody (Cell Signaling: 5067), Alexa
Fluor 647 conjugated IgG Isotype Control antibody (Cell Signaling: 2985) was
stored at 4 oC until use.
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2.8 Reagents for aldehyde dehydrogenase activity
assay
ALDEFLUORTM kit (Stemcell technologies: 01700) was stored at 4 oC until use
except for the activated ALDEFLUOR reagent.

Dry ALDEFLUOR was

activated by adding 25 l of DMSO to the vial of ALDEFLUORTM Reagent and
mix, then adding 25 l of 2N HCl to the vial and mix, and finally adding 360 l
of ALDEFLUORTM assay buffer and mix well. The activated ALDEFLUORTM
reagent was stored at -20 oC until use.

Table 2.5 Components of ALDEFLUORTM kit

Component

Quantity
50 g

Dry ALDEFLUOR reagent
ALDEFLUORTM Diethylaminobenzaldehyde
Reagent, 1.5 mM in 95% ethanol

(DEAB)

1 ml

Hydrocholoric Acid (HCl), 2N

1.5 ml

Dimethylsulphoxide (DMSO)

1.5 ml

ALDEFLUORTM Assay Buffer

4 bottles  25
ml

58

2.9 Reagents for transient transfection with siRNA
Fibronectin

5 mg of fibronectin human protein, plasma (Sigma: F2006) was dissolved in 5
ml of Milli-Q water and stored at -20 oC until use.

Lipofectamine Reagent 2000

Lipofectamine Reagent 2000 (Invitrogen: 11668-019) was stored at 4 oC.

siRNAs

Table 2.6 below lists the siRNAs used in this study
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Table 2.6 List of siRNA used

Target Sequences

siControl

UGGUUUACAUGUCGACUAA

Supplier and
catalogue number
Dharmacon:
D-001810-01-20

GCACCUCAUUUGCCGAAUA
AUAAAUGAAUGGUGGAUCA
siDNMT1
CCUGAGCCCUACCGAAUUG

Dharmacon:
L-004605-00-0005

GGACGACCCUGACCUCAAA
GGGUCUACAUCAACUAUUA
GCGCAGAACCGCUCCUACA
siMIF
CAACUCCACCUUCGCCUAA

Dharmacon:
L-011335-00-0005

CAUCGUAAACACCAACGUG
GCUCUUGGCUCCAUGGGUU
UCAUGAAGAAGGAUAAGUA
siSox2
GCUCGCAGACCUACAUGAA
CAGUACAACUCCAUGACCA
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Dharmacon:
L-011778-00-0005

2.10 Reagents for nude mice xenograft study
Sodium chloride solution

Sodium chloride solution (Sigma: S8776) was stored at room temperature until
use.

N,N-Dimethylformamide

N,N-Dimethylformamide (DMF) (Sigma: D4551) was stored at room
temperature until use.

cis-Diammineplatinum(II) dichloride (Cisplatin)

15 mg/ml stock cisplatin (Sigma: P4394) was prepared by dissolving cisplatin in
DMF (Sigma: D4551).

The solution is then stored at 4 oC and every time

before the administration of cisplatin to mice, a working concentration of 0.3
mg/ml of cisplatin was prepared by diluting the stock solution with sodium
chloride solution (Sigma: S8776 ).
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2.11 Cultivation of NPC cell lines
NPC cells were incubated at 37 oC in a humidified 5% CO2 incubator.
EBV-positive poorly differentiated NPC C666-1 cells were cultured in cRPMI
while EBV-negative poorly differentiated HONE-1 cells were cultured in
cDMEM. The cells were subculture twice a week

2.12 Cell count analysis
C666-1 cells (5105 cells/well) were incubated in 35-mm dishes for three days.
Cells were then treated with SFN (10-20 M) or an appropriately diluted DMSO
for 2 to 4 days. Cell viability was determined by trypan blue staining method.

For HONE-1 cells, 4104 cells/well were incubated in 35-mm dishes for
overnight. Cells were then treated with SFN (10-20 M) or an appropriately
diluted DMSO for 2 to 4 days. Cell viability was determined by trypan blue
staining method.

2.13 MTT assay
C666-1 cells (3  104 cells in 100 l cRPMI per well) were seeded onto
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96-well-plate, and the cells were incubated for 72 hours.
treated with SFN as described in the figure legends.

The cells were then
After drug treatment,

MTT solution (5 mg/ml) was added into each well so that the working
concentration in each well was 250 g/ml and the final medium volume was
100l.

After incubation for three hours with MTT, 80 l of culture medium

was removed and 100 l of DMSO was added to solubilize the purple formazan
product.

The 96-well-plate was then gently shaked on a plate shaker for 30

minutes to allow the complete solubilization of formazan.

Optical density (OD)

at 540 and 690 nm were measured by a microplate reader. Cytotoxicity was
calculated with the following formula:

(ODcontrol – ODblank) – (ODsample – ODblank)
Cytotoxicity =

(ODcontrol – ODblank)
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2.14 Real time PCR
2.14.1 Preparation of cDNA

2.14.1.1 RNA extraction

5  105 C666-1 cells were seeded onto 35-mm plate and incubated at 37 oC for
three days.

For HONE-1 cells, 1105 cells were seeded onto 35-mm plate and

incubated at 37 oC overnight before drug treatment.

After drug treatment, the

medium containing floating cells were collected with a 15 ml centrifuge tube.
1 ml of Trizol (Invitrogen: 15596-026) was added into each well and incubated
for 5 minutes to collect RNA samples from the attaching cells. During the
incubation period of 5 minutes, the floating cells were centrifuged down. The
Trizol was then transferred from 35-mm plate to the collected floating cells.
The total lysate was then transferred to a new 1.5 ml tube.

200 l of

chloroform (Sigma: C2432) was then added and the mixture and shaked
vigorously for 15 seconds and then incubated at room temperature for 3 minutes.
The mixture was then centrifuged at 12,000 g for 15 minutes at 4 oC. The
upper aqueous phase which contains RNA samples was collected and transferred
to a new tube. 500 l of 2-propanol (Sigma: I9516) was added to the tube and
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the mixture was incubated at room temperature for 10 minutes. The mixtures
were then centrifuged at 12,000 g for 10 minutes at 4 oC.

The supernatant was

removed and the pellet was washed with 1 ml of 75% ethanol. After this, the
tube was centrifuged at 7,500 g for 5 minutes at 4 oC and the supernatant was
removed. The RNA pellet was air-dried and then dissolved in DEPC-treated
water. The purity and concentration of RNA was determined using nanodrop
spectrophotometer (NanoDrop: ND-1000).

A stock RNA solution of 1 g/l

was then prepared by diluting with DEPC-treated water.

2.14.1.2 Reverse transcription

In each reverse transcription reaction, a mixture of RNA with primer and dNTP
was prepared according to table 2.7 and a mixture of reaction buffer and reaction
enzymes was prepared according to table 2.8:
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Table 2.7 Reagents for reverse transcription - RNA mixture

Component

1 reaction volume (l)

1 g/l RNA

1

0.1 g/ml Oligo (dT) 12-18 primer

1

10 mM deoxynucleotide (dNTP) Mix

1

DEPC-treated water

10

Total

13

Table 2.8 Reagents for reverse transcription - reaction buffer and enzyme
mixtures

Components

1 reaction volume (l)

5X Reverse Transcription buffer

4

0.1 M DTT

2

RNaseOUT (40 U/l)

0.5

M-MLV RT (200 U/l)

0.5

Total

7

The mixture of RNA with primer and dNTP was incubated at 65 oC for 5
minutes, and then placed on ice for at least 1 minute. The mixture of reaction
buffer and enzymes (7 l) was then added to the mixture of RNA. After that,
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the reaction mixture (20 l) was incubated at 37 oC for 50 minutes followed by
terminating the reaction at 70 oC for 15 minutes. The cDNA obtained was
stored at -20 oC.

2.14.2 Real time PCR

In each real time PCR reaction, reagents were mixed according to table 2.9.

Table 2.9 Reagents for real time PCR

Components

1 reaction volume (l)

DEPC-treatet water

4.25

10 M sense primer

0.5

10 M anti-sense primer

0.5

Power SYBR Green Master Mix
(2X)

6.25

cDNA

0.5

Total

12

The real time PCR reaction cycle consists of initial denaturation at 94 oC for 10
minutes. Then the mixture was subjected to 40 thermal cycles consisting of the
denaturation step at 94 oC for 30 seconds, the annealing step at 55 oC for 30
seconds, and the elongation step at 72 oC for 30 seconds. The whole process
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was performed in a real time PCR system (Agi.ent Technologies: Mx3000P).
The real time PCR results were analyzed by the MxPro qPCR Software.

2.15 Tumor spheres formation assay
Spheroid formation assay has been used for the enrichment of CSCs from bulk
tumor cells (Wang et al., 2013; Chen et al., 2012). 1  104 cells in 2 ml
DMEM/F12 were seeded onto 6-well ultra-low attachment plate (Corning: 3471).
The culture medium was supplemented with 20 ng/ml of EGF, 20 ng/ml of FGF,
and 20 ng/ml of IGF.

The cells were then incubated in a humidified CO2

incubator at 37 oC for 7 days.

The cultures were fed with 20 ng/ml of EGF, 20

ng/ml of FGF, and 20 ng/ml of IGF every 2 to 3 days.

Microscopic images of

the tumor spheres were captured using a camera (Nikon: D5100) connected to an
invert microscope.

Alternatively, 24-well ultra-low attachment plates (Corning: 3473) were used for
the culture of tumor spheres. 2,000 cells in 1 ml of growth factors (20 ng/ml of
EGF, 20 ng/ml of FGF and 20 ng/ml of IGF) supplemented DMEM/F12 were
seeded onto each well and the cultures were fed with the same growth factor
supplement (20 ng/ml of EGF, 20 ng/ml of FGF and 20 ng/ml of IGF) every 2 to
3 days.
68

2.16 Western Blotting
2.16.1 Protein extraction

5  105 C666-1 cells were seeded onto 35-mm plate and the cells were incubated
at 37 oC for 3 days before drug treatment.

1 105 HONE-1 cells were seeded

onto 35-mm plate and the cells were incubated at 37 oC overnight before drug
treatment.

After drug treatment, cells were washed twice with PBS and

floating cells were also collected. 20 l of ice-cold cell lysis buffer containing
1% phosphatase inhibitor cocktail set II and 0.25% of protease inhibitor cocktail
(both inhibitor cocktails were added immediately before the use of cell lysis
buffer) were added to the cells. The cells in lysis buffer were then incubated on
ice for five minutes to allow for complete lysis. Then the adherent cells were
scraped and collected in a new 1.5 ml tube. The lysate was centrifuged at
14,000 g for 15 minutes at 4 oC and the supernatant containing proteins was
collected for further analysis.

2.16.2 Determination of protein concentration

125 l of protein assay Reagent A (Bio-Rad: 500-0113) and 5 l of protein assay
Reagent S (Bio-Rad: 500-0115) were mixed together to make the working
69

reagent. 2.5 l of protein sample was added into the working reagent. 1 ml of
protein assay Reagent B (Bio-Rad: 500-0114) was then added to the mixture.
The mixed sample was incubated in dark at room temperature for 15 minutes
and the optical density was measured at 750 nm by spectrophotometer
(SHIMADZU: UV-1700). The protein concentration was calculated according
to the standard curve in figure 2.1.
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Absorbance (750 nm)

Figure 2.1 Standard curve for protein concentration determination
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2.16.3 Preparation of protein samples

After the protein concentration was determined, an appropriate amount of
protein sample, 5X loading buffer and cell lysis buffer were mixed so that the
final protein concentration is 1 g/l or 2 g/l.
boiling for 10 minutes.

The mixture was denatured by

After denaturation, the protein samples were stored at

-20 oC until use.
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2.16.4 Gel electrophoresis

7.5%, 10%, and 15% resolving gels with 5% stacking gels were used for protein
analysis. An appropriate amount of protein sample was loaded in each well of
the gel. The samples were run at 50 V for 30 minutes followed by 100 V for 90
minutes.

2.16.5 Preparation of membrane and transfer sandwich

Polyscreen PVDF Transfer Membranes (PerkinElmer: NEF1000001PK) was
soaked in methanol for 10 seconds, followed by washing in Milli-Q water for 10
minutes and equilibrated with 1X transfer buffer for at least 10 minutes at room
temperature. The spongy and filter papers were soaked in 1X transfer buffer
and stored at 4 oC before use.

2.16.6 Immunoblotting

After gel electrophoresis, the proteins were transferred onto the transfer
membrane in 1X transfer buffer by a constant current of 40 mA at 4 oC overnight.
The membrane was then washed with 1X TBST for 10 minutes, followed by
blocking buffer for 1 hour with gentle shaking at room temperature. Then the
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membrane was incubated with an appropriately diluted primary antibody for 2
hours at room temperature, washed with 1X TBST for 3 times, incubated with
1:4000 diluted secondary antibody with gentle shaking at room temperature for 1
hour, and finally washed with 1X TBST six times (10 minutes each time) with
gentle shaking.

The membrane was then used for image development.

2.16.7 Image development

The band intensity of interested protein was visualized by image development on
X-ray film. WESTSAVE up western substrate were activated by mixing 1 ml of
detection reagent B with 3 l of detection reagent A immediately before use.
The mixture were added onto the membrane and allowed to react for 1 minute.
The excessive substrate was drained off and the luminescence was captured by
X-ray film.

The bands on the film were then visualized by GBX Developer and

Fixer. The band intensity of the protein bands were analyzed by Image J.
Alternatively, instead of using X-ray film to capture the luminescence, the
signals were captured using ChemiDocTM Touch Imaging System of Bio-Rad.
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2.17 Flow cytometry
2.17.1 Cell cycle analysis

5105 C666-1 cells were seeded onto 35-mm plate, and the cells were incubated
for three days before drug treatment.

For the HONE-1 cells, the concentration

seeded onto the 35-mm plates was 1 105 cells and the cells were incubated for
overnight before drug treatment.

After treatment, the cells were washed with

PBS twice, trypsinized and harvested. The floating cells were also collected.
The cells were then collected by centrifugation and the cell pellet was then
incubated in 70% ethanol for at least 2 hours at 4 oC to fix the cells. After that,
the cells were washed with PBS twice. A staining mixture was prepared as
described In Table 2.10.

Table 2.10 Components of staining mixture for cell cycle analysis

Staining dye

Stock

Volumes in 1 ml
mixture

PI

1 mg/ml in PBS

40 l

RNAse

10 mg/ml in Milli-Q water

100 l

Triton X-100

10% in PBS

10 l

PBS

N.A.

850 l
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The cells collected were stained in dark for 30 minutes at room temperature with
1 ml of staining mixture.

The DNA contents were then analyzed using a flow

cytometer.

2.17.2 Flow cytometric analysis of CXCR2 expression

5105 C666-1 cells were seeded onto 35-mm plate; the cells were incubated for
three days before drug treatment. The cells were then treated with 10 M of SFN
for 2 days. After treatment, the cells were washed with PBS twice, trypsinized
and collected.

Floating cells were also collected.

centrifugation method.

The cells were collected by

The pellet was resuspended in PBS buffer containing

0.5% BSA and the cell density was adjusted to a final concentration of 4  106
cells/ml.

25 l of cells (1  105 cells) were transferred to a 1.5 ml tube and

10l of PE-conjugated CXCR2 antibody or PE-conjugated Isotype control was
added.

The mixture was then incubated for 45 minutes at 4 oC.

After

incubation, the cells were washed twice with PBS. Finally, the cells were
resuspended in 200 l of PBS and the fluorescence signals were analyzed using
a flow cytometer.
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2.17.3 Flow cytometric analysis of Sox2 expression

5105 C666-1 cells were seeded onto 35-mm plate; the cells were incubated for
three days before drug treatment. The cells were then treated with 20 M of SFN
for 2 days. After treatment, the cells were washed with PBS twice, trypsinized
and collected.

Floating cells were also collected.

The cells were collected by

centrifugation method and were fixed in 1.6% paraformaldehyde for 10 minutes,
washed with PBS once, fixed in ice-cold 100% methanol for 30 minutes, and
then washed with 0.5% BSA once.

Cells were counted and adjusted to a

concentration of 1  106 cells/ml in 0.5% BSA.

2 l of Alexa Fluor 647

conjugated Sox2 antibody (Cell Signaling: 5067) and 2 l of Alexa Fluor 647
conjugated IgG Isotype Control antibody (Cell Signaling: 2985) were added into
100 l of cells for the staining of Sox2. The mixture was then incubated in dark
for 30 minutes.

After incubation, the cells were washed twice with 0.5% BSA.

Finally, the cells were resuspended in 200 l of PBS and the fluorescence signals
were analyzed using a flow cytometer.
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2.18 ALDH activity assay
C666-1 and HONE-1 cells were prepared as described in Section 2.17.1.

After

drug treatment, the cells were washed twice with PBS, trypsinized and then
harvested.

Floating cells were also collected.

The cells were resuspended in

ALDEFLUOR assay buffer and adjusted to a concentration of 1  106 cells/ml
with ALDEFLUOR assay buffer. 5 l of DEAB reagent was added to a new
1.5 ml tube as negative control. 5 l of the activated ALDEFLUOR reagent
was added to the cells (1 ml) and the cells were mixed with the ALDEFLUOR
reagent immediately.

After that, 0.5 ml of the cells was transferred

immediately to a new 1.5 ml tube containing DEAB as a negative control. The
cells were then incubated for 45 minutes at 37oC. Following incubation, the
cells were collected by centrifugation and the pellet was resuspended in 0.5 ml
of ALDEFLUOR assay buffer.

The cells were then analyzed by flow

cytometer.

2.19 Transient transfection with siRNA
35-mm plates were pre-coated with fibronectin (10 l of fibronectin (1mg/ml) in
1 ml of PBS) at 4C for overnight.

5105 C666-1 cells were then seeded onto

the fibronection-coated 35-mm plate, and the cells were incubated for overnight.
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Before transfection, the cells were washed twice with RPMI and then transfected
with 50 nM of si-MIF RNA, si-Sox2 RNA, si-DNMT1 RNA or si-control RNA
by using 5 l of Lipofectamine Reagent 2000 in 2 ml of RPMI. The cells were
incubated with the transfection mixture for 6 hours and the transfected cells were
then further incubated in cRPMI medium for 3 days.

Transfected ccells were

then harvested for further analysis.

2.20 Nude mice xenograft study
Four- to six-week-old athymic nude mice were obtained from Queen Elizabeth
Hospital. C666-1 cells (1107 cells in 0.2 ml RPMI) were injected into the right
flank of the nude mice, and the change in tumor volume was recorded daily.
Once the tumor volume reached 70-100 mm3, the mice were randomly allocated
into different groups for treatment. Mice (6 per group) were treated daily with
vehicle (PBS) or SFN (80 mg/kg) by means of intraperitoneal (i.p) injection, and
the tumor volumes as well as the body weight were measured twice per week.
In the SFN and cisplatin combination study, mice were randomized into four
groups for treatment, each contains 10 mice. The mice were i.p. injected with
vehicle, 60 mg/kg SFN (four times per week), 3 mg/kg cisplatin (twice per
week), or combination of the two for three weeks. Tumor volumes as well as
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the body weights were measured twice per week.

A stock of 50 mg/ml SFN was prepared by dissolving SFN in DMSO, and it was
stored at -20oC until use. Stock SFN was then diluted with PBS immediately
before injection. A stock of 15 mg/ml cisplatin was prepared by dissolving
cisplatin in DMF, and the stock solution was stored at 4 oC until use.

Stock

cisplatin was then diluted with sodium chloride solution immediately before
injection.

2.21 Statistical analysis
Student t-test in SPSS 11 software was used to determine the level of
significance. The p-value smaller than 0.05 was considered as significant.
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Chapter 3. In vitro effect of SFN on the
growth of NPC cells and NPC tumor
spheres

3.1 Introduction
SFN has been shown to inhibit cancer growth or progression through the
induction of cell cycle arrest (Chiao et al., 2002; Shan et al., 2006; Wang et al.,
2004; Jackson and Singletary, 2004a; Pham et al., 2004), induction of apoptosis
(Chiao et al., 2002; Fimognari et al., 2002; Gamet-Payrastre et al., 1998; Gingras
et al., 2004), inhibition of angiogenesis (Bao et al., 2014; Bertl et al., 2006),
inhibition of metastasis (Jee et al., 2011; Stetler-Stevenson et al., 1996; Thejass
and Kuttan, 2006), and inhibition of CSCs (Li et al., 2013; Li et al., 2010b).
Clinical trials studying the potential of using SFN as an anti-cancer drug have
been performed in breast cancer (Cornblatt et al., 2007) and prostate cancer
(Alumkal et al., 2015).

For the prostate cancer, there are currently three

ongoing clinical trials at the stage of recruiting participants by Cambridge
University Hospitals NHS Foundation Trust, Prostate Cancer Foundation, and
German Cancer Research Center (U. S. National Institute of Health, 2015).
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Despite a lot of pre-clinical and clinical studies on the anti-cancer activity of
SFN, there is only a study on the effect of SFN on NPC (Wu et al., 2013b).

In

the present study, we hypothesized that SFN possess anti-tumor activity on the
EBV-associated nasopharyngeal carcinoma. The study will focus on the in vitro
effect of SFN on the growth of NPC cells and CSCs-enriched NPC tumor
spheres.
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3.2 Results
3.2.1 Effects of SFN on the growth of NPC cells

Both EBV-positive C666-1 and EBV-negative HONE-1 NPC cell lines were
used in this study.

The growth of SFN-treated NPC cells was evaluated using

the Trypan-Blue exclusion assay to determine the number of viable NPC cells
after treatment of SFN. Results showed that the proliferation of both C666-1
(Figure 3.1) and HONE-1 (Figure 3.2) cells were inhibited by SFN in a dose
(10 – 20 M) and time (Day-2 to Day-4)-dependent manner.

3.2.2 Effects of SFN on the cell cycle progression of NPC cells

The inhibitory effects of SFN have previously been attributed to the induction of
cell cycle arrest in tumor cells (Chiao et al., 2002; Jackson and Singletary, 2004a;
Tang and Zhang, 2004).

However, the effect of SFN on virus-associated

tumors such as NPC has never been examined.

In the present study, the cell

cycle distribution profile of SFN-treated NPC cells was determined by flow
cytometry after staining the cells with propidium iodide. As shown in Figure
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3.3, 20 M of SFN treatment induced G2/M cell cycle arrest in C666-1 cells.
In addition, the sub-G1 population was also increased to 7.7%, suggesting that
G2/M arrest and DNA fragmentation occurred under 20 M of SFN treatment.
In HONE-1 cells, both 10 M and 20 M of SFN treatment induced a significant
G2/M cell cycle arrest and induced DNA fragmentation (Figure 3.4).

3.2.3 SFN induced apoptosis in NPC cells

In the cell cycle study, SFN was found to increase the percentage of cells in
sub-G1 phase. This observation could be a result of apoptosis.

Caspases are a

set of cysteine proteases which triggers apoptosis upon activation and generally
occur in the cell in an inactive form.

Initial stimuli trigger a cascade of events

that lead to activation of caspases and ultimately apoptosis.

Caspase-3 is an

important effector caspase involving in both the death receptor-mediate and
mitochondria-mediate apoptotic pathway (Elmore, 2007).

To study if apoptosis

occurs in SFN treated NPC cells, the protein expression of Caspase-3 were
examined by Western blot.

As shown in Figure 3.5, SFN treatment led to the

generation of the cleavage form of caspase-3 (p17 and p19 fragments) in
HONE-1 cells, indicating that caspase-3 was activated in HONE-1 cells after
SFN treatment.
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3.2.4 SFN inhibited the formation of NPC tumor spheres

CSCs are resistant to conventional therapies and may contribute to the tumor
relapse after treatment (Jung and Kim, 2015). SFN has been shown to inhibit
the proliferation of CSCs in different cancers (Li et al., 2013; Li et al., 2010b).
Tumor spheres culture system has frequently been used to enrich CSCs. These
included glioblastoma (Lee et al., 2006), meningioma (Hueng et al., 2011),
hypernephroma (Zhong et al., 2010) and breast cancer (Dey et al., 2009).
Previous study found that NPC tumor spheres expressed high level of NPC
CSCs associated markers (Lun et al., 2012). To evaluate the effects of SFN on
CSCs-like cells in NPC, tumor spheres formation assay was used in this study.
As shown in Figure 3.6, when C666-1 cells were incubated with SFN (2 – 6 M)
(SFN co-treatment), the total number of tumor spheres formed per culture was
found to be inhibited dose-dependently.

The mean diameter of the tumor

spheres was also reduced, indicating that SFN effectively inhibited the growth of
the tumor spheres.

At the concentration of 6 M, the averaged number of

tumor spheres formed was reduced by 85% when compared to the control group
(control: 561 v.s. treatment: 89).

Figure 3.7 showed that the tumor

spheres-forming capacity of HONE-1 cells was also reduced by SFN (1 – 4 M).
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Results from this study suggested that SFN effectively inhibits the growth of
NPC tumor spheres.

3.2.5 Effects of SFN pre-treatment on the growth of NPC C666-1

tumor spheres

After the establishment of the inhibitory effects of SFN co-treatment on the
growth of NPC tumor spheres, the effects of SFN pre-treatment on the
subsequent sphere-forming capacity of SFN-treated NPC cells was examined.
Since the development of NPC tumor is strongly associated with the latent EBV
infection of the tumor cells (Wu et al., 2003), and the C666-1 is an EBV-positive
cell line, the C666-1 cell line was chosen for this study. The cells were initially
treated with different doses of SFN (5 – 20 M) for 48 hours. Then the treated
cells were harvested and washed twice with cRPMI to remove SFN.

The

viable cells (1  104 cells/well) were collected, counted and seeded for tumor
spheres formation assay as described in Materials and Methods.

Results

showed that a low dose of SFN pre-treatment (5 M) did not affect the tumor
spheres formation capacity, but cells under a higher dose of SFN pre-treatment
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(10 M and 20 M) were significantly reduced in the capacity to form tumor
spheres (Figure 3.8).

Strikingly, cells pre-treated with 20 M SFN lost the

ability to form tumor spheres completely.

Result from this study further

demonstrated that SFN treatment could reduce the spheroid-forming capability
of NPC cells.

3.2.6 SFN down-regulates ALDH activity in NPC cells

In order to better characterize the effects of SFN on NPC cells with CSCs-like
characteristics, cells expressing putative CSC markers were investigated in this
study. ALDH1 has been proposed to be one of NPC CSC markers by different
researchers and ALDH1+ cells were found to possess higher colony-formation
ability and were more resistant to chemotherapy and radiotherapy (Wu et al.,
2013a; Yu et al., 2013). ALDH1 expression level at the tumor invasive front of
NPC patients was found to correlate strongly with lymphatic invasion, clinical
stage, and local recurrence.

In addition patients with high ALDH1 expression

at the invasive front were found to have significantly shorter overall survival
(Luo and Yao, 2014).

The expression level of ALDH1 in NPC cells was then

examined by ALDEFLOUR assay system.
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Briefly, cell were suspended in

ALDEFLOUR assay buffer containing ALDH substrate and incubated at 37 oC
for 30 minutes. The fluorescent products were then analyzed by flow cytometry.
A negative control was treated with diethylaminobenzaldehyde (DEAB), a
special ALDH inhibitor, and the ALDHHi population in control group and SFN
treatment group was compared. As shown in Figure 3.9, ALDHHi population
was reduced by more than 50% in C666-1 treated with 20 M of SFN (from
37.7% of total population to 16.7% of total population).

In HONE-1, ALDHHi

population was also reduced by almost 50% (from 13.3% to 6.1%), as shown in
Figure 3.10. These results suggested that the population of cells with CSCs
phenotype was reduced after SFN treatment.

3.2.7 Inhibition of ALDH activity leads to reduced tumor spheres

formation

DEAB is a specific ALDH inhibitor which inhibits different isoforms of ALDH,
including ALDH1 and ALDH3A1, (Moreb, 2008; Muzio et al., 2012; Kim et al.,
2013). Previous study showed that DEAB (50 M) pre-treatment could reduce
the formation of tumor spheres in breast cancer (Kim et al., 2013).
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In the

present study, DEAB (100 M) was used to treat the NPC cells and its effects on
the formation of tumor spheres was examined.

Results showed that DEAB

reduced the capacity of tumor spheres formation of both C666-1 (Figure 3.11)
and HONE-1 cells (Figure 3.12), as indicated by the total number and mean
diameter of tumor spheres formed. These results suggested that the ALDH
inhibitor DEAB could inhibit the tumor spheres formed by NPC cells.

3.2.8 SFN treatment down-regulates Sox2 expression in C666-1

cells

Sox2 is a transcription factor crucial for promoting and maintaining pluripotency
in embryonic and adult tissue-specific stem cells (Driessens and Blanpain, 2011).
It has been proposed as a marker for NPC CSCs (Lun et al., 2012; Lun et al.,
2014).

In the present study, the effects of SFN treatment on Sox2 expression

were first studied by real time PCR.

The level of Sox2 mRNA was found to be

reduced by half (Figure 3.13). Western blot analysis also showed that the level
of Sox2 protein was decreased by half after SFN (20 M) treatment (Figure
3.14). The population of cells which express a high level of Sox2 was then
quantified by flow cytometry and SFN (20 M) was found to reduce the Sox2Hi
population from 55% to 34% (Figure 3.15). These results clearly suggest that
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Sox2 is down-regulated by SFN treatment.

3.2.9 Reduction of tumor spheres formation by Sox2 siRNA

treatments

To further provide evidence that Sox2 plays a role in the growth of NPC tumor
cells, the approach of siRNA knock-down was used.

C666-1 cells were

transfected with Sox2 siRNA as described in Materials and Methods.
Transfected cells were then seeded onto the ultra-low attachment plate for tumor
spheres formation assay as described in Materials and Methods. Figure 3.16
showed that the expression of Sox2 protein was reduced by 60% after 4 days of
Sox2 siRNA treatment.

In Figure 3.17, the peak spheroid size distribution for

the si-Control group and the si-Sox2 group was 40 - 50 m and 30 - 40 m,
respectively.

This observation indicated that the growth of tumor spheres could

be reduced after Sox2 siRNA knock-down treatment.

Besides, the total number

of tumor spheres formed was also significantly reduced in si-Sox2 group
(24730) when compared to si-Control group (340 21). This result clearly
suggested that Sox2 is involved in SFN-mediated growth inhibition of C666-1
tumor spheres.
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3.3 Discussion
SFN has been shown to exert anti-tumor activity in many cancers, but there
is only one published study showing the anti-tumor activity of SFN on NPC (Wu
et al., 2013b).

In the present study, we clearly demonstrated the anti-tumor

activity of SFN on NPC. Both EBV-negative HONE-1 cells and EBV-positive
C666-1 cells were used. Almost 98% of NPCs are EBV-associated (Tsao et al.,
2015) and expression of EBV latent infection proteins induces drug resistance
which present challenges to NPC treatment.

For example, LMP-1 was found to

mediate the resistance of NPC cells to TRAIL (Tumor necrosis factor
(TNF)-related apoptosis inducing ligand)-induced apoptosis through activation
of the PI3K/Akt signaling pathway (Li et al., 2011a).

In Burkitt’s Lymphoma,

another EBV-associated cancer, latent EBV can compromise the mitotic spindle
assembly

checkpoint

and

rescue

Burkitt's

lymphoma

cells

from

caspase-dependent cell death initiated in aberrant mitosis (Leao et al., 2007).
Since EBV latent infection is closely associated with the tumorigenesis of NPC
and can mediate drug resistance, the EBV-positive C666-1 NPC cell line is a
better cell model when compared to other EBV-negative NPC cell lines.
In

previous

study,

the IC50

(the concentration which causes 50% of

growth inhibition) at 48 hours treatment of SFN in TW01, HONE-1, HA and NA
90

NPC cell lines was found to be 10–35 M (Wu et al., 2013b).

In the present

study, the IC50 of SFN for C666-1 cells at 48 hours treatment of SFN was around
17 M (data shown in Chapter 6, Figure 6.1), which is in the similar range to the
IC50 reported in other NPC cell lines.

Given the IC50 of SFN in C666-1 cells,

10 M and 20 M of SFN

treatment

studies in

At such dosage, SFN was found to inhibit the

this project.

was

choose

for

most

of

the

cell proliferation, induce G2/M cell cycle arrest, and induce apoptosis in NPC
cells.

CSCs

are

contribute

more
to

the

resistant

to

conventional

therapy

and

might

tumor relapse after primary treatment (Jung and Kim,

2015). Therapies that can inhibit the growth of CSCs might provide better
prognosis for patients. The effect of SFN on NPC cells with CSCs-like
properties was examined using tumor spheres formation assay.
NPC has never been done before.

Such study in

Results in the present study clearly indicated

that SFN inhibited the tumor spheres formation by HONE-1 and C666-1 cells at
1 M and 2 M, respectively.
number
cells.

of

tumor

6 M

spheres formed

of
by

SFN treatment
more

than

80%

reduced
in

the

C666-1

In previous tumor spheres formation studies, such as breast cancer (Li et
91

al., 2010b), pancreatic cancer (Kallifatidis et al., 2011), and prostate cancer
(Labsch et al., 2014), SFN was found to reduce the tumor spheres formation at
the dosage of 0.5 to 10 M..

In our study, the concentrations of SFN that

inhibited the formation of NPC tumor spheres were in the similar concentration
range as in other cancers.

Besides, it was found that pre-treatment of NPC cells with 20 M of SFN
completely abolished the tumor spheres forming capability of C666-1 cells. This
finding suggested that such dosage of SFN treatment is efficient in inhibiting the
growth of CSCs-like NPC cells. In addition, the CSCs-associated markers
(ALDH and Sox2) were found to be reduced after SFN treatment. The
down-regulation of CSCs-associated markers was associated with the reduced
tumor spheres formation capacity of NPC cells. These findings suggested that
SFN could be a potential CSCs-inhibiting drug for NPC.
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Figure 3.1 Effects of SFN on the proliferation of C666-1 cells. C666-1 cells
(5105 cells/well) were incubated in 35-mm dishes for three days. Cells were
then treated with SFN (10-20 M) or corresponding volume of DMSO for 2 to 4
days. Cell viability was determined by trypan blue staining method. Results were
expressed as mean  SD from three independent experiments. *: p<0.05; **:
p<0.01.
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Figure 3.2 Effects of SFN on the proliferation of HONE-1 cells. HONE-1
cells (4104 cells/well) were incubated in 35-mm dishes for overnight. Cells
were then treated with SFN (10-20 M) or corresponding volume of DMSO for
2 to 4 days. Cell viability was determined by trypan blue staining method.
Results were expressed as mean  SD from three independent experiments. *:
p<0.05; **: p<0.01.
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Figure 3.3 Cell cycle profiles of SFN-treated C666-1 cells. C666-1 cells
(5105 cells/well) were incubated in 35-mm dishes for 3 days. Cells were then
treated with 10 M of SFN (A) or 20 M of SFN (B) for 2 days. An
appropriately diluted DMSO was used as a control. Left panel: Representative
cell cycle distribution histograms of SFN-treated C666-1 cells. Right panel:
Quantitative measurement of the cells in each growth phase of the cell cycle.
Results were expressed as mean  SD from three independent experiments.
*: p<0.05. **: p<0.01. #: p>0.05
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Figure 3.4 Cell cycle profiles of SFN-treated HONE-1 cells. HONE-1 cells
(1105 cells/well) were incubated in 35-mm dishes for overnight. Cells were
then treated with 10 M of SFN (A) or 20 M of SFN (B) for 2 days. An
appropriately diluted DMSO was used as a control. Left panel: Representative
cell cycle distribution histograms of SFN-treated HONE-1 cells. Right panel:
Quantitative measurement of the cells in each growth phase of the cell cycle.
Results were expressed as mean  SD from three independent experiments.
*: p<0.05. **: p<0.01. #: p>0.05
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Figure 3.5 Activation of Caspase-3 in SFN-treated HONE-1 cells. HONE-1
cells (1105 cells per well) were seeded onto 35 mm plate, incubated overnight.
Cells were then treated with SFN (10 M, 20 M) or corresponding solvent.
Total cellular proteins were prepared from cells harvested at 2 days after the
treatment and protein was subjected to Western Blot to detect the protein
expression.
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Figure 3.6 Effects of SFN on the formation of C666-1 tumor spheres. C666-1
cells (10,000 cells/well in 6-well ultra-low plate) were incubated with growth
factors (as described in Materials and Methods) and SFN (2 - 6 M).

Images

of the tumor spheres were captured on the day-7 and the number of tumor
spheres with diameter larger than 20 m was counted. (A) Size distribution of
tumor spheres per culture of SFN-treated C666-1, results were expressed as
mean  SD from three independent experiments. (B) Bright field images of
representative tumor spheres. Scale bar =20 m. (C) Total number of tumor
spheres formed per culture, results were expressed as mean  SD from three
independent experiments.
**: p<0.01.
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Figure 3.7 Effects of SFN on the formation of HONE-1 tumor spheres.
HONE-1 cells (10,000 cells/well in 6-well ultra-low plate) were incubated with
growth factors (as described in Materials and Methods) and SFN (1 - 4 M).
Images of the tumor spheres were captured on the day-7 and the number of
tumor spheres with diameter larger than 20 m was counted. (A) Size
distribution of tumor spheres per culture of SFN-treated HONE-1, results were
expressed as mean  SD from three independent experiments. (B) Bright field
images of representative tumor spheres. Scale bar =50 m. (C) Total number of
tumor spheres formed per culture, results were expressed as mean  SD from
three independent experiments.
*: p<0.05; **: p<0.01.
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Firgure 3.8 Effects of SFN pretreatment on the tumor spheres formation of
C666-1 cells. C666-1 cells (5105 cells/well) were seeded onto 35 mm petri-dish,
incubated for 3 days. Cells were then subjected to SFN treatment (5-20 M) or
corresponding solvent control for 48 hrs. After treatment, cells were harvested,
washed twice with cRPMI and equal amount of live cell (10,000 cells/well) were
seeded for tumor spheres formation assay as described in Materials and Methods.
(A) 5 M SFN pre-treatment.
pre-treatment.

(B) 10 M SFN pre-treatment. (C) 20 M SFN

(D) Quantitative measurements of total number of tumor

spheres formed after SFN treatments. Results were expressed as mean  SD
from three independent experiments.
*: p<0.05; **: p<0.01.
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Figure 3.9 SFN reduced the ALDHHi population of C666-1 cells. C666-1 cells
(5105 cells/well) were incubated for 3 days in 35-mm dishes. The cells were
then treated with 20 M SFN for 2 days. An appropriately diluted solvent
(DMSO) was used as a control. ALDH activity was evaluated using the
ALDEFLUOR Assay kit. DEAB (ALDH inhibitor) was used in the negative
control culture.

(A) Representative diagrams showing the ALDHHi population.

(B) Quantitative measurement of the ALDHHi populations.
expressed as mean  SD from three independent experiments.
*: p<0.05.
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Figure 3.10 SFN reduced the ALDHHi population of HONE-1 cells. HONE-1
cells (1105 cells/well) were incubated for 24 hours in 35-mm dishes. The cells
were then treated with 20 M SFN for 2 days. An appropriately diluted solvent
(DMSO) was used as a control. ALDH activity was evaluated using the
ALDEFLUOR Assay kit. DEAB (ALDH inhibitor) was used in the negative
control culture.

(A) Representative diagrams showing the ALDHHi population.

(B) Quantitative measurement of the ALDHHi populations.
expressed as mean  SD from three independent experiments.
*: p<0.05.
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Figure 3.11 Effects of DEAB on the formation of C666-1 tumor spheres.
C666-1 cells (10,000 cells/well in 6-well ultra-low plate) were incubated with
growth factors (as described in Materials and Methods) and 100 M of DEAB.
Images of the tumor spheres were captured on the day-7 and the number of
tumor spheres with diameter larger than 20 m was counted. (A) Size
distribution of tumor spheres per culture of DEAB-treated C666-1, results were
expressed as mean  SD from three independent experiments. (B) Bright field
images of representative tumor spheres. Scale bar =20 m. (C) Total number of
tumor spheres formed per culture. Results were expressed as mean  SD from
three independent experiments.
*: p<0.05.
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Figure 3.12 Effects of DEAB on the formation of HONE-1 tumor spheres.
HONE-1 cells (10,000 cells/well in 6-well ultra-low plate) were incubated with
growth factors (as described in Materials and Methods) and 100 M of DEAB.
Images of the tumor spheres were captured on the day-7 and the number of
tumor spheres with diameter larger than 20 m was counted. (A) Size
distribution of tumor spheres per culture of DEAB-treated HONE-1, results were
expressed as mean  SD from three independent experiments. (B) Bright field
images of representative tumor spheres. Scale bar =50 m. (C) Total number of
tumor spheres formed per culture. Results were expressed as mean  SD from
three independent experiments.
*: p<0.05.
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Figure 3.13 Effects of SFN on the Sox2 mRNA expression in C666-1. C666-1
cells (5105 cells/well) were seeded onto 35 mm dishes for 3 days. Cells were
then treated with SFN (10, 20 M). An appropriately diluted DMSO was used as
a control. Total RNA was collected at 24 hrs after the treatment. The expression
level of Sox2 mRNA was determined by real-time PCR as described in the
Materials and Methods. Results were expressed as mean  SD from three
independent experiments.
**: p<0.01.
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Figure 3.14 Effects of SFN treatment on the expression of Sox2. C666-1 cells
(5105 cells per well) were seeded onto 35 mm plate, incubated for 3 days. Cells
were then treated with SFN (10 M, 20 M) or corresponding solvent. Total
cellular proteins were prepared from cells harvested at 2 days after the treatment
and subjected to Western Blot. (A) Representative result of Sox2 expression,
normalized by -Actin. (B) Quantitative measurement of the effects of SFN
treatment on the expression of Sox2 in C666-1 cells; results were obtained from
3 independent experiments.
*: p<0.05.
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Figure 3.15 SFN reduced the Sox2Hi population of C666-1 cells. C666-1 cells
(5105 cells/well) were incubated for 3 days in 35-mm dishes. The cells were
then treated with 20 M of SFN for 2 days. An appropriately diluted solvent
(DMSO) was used as a control. Sox2 expression was evaluated by staining with
Sox2 antibody. C666-1 cells stained with Isotype control antibody were used as
negative controls. (A) Representative diagrams showing the Sox2Hi population.
(B) Quantitative measurements of the Sox2Hi populations. Results were
expressed as mean

 SD from three independent experiments.
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*: p<0.05.
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Figure 3.16 Effects of Sox2 siRNA treatment on the expression of Sox2.
C666-1 cells (5  105 cells/well) were transfected with si-Sox2 RNA as
described in Materials and Methods. Control cells were transfected with
si-Control RNA. Total cell lysate was prepared after treatment for 72 hours. The
protein expression level of Sox2 was determined by Western blot as described in
Materials and Methods. (A) Representative photos of Western Blot analysis. (B)
Quantitative measurement of Sox2 expression in si-Control and si-Sox2 treated
samples; results were expressed as mean  SD from three independent
experiments.

*: p<0.05.
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Figure 3.17 Knock-down of Sox2 by siRNA transfection inhibited the tumor
spheres formation of C666-1 cells. C666-1 cells (5  105 cells/well) were
transfected with si-Sox2 RNA as described in Materials and Methods. Control
cells were transfected with si-Control RNA. Images of the tumor spheres were
captured on the day-7 and the number of tumor spheres with diameter larger than
20 m was counted. (A) Size distribution of tumor spheres per culture of
siRNA-treated C666-1, results were expressed as mean  SD from three
independent experiments. (B) Bright field images of representative tumor
spheres. Scale bar =20 m. (C) Total number of tumor spheres formed per
culture, results were expressed as mean  SD from three independent
experiments.
*: p<0.05.
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Chapter 4. Involvement of MIF/CXCR2
signaling

pathway

in

SFN-mediated

growth inhibition of NPC cells

4.1 Introduction
Cytokines refer to a group of soluble factors involved in the regulation of
various cellular activities (Dinarello, 2007).
biological

Cytokines affect nearly all

process, including embryonic development, disease pathogenesis,

infection responses, stem cell differentiation, and allograft rejection (Dinarello,
2007). Macrophage migration inhibitory factor (MIF) is a cytokine widely
expressed in human tissues (Calandra and Roger, 2003).

MIF has been

shown to directly or indirectly promote the expression of a large

group

of

pro-inflammatory molecules, including

cytokines (such as TNF, IL-6,

IL-8) (Donnelly et al., 1997),

oxide

nitric

COX2 (Mitchell et al., 2002) and matrix

(Bernhagen et al., 1994),

metalloproteinases (Onodera et al.,

2002). MIF has been shown to be up-regulated in many cancers and has been
implicated as 1 of the

16

universal

cancer

biomarkers

2006). MIF expression in poorly-differentiated NPC
123

(Basil et al.,

has been shown to

be

10

times

higher

than the non-cancerous nasopharyngeal tissues and

has been proposed to be one of the biomarkers for NPC (Fang et al., 2008).
Previously,

our

growth of NPC

lab has demonstrated
tumor spheres

a

role

(Lo et al., 2013).

of

MIF

in

the

In the present study, the

role of MIF signaling in SFN-mediated growth inhibition of NPC cells was
examined.
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4.2 Results
4.2.1 SFN down-regulates MIF expression in C666-1 cells
MIF has previously been shown to be highly expressed in poorly-differentiated
NPC (Fang et al., 2008).

Recently, MIF has been implicated to play a role in

the growth of NPC tumor spheres (Lo et al., 2013).

Crichlow and co-workers

found that SFN may bind and inhibit the activity of MIF (Crichlow et al., 2012).
Therefore, in the present study, we explore the possible involvement of the MIF
signaling in the anti-tumor effects of SFN on NPC cells.

Figure 4.1 showed that the expression level of MIF mRNA was down-regulated
by SFN.

At the concentration of 10 and 20 M of SFN, the level of MIF

protein was decreased by 30% and 54%, respectively (Figure 4.2).

These

results demonstrated that SFN could reduce both mRNA and protein expression
of MIF in NPC.

4.2.2 Reduction of tumor spheres formation by MIF siRNA

To further establish the effect of SFN-induced MIF down-regulation on the
growth of CSCs-enriched tumor spheres, the approach of siRNA knock-down
was used. C666-1 cells were transfected with MIF siRNA and the transfected
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cells were then seeded onto the ultra-low attachment plate for tumor spheres
formation assay as described in Materials and Methods.

Figure 4.3 showed that

the expression of MIF protein was reduced by 50% after 4 days of MIF siRNA
treatment. Knock-down of MIF led to the inhibition of the tumor spheres
formation.

The total number of tumor spheres formed was reduced by 40% and

the mean diameter of tumor spheres was also reduced (Figure 4.4).

These

results confirmed that MIF plays a role in the growth of C666-1 tumor spheres.

4.2.3 SFN down-regulates CXCR2 expression in C666-1 cells

MIF/CXCR2 signaling has been reported to regulate cellular activity such as
induction of cell migration (Lee et al., 2012a).

Since CXCR2 is one of the MIF

receptors, real time PCR analysis was then conducted to examine whether the
expression of CXCR2 was also affected in NPC cells after SFN treatment.
Results in Figure 4.6 showed that CXCR2 mRNA was significantly decreased
after SFN treatment.

At the concentration of 10 and 20 M of SFN, the level

of CXCR2 mRNA expression was reduced by 60% and 85%, respectively.

In

addition, the population of cells with high CXCR2 expression was also
significantly reduced (from 16.8% to 7.4%) after 10 M of SFN treatment
(Figure 4.6). Taken together, the expression of both MIF and CXCR2 was
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reduced in cells after SFN treatment.

4.2.4 Reduction of tumor spheres formation by CXCR2 inhibitor

SB225002 treated C666-1 cells

To further confirm the role of MIF/CXCR2 axis in the growth of CSCs-enriched
tumor spheres, a CXCR2 specific inhibitor, SB225002, was used. As shown in
Figure 4.7, SB225002 dose-dependently inhibited the tumor spheres formation
of C666-1 cells. The tumor spheres forming ability was almost completely
abolished at the concentration of 0.4 M of SB225002. This result indicated
that inhibition of CXCR2 is very effective in limiting the growth of CSCs in
C666-1.

4.2.5 SFN down-regulates the expression level of p-Akt

Binding of MIF with CXCR2 leads to phosphorylation and activation of Akt
(Lee et al., 2012a). Since the expression of MIF and CXCR2 were both found to
be down-regulated, the phosphorylation status of down-stream target Akt was
also determined. Cells were treated with 10 and 20 M of SFN for 48 hours
and the p-Akt level was found to be reduced to 82% and 60% of the control
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group, respectively (Figure 4.8). This result is consistent with SFN-induced
down-regulation of MIF and CXCR2. Taken together, these results suggested
that the MIF/CXCR2/p-Akt signaling in C666-1 cells were inhibited by SFN
treatment.

4.2.6 CXCR2 inhibitor SB225002 down-regulates the expression

of p-Akt

To further confirm that the down-regulation of p-Akt in SFN treated C666-1
cells resulted from the down-regulation of CXCR2, SB225002 was used to treat
C666-1 cells. As shown in Figure 4.9, 1 M and 2 M of SB225002 lead to 30%
and 70% reduction in the expression of p-Akt, respectively.

This result

indicated that inhibition of the CXCR2 signaling contributes to the
down-regulation of p-Akt in SFN treated C666-1 cells.
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4.3 Discussion
MIF was initially discovered as a factor to inhibit the random migration of
guinea pig macrophages out of capillary tube (David, 1966).

It was

subsequently found to be an important pro-inflammatory cytokine. MIF has been
shown to regulate the cellular activity through three different types of receptors:
CD74 (Leng et al., 2003), CXCR2 (Bernhagen et al., 2007) and CXCR4
(Bernhagen et al., 2007).

Signaling of MIF through CD74 was reported to be

inhibited by ITCs (Ouertatani-Sakouhi et al., 2009) and the subsequent study
suggested this inhibition might result from the covalent binding between ITCs
and MIF which affect the binding site of MIF (Crichlow et al., 2012).

Recent study from our lab found that MIF/CXCR2 signaling contributes to the
growth of NPC CSCs-enriched tumor spheres (Lo et al., 2013). MIF has been
shown to be up-regulated in many cancers and has been implicated as 1 of the 16
universal cancer biomarkers (Basil et al., 2006).

In NPC, MIF expression was

found to be 10 times higher than the non-cancerous nasopharyngeal tissues
(Fang et al., 2008).

Those previous findings suggested that MIF could be a

therapeutic target for the treatment of NPC.

SFN has been reported to directly bind onto MIF and inhibit the binding of MIF
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with its receptor (Crichlow et al., 2012).

However, the modulation of

expression level of MIF by SFN treatment was not addressed in the
aforementioned study.

In the present study, we found that SFN could modulate not only the expression
but also the down-stream signaling pathway of MIF. We studied the expression
of MIF, CXCR2, and down-stream Akt signaling by SFN treatment.

Our study

demonstrated for the first time that the expression of MIF and CXCR2 were
down-regulated by SFN treatment.

We further confirmed that inhibition of

either MIF or CXCR2 led to reduced tumor spheres formation.

Besides,

down-regulation of MIF/CXCR2 signaling led to down-regulation of p-Akt; and
the effect was associated with the reduced tumor spheres forming capacity of
C666-1 cells.

In conclusion, result from this part of study demonstrated for the first time that
MIF/CXCR2 signaling in NPC was inhibited by SFN treatment and such
inhibition contributed to the growth inhibitory effects of SFN.
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Figure 4.1 Effects of SFN on the MIF mRNA expression in C666-1. C666-1
cells (5105 cells/well) were incubated in 35 mm dishes for 3 days. Cells were
then treated with SFN (10, 20 M). An appropriately diluted DMSO was used as
a control. Total RNA was collected at 24 hours after the treatment. The
expression level of MIF mRNA was determined by real-time PCR as described
in the Materials and Methods. Results were expressed as mean  SD from three
independent experiments.
*: p<0.05.
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Figure 4.2 Effects of SFN on the expression of MIF in C666-1 cells. C666-1
cells (5105 cells per well) were seeded onto 35 mm plate, incubated for 3 days.
Cells were then treated with SFN (10 M, 20 M) for 2 days. An appropriately
diluted DMSO was used as solvent control. Total cell lysate was prepared and
the protein expression level of MIF was determined by Western blot as described
in Materials and Methods. (A) Representative photos of Western Blot analysis.
(B) Quantitative measurement of MIF expression; results were expressed as
mean  SD from three independent experiments.
*: p<0.05.
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Figure 4.3 Effects of MIF siRNA treatment on the expression of MIF.
C666-1 cells (5  105 cells/well) were transfected with si-MIF RNA as described
in Materials and Methods. Control cells were transfected with si-Control RNA.
Total cell lysate was prepared after treatment for 72 hours. The protein
expression level of MIF was determined by Western blot as described in
Materials and Methods. (A) Representative photos of Western Blot analysis. (B)
Quantitative measurement of MIF expression in si-Control and si-MIF treated
samples; results were expressed as mean  SD from three independent
experiments.
*: p<0.05.
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Figure 4.4 Knock-down of MIF by siRNA transfection inhibited the tumor
spheres formation of C666-1 cells. C666-1 cells (5  105 cells/well) were
transfected with si-MIF RNA and the control cells were transfected with
si-Control RNA.

Transfected cells were prepared for tumor spheres culture as

described in Materials and Methods. Images of the tumor spheres were captured
on the day-7 and the number of tumor spheres with diameter larger than 20 m
was counted. (A) Size distribution of tumor spheres per culture of siRNA-treated
C666-1, results were expressed as mean  SD from three independent
experiments. (B) Bright field images of representative tumor spheres. Scale bar
=20 m. (C) Total number of tumor spheres formed per culture. Results were
expressed as mean  SD from three independent experiments.
*: p<0.05.
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Figure 4.5 Effects of SFN on the CXCR2 mRNA expression in C666-1.
C666-1 cells (5105 cells/well) were incubated in 35 mm dishes for 3 days. Cells
were then treated with SFN (10, 20 M). An appropriately diluted DMSO was
used as a control. Total RNA was collected at 24 hours after the treatment. The
expression level of CXCR2 mRNA was determined by real-time PCR as
described in the Materials and Methods. Results were expressed as mean  SD
from three independent experiments.
**: p<0.01.
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Figure 4.6 SFN reduced the CXCR2Hi population of C666-1 cells. C666-1
cells (5105 cells/well) were incubated for 3 days in 35-mm dishes. The cells
were then treated with 10 M of SFN for 2 days. An appropriately diluted
solvent (DMSO) was used as a control. CXCR2 expression was evaluated by
staining with CXCR2 antibody. C666-1 cells stained with Isotype control
antibody were used as negative controls. (A) Representative diagrams showing
the CXCR2Hi population. (B) Quantitative measurements of the CXCR2Hi
populations. Results were expressed as mean
experiments.
*: p<0.05.
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Figure 4.7 Effects of SB225002 on C666-1 tumor spheres formation. C666-1
cells (2,000 cells/well in 24-well ultra-low plate) were incubated with growth
factors (as described in Materials and Methods) and SB225002 (1 - 4 M).
Images of the tumor spheres were captured on the day-7 and the number of
tumor spheres with diameter larger than 20 m was counted. (A) Size
distribution of tumor spheres per culture of SB225002-treated C666-1, results
were expressed as mean  SD from three independent experiments. (B) Bright
field images of representative tumor spheres. Scale bar =10 m. (C) Total
number of tumor spheres formed per culture, results were expressed as mean 
SD from three independent experiments.
#: p>0.05; *: p<0.05; **: p<0.01.
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Figure 4.8 Effects of SFN on the expression of p-Akt and Akt in C666-1 cells.
C666-1 cells (5105 cells per well) were seeded onto 35 mm plate, incubated for
3 days. Cells were then treated with SFN (10 M, 20 M) for 2 days. An
appropriately diluted DMSO was used as solvent control. Total cell lysate was
prepared and the protein expression level of p-Akt and Akt was determined by
Western blot as described in Materials and Methods. (A) Representative photos
of Western Blot analysis. (B) Quantitative measurement of p-Akt and Akt
expression; results were expressed as mean  SD from three independent
experiments.
*: p<0.05. **: p<0.01.
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Figure 4.9 Effects of SB225002 on the expression of p-Akt and Akt in
C666-1 cells. C666-1 cells (5105 cells per well) were seeded into 35 mm plate,
incubated for 3 days. Cells were then treated with SB225002 (1 M, 2 M) for 1
day. An appropriately diluted DMSO was used as solvent control. Total cell
lysate was prepared and the protein expression level of p-Akt and Akt was
determined by Western blot as described in Materials and Methods. (A)
Representative photos of Western Blot analysis. (B) Quantitative measurement
of p-Akt and Akt expression; results were expressed as mean  SD from three
independent experiments.
*: p<0.05. **: p<0.01.
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Chapter 5. SFN inhibits NPC cell growth
through the modulation of Wnt signaling
pathway

5.1 Introduction

Epigenetics refers to the changes in gene expression without changing the DNA
sequence (Jones and Baylin, 2007).

There are three most important

mechanisms leading to epigenetic changes: DNA methylation, histone
modification, and RNA interference (RNAi) (Daniel and Tollefsbol, 2015).
Epigenetic gene silencing is important in biological processes like differentiation,
imprinting, and silencing of X chromosome in female mammals (Jones and
Baylin, 2007).

Dysregulation of epigenetic process can lead to the

development of disease status.

For example, N-Myc downstream-regulated

gene 2 (NDRG2) promoter in colorectal cancer is hypermethylated and such
epigenetic silencing of NDRG2 induce proliferation and invasion of colorectal
cancer (Hong et al., 2015).
Methylation of DNA occurs primarily at the cytosine residues of CpG
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dinucleotides (Razin and Riggs, 1980).

About half of human genes contain

CpG islands in their promoter region, which is rich in CpG dinucleotides
(Antequera and Bird, 1993; Takai and Jones, 2002).

Gene expression can be

regulated through the methylation of those CpG dinucleotides by DNA
methyltransferases (DNMTs).

Hypermethylation of those CpG islands is

usually associated with the silencing of gene expression while hypomethylation
leads to gene activation (Li et al., 1993; Li and Tollefsbol, 2010).
In almost all kinds of neoplasms, aberrant methylation patterns are observed
(Daniel and Tollefsbol, 2015).

The inactivation of certain genes through

hypermethylation frequently leads to cancer development. These genes include
tumor suppressor genes such as p21, p16, and Rassf1a (Baylin and Ohm, 2006;
Li and Tollefsbol, 2010; Ribaric, 2012).
hypermethylated.

In NPC, many genes were found to be

For example, aberrant methylation of Rassf1a was detected

in 66%-93% of primary tumor, and the promoter hypermethylation of Rassf1a
was consistently detected in all EBV-positive NPC cell lines (Lo et al., 2012).
Some other frequently hypermethylated genes in NPC include DLEC1 (Deleted
in Lung and Esophageal Cancer 1, hypermethylated in 71% primary tumor)
(Kwong et al., 2007), ZMYND10 (zing finger, MYND-type containing 10,
hypermethylated in 74% of primary tumor) (Liu et al., 2003), and TSLC1
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(Tumor suppressor in lung cancer 1, hypermethylated in 34% primary tumor)
(Hui et al., 2003).

Recent studies showed that SFN could inhibit the expression of DNMT1 and
DNMT3a dose-dependently in human breast cancer cell lines (Meeran et al.,
2010).

It has also been demonstrated that SFN inhibits DNMT3b in human

cervical cancer cells.

The effect is associated with de-methylation and

activation of tumor suppressor genes including RAR ( retinoic acid receptor
beta), CDH1 (cadherin 1), DAPK1 (death associated protein kinase 1) and
GSTP1 (glutathione S-transferase P1) (Ali et al., 2015).
The development of NPC tumor is strongly associated with the latent EBV
infection (Wu et al., 2003).

LMP-1, one of the EBV latent proteins which

frequently detected in NPC patients, induces promoter hypermethylation of
RAR2 (retinoic acid receptor beta 2), resulting in decreased susceptibility to
apoptosis (Seo et al., 2008). This LMP1-mediated DNA hypermethylation of
RAR2 was later found to be largely abolished by DNMT inhibitor (Lee et al.,
2012b).

Histone modification is another important epigenetic regulation.
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HDAC

(histone deacetylase) activity has been shown to be increased in many types of
tumor cells. For example, in prostate cancer HDAC1 is always found to be
up-regulated (Halkidou et al., 2004) and in gastric cancer HDAC2 is also
frequently up-regulated (Song et al., 2005). The removal of acetyl groups from
histone by HDAC creates a “closed” chromatin confirmation and leads to
repression in gene expression (Ellis et al., 2009).

The elevated HDAC

expression in the tumor cells results in the deregulation in cell differentiation,
cell cycle regulation, and apoptosis (Ellis et al., 2009). The inhibitory effects of
SFN on HDAC activity was first observed by Myzak and co-workers in human
embryonic kidney cells and human colorectal cancer cells (Myzak et al., 2004).
Subsequently, the inhibitory effects of SFN on HDAC activity was confirmed in
human subjects (Myzak et al., 2007).

Inhibition of HDAC by SFN increases

the expression of tumor suppressor genes like p21 and Bax (Myzak et al., 2006).
The effect was accompanied with G2/M phase cell cycle arrest and apoptosis.
Wnt signaling pathway is important during embryonic development and is
involved in adult tissue homeostasis (Logan and Nusse, 2004).

In the canonical

Wnt signaling pathway, Wnt proteins bind with cell surface receptors in the
frizzled (Fz) family.

Upon the binding of Wnt proteins, dishevelled (DSH)

family proteins was activated, which then inhibits the axin/GSK3/APC
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(adenomatous polyposis coli) complex.

The axin/GSK3/APC complex

normally phosphorylates -catenin, leading to the proteasomal degradation of
-catenin.

As a result, binding of Wnt proteins inhibits the formation of

axin/GSK3/APC complex and leads to accumulation of cytoplasmic -catenin.
-catenin then translocates into nucleus and activates the transcription of Wnt
target genes (Logan and Nusse, 2004).
Dysregulation of Wnt signaling has been found in different type of cancers
including lung cancer (Mazieres et al., 2005), colorectal cancer (Hollande et al.,
2010), leukemia (Gandhirajan et al., 2010), and head and neck cancer (Molinolo
et al., 2009).
In NPC, one of the Fz family receptor, frizzled receptor family 7 (FZD7) was
found to be up-regulated (Sriuranpong et al., 2004).

In addition, AXIN2, one

of the axin family protein, was found to be down-regulated (Sriuranpong et al.,
2004).

WIF (Wnt inhibitory factor), an endogenous inhibitor for Wnt

signaling, was found to be decreased in NPC (Shi et al., 2006; Zeng et al., 2007;
Chou et al., 2008) and the decreased expression has been linked to
hypermethylation at the promoter region (Lin et al., 2006).

These findings

suggested that Wnt signaling is dysregualted in NPC and could serve as the
therapeutic target for NPC treatment.
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Recently, researchers found that EBV latent protein LMP1 could trigger
promoter hypermethylation in tumor suppressor gene in NPC and this effect
could be abolished by DNMT inhibitor (Lee et al., 2012b).

SFN has been

shown to inhibit DNMT1, DNMT3a, and DNMT3b in different tumor cell
models (Ali et al., 2015; Meeran et al., 2010).

The therapeutic potential of

using SFN as a DNMT inhibitor in the management of NPC has never been
explored.

This part of the thesis will focus on the role of DNMT in

SFN-mediated growth inhibition of NPC cells.
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5.2 Results
5.2.1 SFN inhibits the expression of DNMT1 in C666-1 cells
Previous studies found that double knockout of DNMT1 and DNMT3b could
reverse the hypermethylated status of TSGs such as DLC1 (Deleted in Liver
Cancer 1)(Seng et al., 2007) and PCDH10 (Protocadherin 10) (Ying et al., 2006)
in NPC, indicating that DNMT1 could be a therapeutic target in NPC.
effects of SFN on DNMT1 expression in NPC have never been studied.

But the
In the

present study, 10 and 20 M of SFN was used to treat C666-1 cells and the
expression of DNMT1 was found to be decreased by 40% and 60% when
compared to control group, respectively (Figure 5.1).

This observation

indicated that SFN could down-regulate of DNMT1 in NPC cells.

5.2.2 Reduction of tumor spheres formation by DNMT1 siRNA

treatment

To further evaluate the effects of down-regulated expression of DNMT1 on the
growth of CSCs-enriched tumor spheres, the approach of siRNA knock-down
was used. C666-1 cells were transfected with DNMT1 siRNA and the
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transfected cells were then seeded onto the ultra-low attachment plate for tumor
spheres formation assay as described in Materials and Methods. Figure 5.2
showed that the expression of DNMT1 protein was reduced by 30% after 3 days
of DNMT1 siRNA treatment.

Results in Figure 5.3 showed that the mean

diameter of tumor spheres in the si-Control group and the si-DNMT1 group was
51 m and 41 m, respectively. This observation indicated that the growth of
tumor spheres was reduced in DNMT1 knock-down cells. Besides, the total
number of tumor spheres was also significantly reduced in si-DNMT1 group
(224 21) when compared to si-Control group (32410). This result clearly
demonstrated that DNMT1 is involved in SFN-mediated growth inhibition of
C666-1 tumor spheres.

5.2.3 SFN up-regulates the expression of WIF1 in C666-1 cells
WIF1 is an endogenous Wnt antagonist which exerts inhibition on Wnt signaling
through the direct binding to Wnt proteins (Kawano and Kypta, 2003).

In NPC,

Wnt signaling had been shown to be constitutively activated and WIF1 was
found to be down-regulated through promoter hypermethylation (Lin et al.,
2006).

Since the expression of DNMT1 in NPC was down-regulated by SFN,

we hypothesized that WIF1 expression might be restored by the SFN treatment.
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C666-1 cells were treated with SFN (10 - 20 M) for 24 hours and the
expression of WIF1 was analyzed by real time PCR. As shown in Figure 5.4,
20M of SFN treatment could increase the WIF1 mRNA expression
dramatically by more than 100-fold. This result indicated that SFN in a very
potent inducer of WIF1 expression in C666-1 cells.

5.2.4 Up-regulation of WIF1 by DNMT1 siRNA-treated C666-1

cells
To further provide evidence that down-regulation of DNMT1 is involved in the
SFN-mediated up-regulation of WIF1, the expression of WIF1 was analyzed for
si-DNMT1 treated C666-1 cells.

Figure 5.2 showed that the protein expression

level of DNMT1 was reduced by 30% in DNMT1 siRNA-treated C666-1 cells.
To check the effect of DNMT1 knock-down on the expression of WIF1, total
cellular

mRNA

was

collected

from

the

si-DNMT1-treated

cells,

reverse-transcribed to cDNA, and analyzed by real time PCR. As shown in
Figure 5.5, knock-down of DNMT1 led to the increase in WIF1 expression by
10-fold. This result indicated that DNMT1 is involved in the up-regulation of
WIF1 by SFN.
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5.2.5 Exogenously added WIF1 inhibits the formation of tumor

spheres
To further establish the effects of WIF1 up-regulation on the growth of
CSCs-enriched tumor spheres, recombinant human WIF1 was used to treat
C666-1 tumor spheres.

Recombinant human WIF1 protein was fed to cells on

day-3 and day-5 during incubation.

Results from Figure 5.6 showed that WIF1

treatment could reduce the total number of tumor spheres from 488 53 in the
control group to 175 51 in the WIF1 treatment group.

This result suggested

that increased WIF1 reduced the tumor spheres forming capacity of C666-1.

5.2.6 SFN up-regulates the expression of Rassf1a in C666-1 cells
Rassf1a was first isolated by Dammann and co-workers in lung cancer in 2000
(Dammann et al., 2000).

In their study, Rassf1a was found to be frequently

hypermethylated and repressed in lung cancer, while re-expression of this gene
suppressed the malignant phenotype.

In NPC, Rassf1a is also frequently

hypermethylated (hypermethylated in 66.7% primary tumors) (Lo et al., 2001).
Since DNMT1 is down-regulated by SFN treatment, we hypothesize that SFN
may also up-regulate the expression of Rassf1a in NPC.
155

C666-1 cells were then treated with SFN (10 - 20 M) for 24 hours and the
expression of Rassf1a was analyzed by real time PCR. As shown in Figure 5.7,
20 M of SFN treatment significantly increased the Rassf1a mRNA expression
by 3-fold.

5.2.7 Effects of DNMT1 siRNA-treatment on the expression of

Rassf1a in C666-1 cells
To further study if DNMT1 is involved in the SFN-mediated up-regulation of
Rassf1a, mRNA from si-DNMT1 treated C666-1 cells was analyzed.

mRNA

were collected from the si-DNMT1 treated cells (3 days treatment),
reverse-transcribed to cDNA, and analyzed by real time PCR. As shown in
Figure 5.8, knock-down of DNMT1 led to the increase in Rassf1a expression by
2-fold. This result indicated that DNMT1 is involved in the up-regulation of
Rassf1a by SFN.
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5.3 Discussion
Both epigenetic modifications and genetic alternations are responsible for the
development of cancer (Jones and Baylin, 2007).

DNMTs play an important

role in the methylation of DNA and silencing of genes (Kulis and Esteller, 2010).
There are four members of the DNMT family, namely DNMT1, DNMT3a,
DNMT3b, and DNMT3L (Jin and Robertson, 2013).

DNMT3L does not

possess any enzymatic activity (Kareta et al., 2006).

The expression of

DNMTs has been shown to be up-regulated in cancers of the colon (el Deiry et
al., 1991), prostate (Patra et al., 2002), breast (Girault et al., 2003b; Girault et al.,
2003a), liver (Oh et al., 2007), and leukemia (Melki et al., 1998).

In NPC,

there are not much studies examine the expression of DNMTs. According to a
study by Hino and co-workers, EBV LMP-2A could activate the expression of
DNMT1 in gastric carcinoma (Hino et al., 2009).

Since many TSGs are

down-regulated through promoter-hypermethyaltion in NPC (Lo et al., 2012),
expression of DNMTs might be dysregulated in NPC.

SFN has been reported to inhibit the expression of DNMT1 and DNMT 3a in
breast cancer (Meeran et al., 2010), and inhibit DNMT3b in cervical cancer (Ali
et

al.,

2015).

Meeran

and

co-workers
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found

that

SFN-mediated

down-regulation of DNMT1 and DNMT3a induced demethylation of hTERT
(human telomerase reverse transcriptase) gene and thereby facilitating CTCF
binding which repress the expression of hTERT (Meeran et al., 2010).

In the

study by Ali and co-workers, both the expression and the activity of DNMT3b
were found to be inhibited by SFN treatment and such effect may be produced
through direct interaction between SFN and DNMT3b (Ali et al., 2015). The
SFN-mediated down-regulation of DNMT3b was associated with up-regulation
of TSGs in cervical cancer (Ali et al., 2015).

Those studies suggested that SFN

could inhibit the expression of DNMTs.
In the present study, SFN was found to down-regulate the expression of DNMT1
efficiently and the effect was found to correlate with the inhibition on the growth
of C666-1 cells (as demonstrated by tumor spheres formation assay). The
inhibitory effect of DNMT1 expression by SFN treatment was similar to the
finding by other researchers (Meeran et al., 2010).

In the present study,

siRNA-mediated knock-down of DNMT1 reduced the total number of tumor
spheres by 30%.

Since the level of DNMT1 down-regulation in

siRNA-mediated knock-down cells (30% reduction in protein expression) was
not as high as the SFN-mediated DNMT1 down-regulation (60% reduction in
protein expression), it is possible that the effect of DNMT1 down-regulation by
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SFN treatment will generate even more obvious inhibition on tumor spheres
forming capacity of C666-1 than siRNA-mediated DNMT1 down-regulation.
In

NPC,

WIF1

is

well-known

to

be

promoter-hypermethylation (Lin et al., 2006).

down-regulated

through

In the study conducted by

Hutajulu and co-workers, WIF1 has been shown to be hypermethylated in 61%
of NPC samples and methylation of WIF1 has been proposed as one of the
epigenetic markers for early detection of NPC (Hutajulu et al., 2011).

In breast

cancer, the expression of WIF1 is commonly diminished when compared to
normal breast tissue and such down-regulation has been demonstrated to be
caused by cooperative activity of DNMT1 and DNMT3b (Ai et al., 2006).
Since the expression of DNMT1 was reduced after SFN treatment, the
expression of WIF1 was studied subsequently.

SFN treatment was found to

increase the expression of WIF1 mRNA dramatically by more than 100-fold.
Through siRNA knock-down of DNMT1 expression, it was found that DNMT1
was involved in the SFN-mediated up-regulation of WIF1.

However, the level

of up-regulated expression of WIF1 (10-fold increase) in DNMT1 knock-down
cells was not as high as in the SFN-treated NPC cells (100-fold increase),
suggesting that other components (e.g. DNMT3b) or mechanisms might also be
involved in the up-regulated expression of WIF1. Further studies would be
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needed to determine the underlying mechanisms in the up-regulated expression
of WIF1 in SFN-treated NPC cells.
The anti-tumor effects of WIF1 in the tumor spheres formation assay was futher
confirmed using exogenously added recombinant human WIF1 protein.

To our

knowledge, this is the first study investigating the role of WIF1 in the growth of
CSCs-enriched tumor spheres.
SFN-mediated down-regulation of DNMT1 also led to the up-regulated
expression of Rassf1a.

Rassf1a is a tumor suppressor gene that is frequently

hypermethylated and repressed in the expression in many cancers including NPC
(Dammann et al., 2000; Lo et al., 2001).

In the present study, although the

expression level of Rassf1a was increased after SFN treatment, the level of
restoration of expression of the Rassf1a mRNA (3.5-fold) was not as high as the
magnitude of increase in WIF1 mRNA expression (100-fold increase),
suggesting that WIF-1 may be more important than Rassf1a in the inhibition of
tumor spheres formation.
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Figure 5.1 Effects of SFN on the expression of DNMT1 in C666-1 cells.
C666-1 cells (5105 cells per well) were seeded onto 35 mm culture plate and
the cells were incubated for 3 days. Cells were then treated with SFN (10 M 20 M) for 24 hours. An appropriately diluted DMSO was used as solvent
control. Total cell lysate was prepared and the protein expression level of
DNMT1 was determined by Western blot as described in Materials and Methods.
(A) Representative photos of Western Blot analysis. (B) Quantitative
measurement of DNMT1 expression; results were expressed as mean  SD from
three independent experiments.
*: p<0.05. **: p<0.01.
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Figure 5.2 Effects of DNMT1 siRNA treatment on the expression of DNMT1.
C666-1 cells (5  105 cells/well) were transfected with si-DNMT1 RNA as
described in Materials and Methods. Control cells were transfected with
si-Control RNA. Total cell lysate was prepared after treatment for 72 hours. (A)
Representative photos of Western Blot analysis of DNMT1. (B) Quantitative
measurement of DNMT1 expression in si-Control and si-MIF treated samples;
results were expressed as mean  SD from three independent experiments.
*: p<0.05.
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Figure 5.3 Knock-down of DNMT1 by siRNA transfection inhibites the
formation of tumor spheres.

C666-1 cells (5  105 cells/well) were

transfected with si-DNMT1 RNA as described in Materials and Methods.
Control cells were transfected with si-Control RNA.

After transfection for 3

days, cells were trypsinized for settting up tumor spheres culture as described in
Materials and Methods. Images of the tumor spheres were captured at day-7 and
the number of tumor spheres with diameter larger than 20 m was counted. (A)
Size distribution of tumor spheres. (B) Bright field images of representative
tumor spheres. (C) Total number of tumor spheres formed per culture. Results
were expressed as mean  SD from three independent experiments. Scale bar: 50
m.
*: p<0.05.
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Figure 5.4 Effects of SFN on the WIF1 mRNA expression. C666-1 cells
(5105 cells/well) were seeded onto 35-mm culture dishes for 3 days. Cells were
then treated with SFN (10_20 M). An appropriately diluted DMSO was used as
a control. Total RNA was collected at 24 hrs after the treatment. The expression
level of WIF1 mRNA was determined by real-time PCR as described in the
Materials and Methods. Results were expressed as mean  SD from three
independent experiments.
**: p<0.01.
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Figure 5.5 Knock-down of DNMT1 resulted in up-regulation of WIF1.
C666-1 cells (5  105 cells/well) were transfected with DNMT1 siRNA as
described in Materials and Methods. Control cells were transfected with
si-Control RNA. Total mRNA was collected after treatment for 72 hours and the
expression of WIF1 was determined by real time PCR. Results were expressed
as mean  SD from three independent experiments.
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Figure 5.6 Effects of exogenous WIF1 on the formation of tumor spheres.
C666-1 cells (10,000 cells/well in 6-well ultra-low attachment plate) were
incubated with growth factors (as described in Materials and Methods) and
WIF1 (3 g/ml).

WIF1 was fed to C666-1 cells at day-3 and day-5. Images of

the tumor spheres were captured at day-7 and the number of tumor spheres with
diameter larger than 20 m was counted. (A) Size distribution of tumor spheres
per culture of WIF1-treated C666-1. (B) Bright field images of representative
tumor spheres. Upper panel: low magnification; lower panel: high magnification.
(C) Total number of tumor spheres formed per culture. Results were expressed
as mean  SD from three independent experiments.
**: p<0.01.
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Figure 5.7 Effects of SFN on the expression of Rassf1a mRNA. C666-1 cells
(5105 cells/well) were seeded onto 35 mm culture dishes for 3 days. Cells were
then treated with SFN (10 - 20 M). An appropriately diluted DMSO was used
as a control. Total RNA was collected at 24 hours after the treatment. The
expression level of Rassf1a mRNA was determined by real-time PCR. Results
were expressed as mean  SD from three independent experiments.
*: p<0.05.
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Figure 5.8 Knock-down of DNMT1 resulted in up-regulation of Rassf1a.
C666-1 cells (5  105 cells/well) were transfected with si-DNMT1 RNA as
described in Materials and Methods. Control cells were transfected with
si-Control RNA. Total mRNA was collected after treatment for 72 hours and the
expression of Rassf1a was determined by real time PCR.
expressed as mean  SD from three independent experiments.
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Results were
*: p<0.05.

Chapter 6. SFN suppresses the growth of
NPC C666-1 xenograft in nude mice

6.1 Introduction
Results in Chapter 3 showed that SFN inhibits the growth of NPC CSCs and
therefore SFN may be a potential anti-cancer drug for NPC. Before the clinical
trials, it is essential that the in vivo efficacy of SFN is determined in an
appropriate animal model.

Previous studies provided evidence that SFN

inhibits the growth of various tumor xenografts in nude mice. These include
prostate tumor (Singh et al., 2004a), pancreatic tumor (Kallifatidis et al., 2009;
Rausch et al., 2010), oral squamous tumor (Cho et al., 2009), cervical tumor (Yu
et al., 2009), breast tumor (Li et al., 2010b; Kanematsu et al., 2011), and bladder
tumor (Wang and Shan, 2012). The inhibition of tumor xenografts has been
attributed to the induction of apoptosis (Singh et al., 2004a), inhibition of NF-B
signaling pathway (Kallifatidis et al., 2009), and inhibition of CSCs (Rausch et
al., 2010; Li et al., 2010b).
Current treatment of NPC relies largely on radiotherapy and chemoradiotherapy
but treatment failures occur in a substantial percentage of total cases. Yang and
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co-workers followed 1,168 newly diagnosed NPC patients from year 1983 to
1989 and found that locoregional relapse occurred in about 20.6% of patients
following radiotherapy with/without chemotherapy in a follow-up period of 10
years (Yang et al., 1996).
710

patients

developed

Li and co-workers also found that 34 patients out of
local

recurrence

(4.7%

recurrence)

after

intensity-modulated radiotherapy in a follow-up period of 38 months (Li et al.,
2014). Other studies found that the tumor recurrence rate to be between 15% 58% (Li et al., 2010a; Chang et al., 2000).

Since CSCs are more resistant to

conventional therapy and conventional therapy might spare enough CSCs to
cause tumor relapse, therapies that targets at CSCs might result in a more
durable response and provide better prognosis (Reya et al., 2001).
In this part of the study, we hypothesize that combination treatment of SFN with
cisplatin (the first line chemotherapeutic drug for NPC) will enhance the
inhibitory effect of cisplatin on the NPC xenograft. We began with the in vitro
study of the cytotoxicity of combination treatment of SFN and cisplatin on
C666-1 cells. Then the in vivo efficacy of combination treatment of SFN and
cisplatin was studied.
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6.2 Results
6.2.1 Combination of SFN and cisplatin showed a synergistic in

vitro growth inhibitory effect on C666-1 cells
The growth inhibitory effect of combination of SFN and cisplatin was first
studied in vitro using MTT assay.

Based on the cytotoxicity, the linear

regression line was obtained using Sigmaplot.

To determined whether the

combination effect of SFN with cisplatin on the growth of C666-1 cells is
synergistic, additive, or antagonistic, the combination index (CI) proposed by
Chou, T.C. was used (Chou, 2006). According to this method, the combination
index (CI) was calculated using the following formula:

CI = (D)1/(Dx)1  (D)2/(Dx)2

Where (D)1 and (D)2 are the dose of drug-1 and drug-2 used in combination that
have x effect, and (Dx)1 and (Dx)2 are the dose of drug-1 and drug-2 used alone
that have x effect.

The combined drug effect is considered synergistic when CI

 1, additive when CI = 1, and antagonistic when CI 1 (Chou, 2006).
The IC40 was then determined for the calculation of CI. As shown in Figure 6.1,
IC40 of SFN alone and cisplatin alone was 14.8 M and 9.01 g/ml, respectively.
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When used in combination, the IC40 corresponded to 10 M of SFN and 1.59
g/ml of cisplatin.

The CI was then calculated to be equal to 0.851, indicating

that there was a synergistic inhibitory effect in the SFN and cisplatin
combination treatment.

6.2.2 SFN inhibits the growth of C666-1 xenograft in nude mice
First of all, the anticancer efficacy of SFN alone was examined. Four- to
six-week-old athymic nude mice were obtained from Queen Elizabeth Hospital.
C666-1 cells were injected to the right flank of the nude mice. The growth of
tumor was then followed daily and tumor volume were calculated as ellipsoid
volume with the formula V= (/6)  Length  Width  Height, as suggested by
Tomayko and co-workers (Tomayko and Reynolds, 1989). When the tumor
volume reaches between 70 mm3 and 100 mm3, mice were randomized into two
groups for treatment, with each group contains 6 mice. The mice were injected
intraperitoneally (i.p.) with SFN (80 mg/kg) or vehicle control daily for 17 days.
Tumor volume as well as the body weight was measured twice per week. As
shown in Figure 6.2, there was no significant difference in the body weight of
SFN-treated mice and vehicle-treated mice, suggesting that there was no obvious
adverse effect of SFN (80 mg/kg) on the mice.
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The tumor volume in

SFN-treated mice was significantly smaller than the control group (average
tumor volume in control group was 894 mm3 and average tumor volume in
SFN-treated group is 511 mm3). These results suggested that SFN is effective
in inhibiting the growth of C666-1 xenograft.

6.2.3 SFN and cisplatin combination treatment suppresses the

growth of C666-1 xenograft in nude mice
The in vivo efficacy of combination of SFN with cisplatin treatment was further
examined. C666-1 cells (1107 cells in 0.2 ml medium) were injected into the
right flank of nude mice, and change in tumor volume was recorded daily. Once
the tumor volume reached 70-100 mm3, mice were randomly allocated into four
groups for treatment, each contains 10 mice. The mice were i.p. injected with
vehicle, 60 mg/kg of SFN (four times per week), 3 mg/kg of cisplatin (twice per
week), or combination of SFN and cisplatin for three weeks. Tumor volume as
well as the mouse body weight was measured twice per week. As shown in
Figure 6.3A, the body weight of SFN-treated mice increased slowly in a similar
way with control group during the treatment period.

The body weight of both

the cisplatin-treated and SFN-cisplatin-treated mice was decreased throughout
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the treatment period. Besides, when compared with the cisplatin alone group,
there was no further decrease in body weight in the SFN-cisplatin-treated mice.
This result suggested that cisplatin treatment was toxic to mice, therefore
reduced the growth of normal mice tissue and resulted in the reduced body
weight.

In addition, SFN alone did not show observable adverse effect on mice,

and SFN combination with cisplatin did not increase the toxicity of cisplatin to
the normal mice tissue. Figure 6.3B showed that both SFN alone and cisplatin
alone significantly inhibited the growth of the xenograft (SFN: p=0.010;
Cisplatin: p=0.003). Combination of SFN with cisplatin further inhibited the
growth of xenograft, and the inhibition was significantly different from the SFN
alone (p=0.0005) or cisplatin alone (p=0.034) group.

To further determine whether the combination is synergistic, additive, or
antagonistic, the q value was calculated according to the Bliss Independence
model (Gan et al., 2015). According to this model, the q value was calculated
with the following formula:

q=Ea+b/(Ea + Eb –(Ea*Eb))
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Where Ea is the effect of drug-a alone, Eb is the effect of drug-b alone, and Ea+b
is the effect of combination of drug-a and drug-b. When the slope in the
concentration-response curve is positive and the q value is between 0.85~1.15,
the combined effect is considered additive; if q > 1.15, the combined effect is
synergistic; and if q < 0.85, the combined effect is antagonistic (Gan et al., 2015).
In the present study, the average tumor volume by the end of drug treatment was
868 mm3 for the control group, 622 mm3 for the SFN group (Ea: 28.3%
inhibition), 518 mm3 for the cisplatin group (Eb: 40.3% inhibition), and 386 mm3
for the combination group (Ea+b: 55.5% inhibition). The q value was calculated
to be equal to 0.969 and the combination effect of SFN and cisplatin in xenograft
study was considered to be additive.

This result demonstrated that SFN

enhanced the inhibitory effect of cisplatin on the growth of C666-1 xenograft.

6.3 Discussion
In the in vitro cytotoxicity study, the combination of SFN with cisplatin showed
a synergistic inhibition on the growth of C666-1 cells.

One possible

explanation for the synergistic effect is that SFN also acts on the
cisplatin-resistant CSCs in the C666-1 cell culture.
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As a result, when SFN was

used in combination with cisplatin, both the CSCs and the bulk tumor cells were
inhibited, and the proliferation of C666-1 cells were effectively reduced.
Previously, it was found that SFN increased the cytotoxicity of various drugs
including cisplatin, gemcitabine, doxorubicin, and 5-fluorouracil on CSCs of
pancreas and prostate cancer (Kallifatidis et al., 2011).

Our finding is

consistent with the observations from other researchers.
In ovarian carcinoma, SFN was found to sensitize A2780 cells to cisplatin
treatment (Hunakova et al., 2014).

Combination of SFN with epigallocatechin

gallate (EGCG) was also found to enhance the cytotoxicity of cisplatin in A2780
(cisplatin-sensitive) and A2780/CP20 (cisplatin-resistant) ovarian cancer cells
(Chen et al., 2013).
In the previous in vivo studies, SFN was delivered either by i.p. injection or oral
feeding method (Mokhtari et al., 2013; Abbaoui et al., 2012; Li et al., 2011b;
Rausch et al., 2010; Liang et al., 2008; Kanematsu et al., 2011).

The dosage of

SFN used in those studies varied from 12 mg/kg to 100 mg/kg.

In the present

study, SFN was administrated by i.p. injection since it provides more precise
dosing when compared with orally administrated SFN in the diet of mice (Turner
et al., 2011).

A daily injection of 80 mg/kg of SFN up to 17 days was found to

inhibit the growth of C666-1 xenograft by 40% (average tumor volume in
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control group is 894 mm3 and average tumor volume in SFN-treated group is
511 mm3). In the meantime, body weight of the mice was not affected by SFN,
indicating that this dosage did not exert severe adverse effects on the animal.
Conventional therapy might not be effective to kill CSCs and SFN has been
suggested as a CSCs-inhibiting agent in the combination therapy (Kallifatidis et
al., 2011).

In the present in vitro study, a synergistic cytotoxic effect of SFN

and cisplatin towards C666-1 cells was observed.

However, in the in vivo

model, the effect of drug combination was found to be additive.

The

discrepancy on the interaction between SFN and cisplatin in the in vitro
cytotoxicity and in vivo xenograft study might be due to the difference in the
absorption of both drugs by the tumor cells in the cell culture environment and
in the animals, which might limit the availability of the drugs.

In the in vitro

cell culture environment, the cells are directly exposed to both drugs.

More

experiments may be required to optimize the dosing and mode of delivery of
these two drugs in the animal studies.
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Figure 6.1 Combination of SFN and cisplatin showed a synergistic in vitro
growth inhibitory effect on C666-1 cells.

C666-1 cells (3  104 cells/well)

were seeded onto 96-well-plate and the cells were incubated for 72 hours.

The

cells were then treated with various dose combinations of SFN and cisplatin for
48 hours.

The growth of C666-1 cells was measured by MTT assay as

described in Materials and Methods and the cytotoxicity were calculated. (A)
Cytotoxicity of SFN alone and cisplatin alone.

(B) Cytotoxicity of 10 M of

SFN combined with various doses of cisplatin. Linear regression curves were
obtained using SigmaPlot, and the dosage of drug that led to 40% cytotoxicity
(IC40) was determined for the calculation of combination index (CI).
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Figure 6.2 Effects of SFN treatment on the growth of established NPC
xenograft. Four- to six-week-old athymic nude mice were obtained from Queen
Elizabeth Hospital. C666-1 cells (1107 cells in 0.2 ml medium) were injected
into the right flank of nude mice, and change in tumor volume was recorded.
Once the tumor volume reached 70-100 mm3, mice were randomly allocated into
two groups, and SFN treatment was initiated. Mice were treated daily with
vehicle (PBS) or SFN (80 mg/kg) by means of intraperitoneal injection, and
tumor volume as well as mouse body weight were measured twice per week. (A)
The body weight was not affected by SFN treatment. (B) SFN treatment
inhibited the growth of NPC xenograft. (C) Photos of mice at the end of the
experiment.
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Figure 6.3 Combination treatment of SFN and cisplatin suppresses the
growth of C666-1 xenograft in nude mice.

Four- to six-week-old athymic

nude mice were obtained from Queen Elizabeth Hospital. C666-1 cells (1107
cells in 0.2 ml medium) were injected into the right flank of nude mice, and the
change in tumor volume was recorded daily. Once the tumor volume reached
70-100 mm3, mice were randomly allocated into four groups for treatment, each
contains 10 mice. The mice were i.p. injected with vehicle, 60 mg/kg SFN (four
times per week), 3 mg/kg cisplatin (twice per week), or combination of the two
drugs for three weeks.

Tumor volume as well as mouse body weight were

measured twice per week. (A) Body weight; (B) Tumor volume; (C) Photos of
mice at sacrifice.
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Chapter 7. Conclusions and Future
Perspectives
7.1 Conclusions
There are several major findings observed in this study.

SFN was found to

inhibit the growth of NPC C666-1 and HONE-1 cells. The growth inhibitory
effect was associated with the induction of G2/M cell cycle arrest and apoptosis.
SFN is also effective to inhibit the growth of tumor spheres under the conditions
of CSCs culture. Further mechanistic studies indicated that at least 2 signaling
pathways, namely the MIF/CXCR2/Akt signaling and the WIF1/Wnt signaling,
are involved in SFN-mediated growth inhibition of NPC cells. SFN-induced
inhibition of DNMT1 expression is involved in the restoration of expression of
the negative Wnt regulator WIF1.

In the in vivo study, SFN could not only suppress the growth of C666-1
xenograft, but also enhance the efficacy of cisplatin on the growth of C666-1
xenograft.
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7.2 Future perspectives
In the present study, both EBV-negative NPC HONE-1 cells and EBV-positive
C666-1 cells were used to study the effect of SFN on the growth of NPC cells.
Although MIF and CXCR2 have been shown to be down-regulated by SFN
treatment, the effects of SFN treatment on the expression of another receptor of
MIF, CD74, is still unknown.

An increased expression of CD74 was found in

human gastric cancer (Zheng et al., 2012).

CD74 and MIF was found to be

co-expressed in non-small cell lung cancer in close proximity (McClelland et al.,
2009).

The expression and role of CD74 in NPC cells remains largely

unknown and the effects of SFN on the expression of CD74 and subsequent
effects needs to be further studied.

SFN has been reported to introduce epigenetic changes in both human breast and
cervical cancer cells through DNA-demethylation (Meeran et al., 2010; Khan et
al., 2015).

In the present study, SFN was found to down-regulate the

expression of DNMT1 and the inhibition of DNMT1 expression was associated
with the elevated expression of WIF1. However, knock-down of DNMT1 only
resulted in 10-fold increase in the expression of WIF1 mRNA. Given that SFN
treatment up-regulated WIF1 mRNA by more than 100-fold, other regulatory
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molecules involving in DNA methylation and mechanisms might also be
affected by SFN so that the WIF1 expression was increased dramatically in
SFN-treated NPC cells. Previously, it was found that the hypermethylation of
WIF1 promoter was attributable to the cooperative activity of both DNMT1 and
DNMT3b (Ai et al., 2006).
treatment (Ali et al., 2015).

DNMT3b was found to be decreased by SFN
It is possible that SFN down-regulate both

DNMT1 and DNMT3b to cause the up-regulation of WIF1 in NPC. Further
studies would be needed to examine the role of DNMT3b in SFN-treated NPC
cells.

EBV-latent protein LMP1 has been shown to introduce DNA hypermethylation
in NPC (Seo et al., 2008; Lee et al., 2012b).

Seo and co-workers found that

LMP1 up-regulates DNMT1, DNMT3a, and DNMT3b in NPC (Seo et al., 2008).
Whether SFN inhibits the expression of DNMTs via the inhibition of the
expression of LMP1 viral protein remains to be determined.
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