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ABSTRACT
The incidence and mortality rate of melanoma have increased greatly worldwide in
the last thirty years. There is currently no effective treatment for malignant melanoma.
Signal transducer and activator of transcription 3 (STAT3) signaling is constantly
activated in human melanoma, which promotes melanoma development and
progression. c-Met is a receptor tyrosine kinase (RTK), and hepatocyte growth factor
(HGF) is the only known ligand of c-Met. Abnormal activation of HGF/c-Met has
been implicated in melanoma metastasis. Both the STAT3 and HGF/c-Met signaling
pathways are proposed as melanoma therapeutic targets. The dietary flavonoid
quercetin is a bioactive compound that possesses low toxicity and exerts antimelanoma activities. However, the anti-melanoma mechanisms of quercetin have not
been fully understood. In this study, we evaluated the anti-melanoma activities of
quercetin and explored the underlying molecular mechanisms.
Our results showed that quercetin treatments induced apoptosis, inhibited
proliferation, migration and invasion of the melanoma cells. Mechanistic study
indicated that quercetin inhibited the activation of STAT3 signaling by interfering
with the phosphorylation of STAT3, thus reduced its nuclear localization. Quercetin
inhibited STAT3 transcriptional activity, and down-regulated the STAT3 targeted
genes such as Mcl-1, MMP-2, MMP-9 and VEGF, which are involved in cell survival,
migration and invasion. More importantly, overexpression of constitutively active
STAT3 partially reversed the anti-proliferative effect of quercetin, which might be
correlated with the impaired effect on quercetin-mediated Mcl-1 and MMP-2
inhibition. Furthermore, quercetin suppressed A375 tumor growth and STAT3
activities in a xenografted mouse model, and inhibited murine B16F10 cells lung
metastasis in mice. These findings suggest that inhibition of the STAT3 signaling
pathway contributes to the anti-melanoma activities of quercetin.
Next we studied the involvement of HGF/c-Met pathway in the anti-metastasis effect
of quercetin. Quercetin treatment dose-dependently suppressed HGF-induced
migration and invasion of melanoma cells. Further study showed that quercetin
II

down-regulated the mRNA expression level of HGF and suppressed c-Met homodimerization. Quercetin also decreased c-Met protein expression, which was
associated with reduced expression of fatty acid synthase. In addition, quercetin
suppressed the phosphorylation of c-Met and its downstream molecules including
Gab1, FAK, PAK and STAT3. Furthermore, overexpression of FAK or PAK
significantly reduced the inhibitory effect of quercetin on the migration of melanoma
cells. These findings suggest that suppression of HGF/c-Met signaling contributes to
the anti-metastatic action of quercetin.
Besides c-Met, many other RTKs are activated in melanoma. We then further
determined whether quercetin could affect the activity of other RTKs. The phosphoRTK array assay showed that quercetin treatment inhibited the activation of ROR2,
Tie2, RYK, ALK, c-Ret, DDR1, DDR2, EphB4, EphA1, EphA2, EphA4 and EphA5
in A2058 cells, and EphA7, RYK, ALK and DDR1 in A375 cells. Further
investigations are warranted to verify the array results, and to determine the potential
roles of these RTKs in quercetin-mediated anti-melanoma properties.
Overall, our results demonstrate that quercetin exerts anti-melanoma activities. The
anti-melanoma action of quercetin is, at least in part, due to the inhibition of the
STAT3 and HGF/c-Met signaling pathways. Our findings provide further insights into
the anti-melanoma activities of quercetin and the underlying molecular mechanisms,
suggesting a potential role of quercetin in the prevention and treatment of melanoma.
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CHAPTER 1 Introduction

1.1 Melanoma
Melanoma (Figure 1.1) is the most serious type of skin cancer. Skin is the largest
organ of our body, it protects the internal organs from heat, sunlight, injury and
infection; prevents the loss of too much water and other fluids; helps to control body
temperature and produce vitamin D. The skin has three layers: the epidermis, the
dermis and the subcutaneous tissue (Figure 1.2). Between the epidermis and the
dermis layers are cells called melanocytes, which become cancerous in melanoma.
Melanocytes produce a brown pigment called melanin which gives the skin its tan or
brown color, melanin also protects the deeper layers of the skin from harmful
ultraviolet radiation (UVR) (Brenner & Hearing, 2008). Because of the involvement
of melanocytes, most melanomas are black or brown in color. However, if the
cancerous cells stop producing pigment, a melanoma may be skin-colored, pink, red,
or purple.

Figure 1.1 Melanoma (Source: World Health Organization, available at
http://www.who.int/uv/health/uv_health2/en/index1.html).
1

Figure 1.2 Anatomy of the skin (Source: The National Cancer Institute, available at
http://www.cancer.gov/cancertopics/pdq/treatment/melanoma/patient/).

Melanoma, basal cell skin cancer and squamous cell skin cancer are the three major
forms of skin cancer. Melanoma is the most dangerous type of skin cancer because it
is a highly aggressive cancer that can spread earlier and more quickly than other skin
cancers. It represents only 4% of the skin cancer cases, but it accounts for 65% of all
skin cancer-related deaths (Cummins et al., 2006).

1.1.1 Epidemiology of melanoma
The incidence and mortality rates of melanoma have increased, alarmingly, worldwide in the last 30 years (DeSantis et al., 2014). Melanoma shows great geographical
2

and ethnic variations, the incidence rates of melanoma in whites are 5 times higher
than that in Hispanics and 20 times higher in African Americans (Rouhani, Hu, &
Kirsner, 2008). American Cancer Society estimated that there are more than 1 million
melanoma survivors living in the United States, and an additional 76,100 individuals
will be diagnosed in 2014 (DeSantis, et al., 2014). Now melanoma is the third most
common prevalent cancer among males (8%) and the fourth most common in females
(7%) in United States (Figure 1.3) (DeSantis, et al., 2014). Although it is relatively
lower in Asian population, the incidence of melanoma is increasing. In Hong Kong,
between 1983 and 2002, the mean melanoma incidence rates were 0.8 and 0.6 per
100 000 for men and women, respectively, and the mortality rate increased
(Makredes, Hui, & Kimball, 2010). Unlike the majority of solid tumors, melanoma
commonly afflicts the young and middle aged people (Houghton & Polsky, 2002). As
a proportion of all cancers, the incidence of melanoma peaks between 20 and 40
years of age and then decreases. It accounted for 11% of all malignant neoplasms in
individuals 15 to 29 years of age in the time period 1975 to 2000, and was the second
most common type of cancer in this age group (Bleyer, O'leary, Barr, & Ries, 2006).
However, people of all ages are at risk. If people caught melanoma in the earliest
stages, it is entirely treatable, and the 5-year and 10-year relative survival rates for
patients with melanoma are 91.3% and 89.3%, respectively (DeSantis, et al., 2014). If
melanoma is untreated and allowed to spread, there will have no effective treatment.
Data showed that about 9,710 people are expected to die of melanoma in 2014 in the
United States (Siegel, Ma, Zou, & Jemal, 2014). Five-year survival rates for patients
with regional-stage and distant-stage disease are 62.4% and 16.0%, respectively
3

(DeSantis, et al., 2014). And the long-term survival rate for patients with metastatic
melanoma is only 5% (Cummins, et al., 2006).

Figure 1.3 Estimated numbers of US cancer survivors by site (DeSantis, et al., 2014).

1.1.2 Risk factors and prevention of melanoma
Exposure to ultraviolet radiation is the most significant environmental factor
contributing to melanoma (Kanavy & Gerstenblith, 2011). There are many risk
factors that increase the melanoma risk. Endogenous factors include having a fair
complex, blue or green or other light-colored eyes, red or blond hair; having several
large or many small moles; having a family history of unusual moles; having a family
or personal history of melanoma; having a weakened immune system; having certain
changes in the genes that linked to melanoma. Exogenous factors are exposing to
4

natural sunlight or artificial sunlight and having a history of many blistering sunburns,
especially as a child or teenager. Risk factors and relative risk for melanoma were
shown in Table 1.1 (Thompson, Scolyer, & Kefford, 2005).

Table 1.1 Clinical risk factors for melanoma (Thompson, et al., 2005)
Phenotype/Genetic Risk Factors

Relative Risk
for Melanoma

Genetic
Strong family history (≥3 first degree relatives affected)
Weak family history

35-70
3

Naevi
Multiple benign naevi (>100)
Multiple atypical naevi

11
11

Previous skin cancer
Previous melanoma
Previous non-melanoma skin cancer

8.5
2.9

Immunosuppression
Transplant recipients
Patients with AIDS

3
1.5

Surrogates of sun sensitivity
Type I skin (burns without tanning)

1.7

Freckling

2.5

Blue eyes

1.6

Red hair

2.4

UV exposure
History of blistering sunburn

2.5

5

The most effective method to prevent melanoma is avoiding too much sun exposure.
Besides, if you have moles, watch them closely with regular exams and remove some
of them if they have certain features that suggest they might change into a melanoma.

1.1.3 Current therapeutic approaches and limitations
Currently there are mainly five therapeutic options for melanoma: surgical treatments,
radiation therapy, chemotherapy, molecular targeted treatments and biological
therapy.
Surgery to remove the tumor is the first treatment of all stages of melanoma, it
involves cutting out the cancer and some of the normal skin surrounding it. Radiation
therapy is using high energy X-rays or other types of radiation to kill cancer cells and
shrink tumors, it can be used to help shrinking large tumors and relieving symptoms.
Chemotherapy is the use of drugs to stop the growth of cancer cells, either by killing
the cells or by stopping them from dividing. Melanoma is generally considered to be
resistant to conventional chemotherapy. Until now, the only chemotherapy drug that
FDA approved to treat melanoma is alkylating agent dacarbazine (DTIC). However,
DTIC therapy has been shown to be marginally effective, with response rates of
approximately 15% (M. R. Middleton et al., 2000; Serrone, Zeuli, Sega, & Cognetti,
2000). DTIC has never been proven to prolong survival for patients with metastatic
melanoma, and median overall survival is approximately 7 months (M. R. Middleton,
et al., 2000; Serrone, et al., 2000).

6

Targeted therapy is the use of drugs or other substances to attack cancer cells, this
kind of therapy usually cause less harm to normal cells than chemotherapy or
radiation therapy. Melanoma is commonly divided into three mutually exclusive
genetic subsets: BRAF mutant melanoma, NRAS mutant melanoma and melanoma of
wild type at both loci (wt/wt) (Goydos et al., 2005). Over 50% of melanomas have
mutations in the BRAF gene (Davies et al., 2002). These mutations cause the gene to
make an altered BRAF protein that signals the melanoma cells to grow and divide
quickly. Vemurafenib and dabrafenib are two BRAF inhibitors approved by FDA for
treating patients with advanced melanoma or tumors that cannot be removed by
surgery. But the major problem of these BRAF inhibitors is the drug resistance.
The majority of BRAF mutant melanomas respond to BRAF inhibitor rapidly but
acquires drug resistance within a median time of 6-7 months (Swaika, Crozier, &
Joseph, 2014). To overcome this, trametinib, an MEK inhibitor, was combined with
the BRAF inhibitor dabrafenib, and this combination delays the emergence of
resistance and reduces toxic effects in patients, which is more effective in BRAF
(V600)-mutant melanoma than single-agent BRAF inhibitors (Flaherty et al., 2012).
As a result of this research, on January 8, 2014, the FDA approved the combination
of dabrafenib and trametinib for the treatment of patients with BRAF mutant
metastatic melanoma. The limitation of targeted therapy is that for melanoma patients
whose tumors lack BRAF mutations, such as NRAS-mutant and wild type
melanomas, targeted therapy options are very limited. And now targeted therapeutic
options for NRAS-mutant melanomas are under intense investigation.

7

Biological therapy also called immunotherapy. It uses the immune system, the body’s
natural defense against infection and disease, to fight against the cancer. Interferon
alfa and interleukin-2 (IL-2) are types of biologic therapy used to treat melanoma.
Interferon alfa is usually used as an added (adjuvant) therapy after surgery. It
prevents these cells from spreading and growing. IL-2 boosts the growth and activity
of many immune cells, especially lymphocytes which attack and kill the cancer cells.
Ipilimumab is a monoclonal antibody that increases the immune response against
melanoma cells by targeting CTLA-4 (Cytotoxic T-lymphocyte-associated antigen),
an immune checkpoint molecule that down-regulates the pathways of T cell
activation (Fong & Small, 2008). Pembrolizumab is a monoclonal antibody that
targets PD-1, another protein that can keep T cells in check. By blocking PD-1,
pembrolizumab boosts the immune response against melanoma ("PD-1 Inhibitor
Approved for Melanoma," 2014).
However, the major problem of immunotherapy is their significant toxicities. Only
high dose Interferon alfa is effective in melanoma, but many patients cannot tolerate
the side effects of high-dose therapy. Ipilimumab and pembrolizumab can cause the
immune system to attack healthy parts of the body, which can lead to serious or even
fatal problems in the intestines, liver, hormone-making glands, lungs, kidneys, or
other organs. Approximately 10 to 15% of patients treated with ipilimumab
experience serious autoimmune-related side effects, which can lead to death (Hodi et
al., 2010). Treatment of IL-2 was reported to result in different levels of bilirubin
elevations, weight gain, thrombocytopenia, dose-limiting neurotoxicity, large-volume
diarrhea and hepatotoxicity (Alwan et al., 2014). The response rates of
8

immunotherapy is also very low, high-dose IL-2 therapy showed a very marginal
response rate at approximately 6%, and no benefit in overall survival (Atkins et al.,
2008).
Overall, despite the attempts to treat melanoma using a wide variety of therapies,
survival from disseminated disease remains very poor. The current treatmentmodalities for melanoma are inefficient in preventing the spread of metastases in up
to 50% of the patients (Kesmodel & Spitz, 2003). Most standard chemotherapy drugs
have failed in large-scale clinical trials for melanoma due to the significant toxicity
and low response rate. Therefore, alternative treatments or co-treatment with higher
response rates and without significant toxicities are urgently needed.
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Table 1.2 Drugs Approved for Melanoma by FDA

Name

Date approved by
FDA for treating Mechanism in treating melanoma
melanoma

Vemurafenib

August 17, 2011

Targeted therapy

Melanoma that cannot be removed by surgery or
has metastasized (spread to other parts of the
body). It is used in patients who have a certain
mutation in the BRAF gene.

BRAF inhibitor

Dabrafenib

May 30, 2013

Targeted therapy

Melanoma that cannot be removed by surgery or
has metastasized (spread to other parts of the
body). It is used only in patients who have a
certain mutation in the BRAF gene. (Alone or
with trametinib).

BRAF inhibitor

Trametinib

May 2013 (single Targeted therapy
agent)
MEK1 and MEK2 inhibitor
January 8, 2014
(combined
with
dabrafeni)

Dacarbazine

Use in melanoma

Chemotherapy

Melanoma that cannot be removed by surgery or
has metastasized (spread to other parts of the
body). It is used in patients who have certain
mutations in the BRAF gene. (Alone or with
dabrafenib).
Melanoma that has metastasized (spread to other
parts of the body)

1975
Destroy cancer cells by adding an
alkyl group (CnH2n+1) to its DNA
10

Recombinant
Interferon
Alfa-2b

December 1995

PEG interferon
Alfa-2b

March 29, 2011

Biologic therapy
Activate immune system
Biologic therapy
Activate immune system

Ipilimumab

March 25, 2011

Aldesleukin(IL-2) May 1992

It is used as adjuvant therapy in patients who
have had surgery and have a high risk of recurrent
cancer.
It is used as adjuvant therapy in patients who
have had surgery to remove cancer that has
spread to the lymph nodes.

Biologic therapy

Melanoma that cannot be removed by surgery or
has metastasized (spread to other parts of the
A monoclonal antibody that activate body).
the immune system by targeting
CTLA-4
Biologic therapy

Melanoma that has metastasized (spread to other
parts of the body)

Regulate immune response
Pembrolizumab

September 4, 2014

Biologic therapy

Melanoma that cannot be removed by surgery or
that has metastasized (spread to other parts of the
Activate immune system by targeting body). It is used in patients whose disease got
PD-1
worse after being treated with ipilimumab and
who may also have been treated with an
anticancer drug called a BRAF inhibitor.

Summarized from the National Cancer Institute website, available at http://www.cancer.gov/cancertopics/druginfo/melanoma
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1.2 STAT3 signaling
1.2.1 Structure and function of STAT3
STAT3 (Signal transducers and activators of transcription 3) is a member of family of
seven proteins (STATs1, 2, 3, 4, 5a, 5b, and 6) that transmitting the signals from
plasma membrane to the nucleus, where they modulate the transcription of responsive
genes involved in the regulation of a variety of critical functions, including cell
differentiation, proliferation, survival, angiogenesis, metastasis, and immune
responses (Al Zaid Siddiquee & Turkson, 2008; Johnston & Grandis, 2011). The
structure of STAT is shown in Figure 1.4, it has the following distinct domains: the
N-terminal, coiled-coil, DNA binding, the Linker, Src-homology 2 (SH2) and Cterminal transactivation domains. The N-terminal domain is important in STAT
dimer-dimer interactions; the DNA binding domain forms complexes between STAT
proteins and DNA; the SH2 domain engages in dimerization between two activated
STAT monomers through reciprocal phospho-tyrosine (pTyr)-SH2 domain
interactions, the C-terminal portion of the protein functions as the transcriptional
activation domain, which include the tyrosyl residue (Y) and serine (S) residue (Al
Zaid Siddiquee & Turkson, 2008).

Figure 1.4 Structure of STAT protein (Al Zaid Siddiquee & Turkson, 2008).
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The activation of STAT3 is initiated by many cytokines and growth factors, including
epidermal growth factor (EGF), hepatocyte growth factor (HGF) and interleukin-6
(IL-6) (Aggarwal et al., 2009). After binding of cytokines and growth factors to their
cognate receptors on the cell surface, tyrosine kinases, including JAKs, receptor
tyrosine kinases (RTKs) and non-RTKs such as Src can be phosphorylated
subsequently and provide docking sites for the recruitment of nonphosphorylated
STAT3 via their SH2 domain. Once STAT3 are recruited to the activated tyrosine
kinases, they become autophosphorylation at tyrosine 705. Phosphorylated STAT3
then dimerize, translocate into the nucleus and bind to consensus promoter sequences
of target genes, thereby inducing the transcription of those genes essential for their
biological functions (Figure 1.5).
STAT3 is proposed to participate in oncogenesis through up-regulation of survival
genes (i.e. Bcl-xL, Mcl-1 and survivin), proliferation genes (i.e. c-Myc and Cyclin
D1/D2), and angiogenesis and metastasis genes (i.e. VEGF, MMP-2 and MMP-9) (Al
Zaid Siddiquee & Turkson, 2008; Kortylewski, Jove, & Yu, 2005). STAT3 also
participates in regulation of immune evasion process through up-regulation of
immunosuppressive factors and down-regulation of pro-inflammatory cytokines and
pro-inflammatory chemokines (H. Yu, Pardoll, & Jove, 2009). Recently, STAT3 was
found to have an important role in maintaining cancer stem cells (CSCs) in vitro and
in mouse tumor models (Xiong, Yang, Shen, Zhou, & Shen, 2014). CSCs also called
tumor initiating cells (TICs), they are a group of special cancer cells present in
tumors, possess characteristics associated with normal stem cells, such as selfrenewal and the ability to generate diverse tumor cells, contributing to the relapse and
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metastasis and the resistance to treatment. STAT3 was found to maintain the CSCs
population and their “stem-like” properties (Cao et al., 2010). Inhibition of STAT3
by chemical compounds or by siRNA suppressed proliferation (Villalva et al., 2011),
increased apoptosis and chemo-sensitivity in CSCs (Hellsten, Johansson, Dahlman,
Sterner, & Bjartell, 2011; Tseng et al., 2012). Therefore, STAT3 is integrally involved

in tumor initiation, progression and maintenance.

Figure 1.5 Contributions of the STAT3 signaling pathway to
cancer growth and metastasis (Huang, 2007).

14

1.2.2 STAT3 in melanoma progression
In normal cells, STAT3 activation is both transient and tightly regulated. However,
aberrant activation of STAT3 is associated with many human cancers including
leukemia, prostate, lung, brain, breast, squamous cell carcinomas and melanoma
(Johnston & Grandis, 2011). It was found that STAT3 activated in primary human
melanoma tumors but not in normal skin specimens (Zhuang et al., 2007), permanent
STAT3 DNA-binding activity was observed in the majority of human melanoma cell
lines (Niu, Wright, et al., 2002). Studies revealed that aberrant STAT3 activation
promotes the growth and survival of melanoma cells (Niu et al., 1999; Niu, Wright, et
al., 2002), persistent STAT3 activity promotes in vivo angiogenesis, in part by
inducing the VEGF, a potent inducer of angiogenesis (Niu, Wright, et al., 2002; Xie
et al., 2006), and stimulates invasion and metastasis by inducing matrix
metalloproteinase-2 (MMP-2) (Xie, et al., 2006).

1.2.3 Strategies for targeting STAT3 in melanoma
Since STAT3 regulates the expression of various genes involved in proliferation,
apoptosis, angiogenesis and metastasis, and persistently activated STAT3 promotes
melanoma development and progression. STAT3 could be a target for melanoma
therapy. There are two major strategies to inhibit the STAT3 signaling pathway. One
is direct inhibition of STAT3 protein with inhibitors targeting structural domains of
STAT3 including SH2 domain, DNA binding domain, and N-terminal domain. This
will suppress processes related to STAT3 signaling and functional role by blocking
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phosphorylation, dimerization, nuclear translocation and DNA binding. It was
reported that gene therapy with dominant-negative STAT3 variant Stat3β can
suppress the growth of the murine melanoma B16 tumor in vivo (Niu, et al., 1999).
Inhibition of STAT3 activation using small molecule inhibitors can induce cell
apoptosis and reduce human melanoma growth in nude mice (Kamran & Gude, 2013;
L. Liu et al., 2012; L. Liu et al., 2011; Xu et al., 2005). Inhibition of DNA binding
activity and suppression of transactivation of STAT3 by specific peptide aptamers
resulted in growth-inhibition, down-regulation of Bcl-xL expression, and induced
apoptosis in melanoma cell (Nagel-Wolfrum et al., 2004). Another approach is by
blocking the upstream regulators of STAT3 pathway. JAK inhibitor AZD1480 was
shown to be able to block STAT3 signaling, causing suppression on human solid
tumor xenografts harboring persistent STAT3 activity (Hedvat et al., 2009), and
delayed tumor growth in a melanoma model while enhancing the suppressive activity
of myeloid-derived suppressor cells (Maenhout et al., 2014). Dasatinib, an inhibitor
of Src, also decreased the level of STAT3 phosphorylation (Michels et al., 2013),
resulting in multiple anticancer effects such as migration and invasion inhibition of
human melanoma cells (Buettner, Mesa, Vultur, Lee, & Jove, 2008), proliferation
suppression on primary melanoma cell (J. Wu, Liao, Yu, & Su, 2013). Thus,
chemotherapy targeting STAT3 should assault melanoma on multiple fronts.
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1.3 HGF/c-Met signaling
1.3.1 Structure and function of c-Met
RTK c-Met is a cell surface receptor expressed in epithelial cells of many organs,
including the liver, pancreas, prostate, kidney, muscle and bone marrow, during both
embryogenesis and adulthood (Comoglio, Giordano, & Trusolino, 2008). c-Met
receptor consists of a 50-kDa extracellular α chain and a 140-kDa membranespanning β chain. The β subunit contains an extracellular portion involved in ligand
binding, a membrane spanning segment, a juxtamembrane domain, a kinase domain,
and a C-terminal multifunctional docking site (Figure 1.6) (Organ & Tsao, 2011).
The only known endogenous ligand of c-Met is hepatocyte growth factor (HGF)
(Tolbert, Daugherty-Holtrop, Gherardi, Vande Woude, & Xu, 2010). HGF is a
multifunctional cytokine acting as a mitogen, motogen, and morphogen, promoting
cell proliferation, survival, motility, scattering, differentiation and morphogenesis
(Trusolino & Comoglio, 2002). Once HGF binds to c-Met, two c-Met molecules will
homo-dimerize and auto-phosphorylate of two catalytic tyrosine residues (Y1234 and
Y1235). Subsequently, tyrosine 1349 and 1356 are phosphorylated. The
phosphorylated regions will then act as the multifunctional docking site and be
bonded by adaptor molecules, propagating a signaling cascade through a number of
effector proteins (Organ & Tsao, 2011).
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Figure 1.6 Domain structure of c-Met (Organ & Tsao, 2011).

One of the major substrates of the activated c-Met is the adaptor protein GAB1
(GRB2-associated binding protein 1), once bound to and phosphorylated by c-Met,
creates binding sites for more downstream adaptors (Figure 1.7) (Organ & Tsao,
2011), such as SHC (src homology 2 domain-containing), PI3K (phosphatidylinositol
3-kinase), PLCγ (phospholipase Cγ), Src, SHP-2 (src homology protein tyrosine
phosphatase 2) and STAT3.
FAK (focal adhesion kinase), localized to cellular adhesion complexes, induces the
formation of focal adhesions, a preliminary step to increase cell motility and tissue
invasion after activation (Birchmeier, Birchmeier, Gherardi, & Vande Woude, 2003).
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FAK was found to be overexpressed and activated in many types of human cancers
and is often associated with poor clinical outcome. It involves in tumor adhesion,
spreading, motility, invasion, metastasis, survival and angiogenesis. Recently, FAK
has been found to play an important role in epithelial to mesenchymal transition
(EMT), cancer stem cells and tumor microenvironment (Golubovskaya, 2014; B. Y.
Lee, Timpson, Horvath, & Daly, 2014; Sulzmaier, Jean, & Schlaepfer, 2014). FAK
can be activated/phosphorylated by Src family kinases, which associate directly with
c-Met (Ponzetto et al., 1994). The c-Met-Src-FAK interaction leads to cell migration
(Hui et al., 2009; Rahimi, Hung, Tremblay, Saulnier, & Elliott, 1998). HGF-induced
cell invasion also requires interaction of FAK with c-Met (S. Y. Chen & Chen, 2006).
PAKs (p21-activated kinases) are a family of serine/threonine protein kinases
comprised of six isoforms (PAK1-6), activated PAKs are important in cytoskeletal
dynamics, cell motility and migration. Although PAKs are not mutated in cancers,
they are overexpressed, hyper-activated or amplified in several human tumors. They
maintain cell transformation by promoting a number hallmark processes (Gao &
Vande Woude, 2005; Ye & Field, 2012). Phosphorylation of PAK was found to
promote HGF-induced cell migration (Ro et al., 2013).
Activated c-Met also recruits adaptor protein GRB2 (growth factor receptor-bound
protein 2) and stimulates the binding of SHC and GRB2 with SOS (Son of Sevenless).
The binding leads to the activation of Ras, then triggers indirect activation of RAF
kinase, and subsequently activates the MEK kinase and finally MAPKs (mitogenactivated protein kinases). MAPK signal pathways have been reported to be involved
in cell proliferation, cell cycle progression and cell motility (Fixman, Fournier,
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Kamikura, Naujokas, & Park, 1996; Paumelle et al., 2002). PI3K, another
downstream effector protein of c-Met, can bind either directly to c-Met or indirectly
through GAB1, which then signals through Akt. This axis is primarily responsible for
the cell survival response to c-Met signaling (Bowers et al., 2000; Fan et al., 2001).
Activated c-Met can also recruit STAT3, which results in STAT3 phosphorylation,
dimerization and its translocation to the nucleus.
Under normal physiologic conditions, HGF functions in a paracrine manner. It is
usually produced by mesenchymal cells and actives on epithelial and endothelial cells
(Gherardi, Sharpe, Lane, Sirulnik, & Stoker, 1993), c-Met pathway regulates many
cellular responses including cell proliferation, survival, motility, invasion and
morphogenesis (Birchmeier, et al., 2003; Boccaccio & Comoglio, 2006). But in
tumor cells, the c-Met pathway is one of the most frequently dysregulated pathways.
Most cancers can produce both HGF and c-Met, leading to the autocrine activation of
c-Met. In addition, c-Met also can be activated in a ligand independent manner
through receptor overexpression, activating mutations, or gene amplification (Ma,
Maulik, Christensen, & Salgia, 2003). The activation of the HGF/c-Met pathway in
various types of cancers promotes cancer cell growth, survival, migration and
invasion, as well as tumor angiogenesis (Birchmeier, et al., 2003). Therefore,
targeting HGF/c-Met signaling is a promising strategy in cancer treatment.
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Figure 1.7 The HGF/c-Met signaling pathway and
therapeutic intervention strategies (Eder, Vande Woude, Boerner, & LoRusso, 2009).

1.3.2 HGF/c-Met signaling and melanoma metastasis
Examinations showed that c-Met was expressed and activated in melanoma tissues
and cell lines (Chattopadhyay et al., 2012). Primary melanomas exhibit cytoplasmic
positivity for c-Met expression, whereas metastatic melanomas show both
cytoplasmic and membranous pattern of c-Met staining (Puri et al., 2007).
Overexpression of c-Met is associated with melanoma growth and metastatic spread
(Natali et al., 1993; Puri, et al., 2007). Furthermore, up-regulation the expression of
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c-Met by cAMP leads to an exacerbated HGF signaling and allows HGF to protect
melanoma cells from apoptosis (Beuret et al., 2007). c-Met autocrine activation in
transgenic mice that ectopically expressing HGF induces development of malignant
melanoma and acquisition of the metastatic phenotype (Otsuka et al., 1998). And
constitutive c-Met signaling through a non-autocrine mechanism also promotes
melanoma metastasis in a transgenic transplantation mouse model (Y. Yu & Merlino,
2002).

1.3.3 Strategies for targeting c-Met in melanoma
HGF/c-Met signaling is required for many normal physiological processes, but
inappropriate Met activation has been implicated in most types of solid tumors. There
are four main approaches in blocking HGF/c-Met signaling including blocking
interaction of HGF with c-Met by using HGF antagonists or neutralizers, preventing
c-Met dimerization by dominant negative c-Met construct, blocking c-Met kinase
activity by ATP competitors and inhibiting the specific downstream transducers of
the c-Met pathway (Figure 1.7).
In melanoma, inhibition of c-Met with a specific small molecule tyrosine kinase
inhibitor can decrease cell proliferation, increase apoptotic cells, as well as inhibit
melanoma cell metastasis (Kenessey et al., 2010; Surriga et al., 2013). Blockade of cMet signaling with specific small interfering (si)RNA can induce melanoma cell
differentiation and also prevent melanoma metastasis in mice (Kenessey, et al., 2010;
Surriga, et al., 2013). c-Met downstream component FAK was found constitutively
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activated in human melanoma (Kahana, Micksche, Witz, & Yron, 2002). The tyrosine
residues sites Tyr 397 and Tyr 576 are phosphorylated in aggressive melanoma, and
correlate with their increased invasion, migration and vasculogenic mimicry plasticity.
Disruption of FAK-mediated signal transduction pathways through the expression of
FAK-related nonkinase (FRNK) may result in an inhibitory effect in melanoma cell
invasion and migration, and suppress vasculogenic mimicry (Hess et al., 2005).
Inhibition of PAK1 by selective inhibitors attenuates cytoskeleton regulating
pathways to modulate the proliferation and migration of melanoma cells and decrease
melanoma tumor growth in nude mice model (Ong et al., 2013). These observations
suggest that targeting c-Met is beneficial for treating melanoma metastasis.

1.4 Nutrition and melanoma chemoprevention
Melanoma is the deadliest skin cancer and has a high metastatic potential. The
available treatments for melanoma have many limitations. Despite public efforts to
promote sun protection behaviors, the sunscreen use does not completely prevent skin
cancer induced by ultraviolet radiation, so additional chemopreventive methods for
melanoma prevention are particularly needed.
Chemoprevention is defined as the use of natural or synthetic compounds able to
inhibit, suppress, reverse, or delay the development and progression of cancer (Sporn,
Dunlop, Newton, & Smith, 1976). As shown in Figure 1.8, the chemopreventive
process can occur during both initiation and promotion of carcinogenesis and can be
useful to all populations (Mehta, Murillo, Naithani, & Peng, 2010). For healthy
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individuals, chemoprevention is applicable to provide the protective effects. For
cancer patients, chemopreventive agents could be used in combination with
chemotherapeutic agents in hopes of providing additive or synergistic effects. For
post-therapy patients, dietary modification along with pharmacological intervention
should be considered for suppressing or inhibiting the recurrence, they can prevent
local relapses, delay the metastasis, and prevent second primary tumors.

Figure 1.8 A schematic diagram to show selective responsiveness of healthy
population as well as cancer patients to chemopreventive agents (Mehta, et al., 2010).

Accumulating evidences from observational and prospective studies indicated that
natural compounds present in the human diet or as supplements may substantially
alter the natural history of carcinogenesis. A high consumption of fruits and
vegetables was associated with a reduced risk of colon cancer (Liang & Binns, 2009),
prostate cancer (Kirsh et al., 2007), and esophageal cancer (Terry, Lagergren, Hansen,
Wolk, & Nyren, 2001).
In recent years, there has been growing interest in the role of nutrition in melanoma
chemoprevention (Campbell & McTiernan, 2007; Jensen, Wing, & Dellavalle, 2010;
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Tong & Young, 2014). A possible mechanism of nutrition in melanoma prevention is
the antioxidant effect of natural compounds. Exposure to UV light is one of the most
important factors in the development of melanoma and is largely unavoidable. UV
light generates reactive oxygen species and free radicals, these small molecules can
cause oxidative stress, inflammation, photoaging, and DNA damage, which lead to
skin cancer (Ames, 1983).
Many basic science and epidemiologic studies show promising benefits of natural
products in the chemoprevention of melanoma (Jensen, et al., 2010; Tong & Young,
2014). Polyphenols are widely studied, they are secondary metabolites of plants and
are generally involved in defense against ultraviolet radiation or aggression by
pathogens (Pandey & Rizvi, 2009). It is the vital part of the human diet and the total
intake is approximately one gram per day (Afaq & Katiyar, 2011). Many plant
polyphenols show excellent antioxidant activity as well as anti-proliferation and antiinflammation activities, such as epigallocatechin-3-gallate (EGCG), resveratrol and
quercetin. EGCG is a green tea polyphenol that can help reverse the damage caused
by UV light (Hsu, 2005). Drink green tea was reported to decrease the UV-induced
skin tumor incidence (Z. Y. Wang et al., 1992). Resveratrol, a natural polyphenol
widely distributed in many plants, has been shown to protect human skin from sun
damage by decreasing sunburn cell formation (Y. Wu et al., 2013). Moreover, these
compounds are commonly safe, cheap, abundant and accessible. So the role of natural
compounds in melanoma treatment and prevention is promising and worthy of further
exploration.
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1.5 Quercetin
Quercetin (3,3’,4’,5,7-pentahydroxyflavone, Figure 1.9) is one of approximately
4,000 polyphenolic metabolites, which is classified as flavonoids and is abundant in
many food and plants, specifically in tomatoes, grapes, red onions, apples, berries,
Brassica vegetables, capers, shallots and tea, as well as many seeds, nuts, flowers,
barks, and leaves. Quercetin is also found in Chinese medical herbs like Flos
Sophorae(槐米), Fructus Crataegi (山楂), and Radix Bupleuri (柴胡) (Harwood et al.,
2007).

Figure 1.9 Chemical structure of quercetin.

1.5.1 Metabolism and bioavailability
The bioavailability of quercetin depends on the metabolic form present in the food.
Indeed, most of the dietary intake of quercetin-type flavonols are as quercetin
glycosides, the most common are quercetin linked with one or two glucose molecules
(quercetin glucosides) and quercetin linked with rutinose (quercetin rutinoside)
(Kelly, 2011). They are absorbed in the apical membrane of the enterocytes, then
hydrolyzed to generate quercetin aglycone and further metabolized to the methylated,
sulfonylated and glucuronidated forms by the enterocytic transferases (O'Leary et al.,
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2003). Quercetin metabolites are then transported first to the intestinal lumen, and
then to the liver, where other conjugation reactions take place to form Qu-3glucuronide and Qu-3’-sulfate, which are the major quercetin-derived circulating
compounds in human plasma (Day et al., 2001).
It was reported that up to 60% of orally ingested quercetin is absorbed (Harwood, et
al., 2007) and people had no difficulty in absorbing dosages up to 150 mg/day (Egert
et al., 2008). A high-vegetable, -berry, and -other fruit diet for six weeks nearly
doubled plasma quercetin. Consuming 100 g/day of bilberries, black currants, and
lingonberries for two months increased plasma quercetin levels up to 50 percent
(Erlund, Freese, Marniemi, Hakala, & Alfthan, 2006). A meal rich in plant foods
designed to deliver 87 mg of quercetin increased plasma quercetin concentration from
pre-meal levels ranging from 28-142 nM to a mean of 373 nM three hours postingestion (Manach et al., 1998).
Quercetin has a relative long half-life, when ingesting quercetin-riched fruits, the
plasma quercetin concentration decreased slowly with elimination half-lives of about
25 h (Hollman, van Trijp, Mengelers, de Vries, & Katan, 1997). Thus, repeated
dietary intake of quercetin will lead to accumulated quercetin in plasma, and can help
achieving threshold serum concentrations for medical effects. It was found that rats
eating a diet supplemented with 0.2-percent quercetin for three weeks attained a
serum concentration of 133 µM (Morand et al., 1998).
The major problem for using quercetin as a chemopreventer is its limited water
solubility. To overcome this limitation, numerous approaches have been undertaken,
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involving the use of promising drug delivery systems such as inclusion complexes,
liposomes, nanoparticles or micelles, which appear to provide higher solubility and
bioavailability (Cai, Fang, Dou, Yu, & Zhai, 2013). Promising studies have been
obtained with polyethylene glycol (PEG) (Z. P. Yuan et al., 2006) and sulfobutyl
ether-7beta-cyclodextrin (SBE7betaCD) (Kale, Saraf, Juvekar, & Tayade, 2006). The
bio-distribution and the antitumor activity of PEG-modified liposomal quercetin (QPEGL) have been evaluated in mice bearing lung cancer, colon adenocarcinoma and
hepatoma through intravenous injections. Interestingly, Q-PEGL has a better
solubility in water, and prolongs the circulation times of quercetin in blood,
enhancing its antitumor activity (Z. P. Yuan, et al., 2006). The use of quercetin bond
to SBE7betaCD carrier has been studied in the BDF1 mouse model of melanoma,
after oral administration of such compounds. Quercetin-SBE7betaCD complex
showed significantly improved anti-cancer activity at much lower concentration than
the plain drug, with decreased density of the microvessel in melanoma (Kale, et al.,
2006).

1.5.2 Safety
Quercetin has no carcinogenic activity in vivo (Okamoto, 2005) and possesses very
low intrinsic toxicity (Gugler, Leschik, & Dengler, 1975).
Oral administration of quercetin to mice and rats did not induce any significant
changes in terms of micronuclei formation, chromosomal aberrations, sister
chromatid exchange, or DNA damage (Harwood, et al., 2007). In an acute toxicity
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test, no symptoms of toxicity were reported in rabbits receiving single intravenous
injections of quercetin at 100–150 mg/kg body weight or two injections of up to 136
mg quercetin/kg body weight (Ambrose, Robbins, & Deeds, 1952).
In humans, a single oral dose of up to four grams of quercetin has no side effects
(Gugler, et al., 1975). There were no reported significant adverse health effects
following oral administration of quercetin at doses up to 1000 mg/day for up to 12
weeks (Harwood, et al., 2007). The unique phase I clinical trial of quercetin so far
completed recommended a dose of 1,400 mg/m2, which corresponds to about 2.5 g
for a 70 kg individual, administered via intravenous infusion at 3-week or weekly
intervals (Ferry et al., 1996). In 1999, the International Agency for Research on
Cancer (IARC) concluded that quercetin is not classifiable as carcinogenic to humans
(Okamoto, 2005).

1.5.3 Bioactivities of quercetin
Quercetin is one of the most effective flavonoids (Lin et al., 2011). It has multiple
biological functions including anti-oxidant effects, anti-inflammatory effects,
cardioprotective effects and anti-cancer effects (Mendoza & Burd, 2011; E.
Middleton, Jr., Kandaswami, & Theoharides, 2000).
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1.5.3.1 Antioxidant, anti-inflammatory and cardiovascular-protective properties
of quercetin
Quercetin is considered as a powerful free radical scavenging antioxidant because it
has a number of hydroxyl groups. It reacts with ROS and chelates ROS producing
metal ions, both of which help to decrease oxidative DNA damage, and prevent DNA
damage, which is believed to be the general mechanism by which quercetin is able to
prevent tumorigenesis (Murota & Terao, 2003). Quercetin exerts biphasic doseresponses on cells depending on its concentration. The antioxidant property of
quercetin was observed at low concentrations approximately 1-40 μM. At high
concentrations (40-100 μM), it is an oxidant and can induce double-strand DNA
breaks, which in turn activates p53 and induces apoptosis (Vargas & Burd, 2010).
Quercetin also exerts anti-inflammatory property. It was reported that treatment of
quercetin dose-dependently inhibited the production of tumor necrosis factor-α
induced by in vitro lipopolysaccharide in the blood of healthy volunteers (Boots et al.,
2008). And quercetin suppressed LPS-induced lung inflammation through the
induction of heme oxygenase (HO)-1 (Takashima et al., 2014).
The role of quercetin in preventing cardiovascular diseases has been largely
associated with its antioxidant and anti-inflammatory properties. Earlier studies have
linked regular consumption of flavonoids in foods with a reduced risk of death from
coronary heart disease (Hertog, Feskens, Hollman, Katan, & Kromhout, 1993; Hertog
et al., 1995). Recently, qurecetin was found ameliorated cardiovascular in dietinduced metabolic syndrome in rats, with the most likely mechanisms being
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decreases in oxidative stress and inflammation (Panchal, Poudyal, & Brown, 2012).
In another study, quercetin provided cardioprotective effect on isoproterenol-induced
cardiac fibrosis in rats, which was related to antioxidative stress, inhibition of the
renin-angiotensin-aldosterone system, down-regulation of the expression of TGF-β1
and CTGF, and the subsequent reduction in the deposition of the ECM (M. Li et al.,
2013).

1.5.3.2 Anti-cancer effect of quercetin
1.5.3.2.1 Anti-proliferative effect
Quercetin exerts potent growth inhibitory effects on several malignant tumor cells
including prostate, cervical, lung, breast, and colon cells. Several mechanisms have
been proposed to explain the effects of quercetin on cell proliferation, and a large
number of these studies focused on the ability of this compound to target specific
regulatory proteins, including cyclins (cyclin A, B, D or E), cyclin-dependent kinases
(Cdks) and CDK inhibitors. Quercetin causes cell cycle arrests at the G2/M transition
or G1 phase in different cell types. In melanoma OCM-1 cells, 70 µM quercetin
blocked cell proliferation and caused G1 phase arrest by inhibiting Cdk2 activity and
up-regulating p27 (KIP1) and p21(CIP1) (Casagrande & Darbon, 2001). In human
breast cancer cell MCF-7, quercetin inhibited the cell cycle progression through
transient M phase accumulation and subsequent G2 arrest. The mechanism was the
inhibition of cyclin B1-associated Cdc2/Cdk1 kinase activity, which decreased the
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expression of cyclin B1 and increased p21CIP1/WAF1 protein synthesis (Choi et al.,
2001).

1.5.3.2.2 Cell death induction
Apoptosis, also called programmed cell death, is the process that eliminates cells with
increased malignant potential, and inhibition of apoptosis is highly important to
tumor initiation and progression (Hanahan & Weinberg, 2011). Quercetin induces
apoptosis in a lot of cancer cell lines, and multiple mechanisms involved in the
process including inhibition of enzymes that activate carcinogens, modification of
signal transduction pathways, and interactions with receptors and other proteins
(Aggarwal & Shishodia, 2006; Murakami, Ashida, & Terao, 2008; G. L. Russo et al.,
2014).
Quercetin can induce apoptosis through the activation of mitochondrial pathway and
the blockade of pro-survival signaling. The tumor suppressor gene, p53 expression
was drastically increased in quercetin treated neuroblastoma cells, together with
decreased anti-apoptotic gene bcl-w mRNA expression and increased pro-apoptotic
protein bax expression (Sugantha Priya et al., 2014). Quercetin induced apoptosis in
human glioblastoma multiforme cells was associated with Caspase 3 and 9 activation,
cytochrome c release, suppression in the mitochondrial membrane potential and
inhibition on Hsp27 and Hsp72 (Jakubowicz-Gil, Langner, Badziul, Wertel, & Rzeski,
2013).
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Various cellular receptors have been reported to be involved in the cancer-preventive
activities of quercetin. Quercetin affected the expression of epidermal growth factor
receptor (EGFR) ErbB2 and ErbB3 proteins in HT-29 colon cancer cells, resulting in
the inhibition of cell growth and the induction of apoptosis (Kim et al., 2005).
Quercetin suppressed androgen receptor (AR) expression and activity in human
prostate cancer cells (H. Yuan et al., 2010) and LNCaP cells (Ferruelo et al., 2014).
Quercetin promoted degradation of surviving and thereby enhances death receptor
(DR) mediated apoptosis in glioma cells (Siegelin, Reuss, Habel, Rami, & von
Deimling, 2009), and enhanced TRAIL-induced apoptosis by causing the
redistribution of DR4 and DR5 into lipid rafts (Psahoulia, Drosopoulos, Doubravska,
Andera, & Pintzas, 2007).

1.5.3.2.3 Autophagy induction
Autophagy is a cellular process that cells deliver their own cytoplasmic materials and
organelles to lysosomes for degradation. In general, autophagy plays a crucial prosurvival role in cell and tissue homeostasis, required during starvation or growth
factor deprivation stress. However, accumulating evidence has revealed that
autophagic cells may commit suicide by undergoing cell death and coping with
excessive stress, which differs from apoptosis (Amaravadi et al., 2011). Quercetin
has been found to activate autophagy in gastric cancer cells. It induced appearance of
autophagic vacuoles, formation of acidic vesicular organelles (AVOs), conversion of
LC3-I to LC3-II, recruitment of LC3-II to the autophagosomes as well as activation
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of autophagy genes, which were accompanied by modulation of Akt-mTOR signaling
and hypoxia-induced factor 1α (HIF-1α) signaling (K. Wang et al., 2011). In another
study, quercetin was reported to mediate the preferential degradation of oncogenic
Ras, thus causing autophagy in Ha-RAS-transformed human colon cells (Psahoulia et
al., 2007).

1.5.3.2.4 Anti-angiogenic activity
Angiogenesis is characterized by the formation of new vessels from a pre-existing
microvascular network. Generally, this physiological process is only transiently
activated. However, it is usually activated in tumor progression. The angiogenic
switch is regulated by different factors including VEGF and MMPs, or oppose
(thrombospondin) angiogenesis (Hanahan & Weinberg, 2011). Inhibition of
angiogenesis is a promising therapeutic approach for controlling of tumor growth and
progression. Quercetin was found to inhibit several important steps of angiogenesis.
Treatment with quercetin dose-dependently inhibited migration and tube formation of
human microvascular dermal endothelial cells, as well as human umbilical vein
endothelial cells (HUVEC) (Tan et al., 2003). Quercetin significantly inhibited
cyclooxygenase-2 (COX-2) mediated angiogenesis in human endothelial cells in a
dose-dependent manner (Xiao et al., 2011). A study of rat aortic ring assay showed
that quercetin at non-toxic concentrations significantly inhibited microvessel
sprouting and exhibited a significant inhibition in the proliferation, migration,
invasion and tube formation of endothelial cells, which are key events in the process
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of angiogenesis. Moreover, quercetin treatment inhibited ex vivo angiogenesis in a
chicken egg chorioallantoic membrane assay (CAM) and a Matrigel plug assay,
which was mediated by targeting VEGFR-2 regulated Akt/mTOR/P70S6K signaling
(Pratheeshkumar et al., 2012).

1.5.3.2.5 Active immune system
It was reported that quercetin was able to enhance susceptibility to NK cell-mediated
lysis of tumor cells through the induction of NKG2 (natural killer group 2) ligand.
This ligand interacts with the NKG2D receptor on the NK surface and mediates the
immune response by NK against tumors. Human leukemia and adenocarcinoma cells
treated with quercetin increased the expression of different NKG2D ligands at the
transcriptional and cell surface protein levels, which may be due to the inhibition of
phosphatidyl inositol 3-kinase (PI3K), nuclear factor-kappaB (NF-κB) pathways and
suppression of heat-shock protein 70 (HSP70) (Bae et al., 2010). In a leukemia cells
injected mouse model, quercetin promoted immune response by promoting B cell
numbers, increasing PBMC macrophage phagocytosis and promoting NK cell activity,
resulting in the reduction of the average size and weight of the liver and spleen
compared with vehicle control (C. S. Yu et al., 2010). Moreover, combined quercetin
with doxorubicin synergistically induced potent rejection of 4T1 breast cancer and
led to long-term, tumor-free survival in mice bearing established breast tumor.
Further study showed that quercetin promoted lymphocyte proliferation and regulated
Th1/Th2 cytokine imbalance, combination of quercetin and intratumoral doxorubicin
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injection synergistically induced persistent T-cell tumor-specific responses (Du et al.,
2010).

1.5.3.2.6 Reverse multi-drug resistance
Intrinsic or acquired multidrug resistance (MDR) is a major impediment to successful
chemotherapy. The phenomenon of MDR is mediated by multiple mechanisms while
the most studied mechanism is the active extrusion of drugs by ATP-binding cassette
(ABC) transporters (Krishna & Mayer, 2000). ABC transporters are a superfamily
with 49 different transporter proteins and function as ATP-dependent drug efflux
pumps. Among these transporters, P-glycoprotein (P-gp, ABCB1), multidrug
resistance associated protein 1 (MRP1, ABCC1) and breast cancer resistance protein
(BCRP, ABCG2) are found to efflux drugs leading to a decrease in cellular drug
accumulation (Ambudkar, Kimchi-Sarfaty, Sauna, & Gottesman, 2003; Cole &
Deeley, 1998; Ejendal & Hrycyna, 2002). In one study, the addition of quercetin
resulted in an increased accumulation (201.8+16.4%) of P-gp substrate DNM in the
resistant cell line MCF-7/ADR, which was comparable to verapamil (229.4+17.6%),
a well-known P-gp inhibitor (Chung et al., 2005). In another study, the exposure of
MDR cells expressing MRP1 to 50 μM quercetin resulted in a 40% decrease of the
basolateral efflux of DNP-SG with a concomitant increase of the intracellular DNPSG concentration, which was comparable to the effects of 50 μM of MK571(an
MRP1 specific inhibitor) (van Zanden et al., 2005). The mechanistic study showed
that quercetin can decrease P-gp expression level (Limtrakul, Khantamat, & Pintha,
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2005), inhibit ATP-binding and ATPase activity of P-gp by directly interacted with
the vicinal ATP-binding site or the substrate-binding site (Conseil et al., 1998).
Quercetin was also reported to interact with MRP1 at the substrate-binding sites and
mediated inhibition of MRP1 function (C. P. Wu, Calcagno, Hladky, Ambudkar, &
Barrand, 2005), and directly interact with BCRP to modulate its transport function,
resulting in an increase in intracellular concentration of anti-cancer drugs (Lim et al.,
2008).

1.5.4 Anti-melanoma effect of quercetin
Quercetin was reported to inhibit human MNT1, M10, M14, C32 and A375 cell
proliferation (Loizzo, Said, Tundis, Hawas, Rashed, Menichini, & Frega, 2009;
Piantelli et al., 1995), and induce apoptosis in human melanoma Mel-Juso and G361
cells (Rosner, Ropke, Pless, & Skovgaard, 2006). Further study showed that quercetin
is able to inhibit murine B16-BL6 metastasis in vivo by decreasing matrix
metalloproteinase-9 through the protein-kinase C (PKC) pathway (Caltagirone et al.,
2000; Piantelli et al., 2006; X. M. Zhang, Chen, Xia, & Xu, 2005) and induce B16BL6 apoptosis in vitro by targeting mitochondria, decreasing Bcl-2 expression, as
well as inhibiting PKC-α expression and PKC-δ translocation (X. Zhang, Xu, & Saiki,
2000; X. M. Zhang, et al., 2005). Another mechanism is that quercetin potentiates the
c-fos gene expression induced by UVB, while at the same time inhibit PI3K, leading
to both potentiation and inhibition of carcinogenesis (Olson et al., 2010). Recently,
quercitrin, the glycosylated form of quercetin, was reported to be able to decrease
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ROS generation induced by UVB irradiation in JB6 cells, and restore catalase
expression and GSH/GSSG ratio reduced by UVB exposure, leading to reductions of
oxidative DNA damage and apoptosis and protection of the skin from inflammation
caused by UVB exposure (Yin et al., 2013).

1.5.5 Inhibitory effects of quercetin on STAT3 and HGF/c-Met signalings
Quercetin was found to be able to reduce glioblastoma cells proliferative and
migratory properties through the suppression of STAT3 activation (MichaudLevesque, Bousquet-Gagnon, & Beliveau, 2012; G. Wang et al., 2013); inhibit
human gastric cancer MGC-803 cell proliferation, which is probably relevant to the
down-regulation of the expressions of proteins and mRNA by JAK-STAT pathway
(Qin et al., 2012); suppress JAK/STAT pathway activation in cholangiocarcinoma
cells, resulting in inhibition of cell growth and cytokine-induced cell migration
(Senggunprai, Kukongviriyapan, Prawan, & Kukongviriyapan, 2014); exert
inhibitory effect against STAT3 pathway and synergistically enhance rituximabinduced growth inhibition and apoptosis in diffuse large B-cell lymphoma cells (X. Li
et al., 2014). In addition, the cardioprotective effect of quercetin can be achieved by
reducing the activities of Src kinase and STAT3 (Y. W. Chen et al., 2013).
Quercetin was reported to inhibit HGF-induced c-Met phosphorylation in human
medulloblastoma cell line DAOY(Labbe et al., 2009), and significantly inhibited
HGF-induced migration and invasion in DAOY(Labbe, et al., 2009) and human
hepatoma HepG2 cells (W. J. Lee, Wu, Chen, Wang, & Tseng, 2006).
38

1.6 Hypothesis and objectives
The STAT3 signaling pathway is constantly activated in human melanoma, which in
turn promotes melanoma progression. It can be activated by binding of growth factors
with their receptors including the binding of HGF to the RTK c-Met. The HGF/c-Met
signaling pathway has been implicated in melanoma metastasis. Both the STAT3 and
HGF/c-Met signaling pathways have been proposed as therapeutic targets for
melanoma therapy.
Quercetin is a naturally occurring polyphenol compound that widely distributed in the
plant kingdom. It possesses very low toxicity and is not expensive. Although
quercetin exerts inhibitory effects on melanoma growth and metastasis, detailed
pharmacology activities and underlying mechanisms of quercetin on melanoma need
to be further explored. Additionally, quercetin is able to inhibit the STAT3 and
HGF/c-Met signaling pathways in tumors other than melanoma, but whether
quercetin can alter these two pathways in melanoma is unknown.
We hypothesize that quercetin exerts anti-melanoma activities by suppressing the
STAT3 and HGF/c-Met signaling pathways.
To test this hypothesis, we set the following objectives:
(1) Evaluate the anticancer effects of quercetin in melanoma cells. Effects of
quercetin on melanoma cell proliferation, survival, migration and invasion will be
examined. In addition, animal models will be established for in vivo anti-melanoma
study.
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(2) Investigate the involvement of STAT3 signaling in the anti-melanoma action of
quercetin. Expression and activities of STAT3 and its upstream components will be
determined; STAT3 nuclear distribution, transcriptional activity and STAT3 targets
protein expression levels will be evaluated.
(3) Study the involvement of HGF/c-Met signaling in the anti-metastatic effect of
quercetin in melanoma. Effect of HGF on melanoma cell migratory and invasive
abilities will be determined. Expression levels and activities of c-Met and its
downstream components will be evaluated.
(4) Determine whether quercetin exerts inhibitory effect on the activation of other
RTKs. Besides c-Met, many other RTKs are also activated in melanoma. Therapies
directed against RTKs and their downstream pathways are effective in melanoma
treatment. We will use the phospho-RTK array assay to examine if quercetin inhibits
the activation of other RTKs. This will allow us to further understand the antimelanoma activities of quercetin.
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CHAPTER 2 Materials and Methods
2.1 Materials and reagents
Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis
detection kit was purchased from BD Biosciences (San Jose, CA, USA). Protein
markers were supplied by Bio-Rad (Hercules, CA, USA). Mem-PERTM Plus kit was
obtained from Thermo Scientific (Rockford, IL, USA). Human Phospho-Receptor
Tyrosine Kinase Array kit was supplied by R&D Systems (Minneapolis, MN, USA).
Recombinant human HGF was purchased from PeproTech (PeproTech, NJ, USA).
HGF was reconstituted in PBS containing 0.1% bovine serum albumin (BSA) at the
concentration of 100 µg/ml, and then aliquot and stored at -80°C. Other chemicals
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Palmitate was complexed
to BSA as previously described (Briaud, Harmon, Kelpe, Segu, & Poitout, 2001). In
short, sodium palmitate was dissolved in ethanol:H2O (1:1, v/v) at 70°C at a final
concentration of 150 mM, then the solution was complexed with fatty-acid-free BSA
(10% solution in H2O) by stirring for 1 h at 37°C and then diluted in culture medium.
The final molar ratio of fatty acid:BSA was 5:1. The final ethanol concentration was
≤ 0.33% (v/v). All control conditions included a solution of vehicle (ethanol:H2O)
mixed with fatty-acid-free BSA at the same concentration as the fatty-acid solution.
Quercetin was obtained from Chromadex (USA). The stock solution of 100 mM
quercetin was prepared in dimethyl sulfoxide (DMSO) and stored at -20°C.
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Table 2.1 List of antibodies used for Western blotting

Antibodies

Dilution

Manufacturer

phospho-Akt (Ser 473)

1:1000

Cell Signaling

Akt

1:1000

Cell Signaling

phospho-Erk (Thr 202/Tyr 204)

1:1000

Cell Signaling

Erk

1:1000

Cell Signaling

phospho-STAT3 (Tyr 705)

1:1000

Cell Signaling

STAT3

1:1000

Cell Signaling

phospho-JAK2 (Y 1007/1008)

1:1000

Cell Signaling

JAK2

1:1000

Cell Signaling

phospho-Src (Tyr 416)

1:1000

Cell Signaling

Src

1:1000

Cell Signaling

PARP

1:1000

Cell Signaling

Cleaved-PARP

1:1000

Cell Signaling

Mcl-1

1:1000

Cell Signaling

Bcl-xL

1:1000

Cell Signaling

MMP-2

1:1000

Cell Signaling

phospho-Met (Tyr 1234/1235)

1:1000

Cell Signaling

phospho-Met (Tyr 1349)

1:1000

Cell Signaling

phospho-Met (Tyr 1003)

1:1000

Cell Signaling
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c-Met

1:1000

Cell Signaling

phospho-Gab1 (Tyr 307)

1:1000

Cell Signaling

Gab1

1:1000

Cell Signaling

FAK

1:1000

Cell Signaling

phospho-FAK (Tyr 576/577)

1:1000

Cell Signaling

phospho-FAK (Tyr 925)

1:1000

Cell Signaling

phospho-FAK (Tyr 397)

1:1000

Cell Signaling

PAK1/2/3

1:1000

Cell Signaling

phospho-PAK1 (Ser 144)/PAK2 (Ser 141)

1:1000

Cell Signaling

phospho-PAK1 (Ser 199/204)/PAK2 (Ser 192/197)

1:1000

Cell Signaling

phospho-PAK1 (Thr 423)/PAK2 (Thr 402)

1:1000

Cell Signaling

FAS

1:2000

Cell Signaling

VEGF

1:300

Santa Cruz

SP1

1:300

Santa Cruz

β-actin

1:2000

Santa Cruz

GAPDH

1:2000

Santa Cruz

Anti-FLAG

1:5000

Sigma-Aldrich

Goat anti-rabbit IgG

1:5000

Bio-Rad

Goat anti-mouse IgG

1:5000

Bio-Rad

43

2.2 Cell culture
Human melanoma A375, A2058, MeWo, sk-mel-2 cells, and murine melanoma
B16F10 cells were obtained from American Type Culture Collection (ATCC, USA),
and were maintained at 37°C and 5% CO2 in a humidified atmosphere in high
glucose

Dulbecco’s

modified

Eagle’s

medium

(DMEM,

GIBCO,

USA),

supplemented with 10% fetal bovine serum (FBS, GIBCO, USA) and 1%
penicillin/streptomycin (P/S, GIBCO, USA).

2.3 Cell viability assay
The cytotoxic effects of quercetin in A375 and A2058 cells were determined by the
MTT assay. Cells (5,000/well) were seeded in 96-well plates, and treated with either
the vehicle (DMSO) or various concentrations of quercetin. After incubation for 24 or
48 h, 30 µl of MTT solution (5 mg/ml) was added to each well and incubated for an
additional 3 h. The formed formazan crystal was dissolved with 100 µl of DMSO.
The absorbance was detected at 570 nm by a microplate spectrophotometer (BD
Biosciences, USA).
The cytotoxic effect of quercetin in B16F10 cells was determined by crystal violet
staining. Cells (2.5×104) were seeded in 60 mm dishes, and exposed to quercetin or
the vehicle (DMSO) for 24 or 48 h. The cells were fixed with 10% formalin for 10
min, followed by staining with 0.1% crystal violet solution (CV) 30 min. Finally, CV
was removed, the cells were washed twice with tap water and images were
photographed.
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2.4 Apoptosis assay
Apoptotic effects of quercetin in A375 and A2058 cells were evaluated by Annexin
V/PI double staining with the Apoptosis Detection Kit (BD Biosciences, San Jose,
CA, USA) according to the manufacturer’s instructions. Briefly, cells were harvested
after 48 h treatment and 1×105 cells were then incubated in 100 µl labeling solution
(5 µl of AnnexinV-FITC, 5 µl of PI, 10 µl of 10X binding buffer and 80 µl of H2O) in
darkness at room temperature for 15 min. After that, 400 µl of 1X binding buffer was
added to stop the staining reaction. Flow cytometric analyses were performed on a
FACSCaliburTM (BD Biosciences, USA) by utilizing 10,000 events.

2.5 In vitro cell migration assay—wound healing assay
The wound healing assay was used to evaluate the ability of cell migration. When
cells were grew to 80% ~ 90% confluences in 6-well plates. Cell monolayers were
scratched with a sterile 10 µl pipette tip across the center of the well to generate a
clean, straight wound area, and then were washed with PBS to remove the detached
cells from the plates. After that, cells were incubated with either the vehicle or
quercetin in serum-free medium. Migration of cells into the wound area was
photographed at the 0 and 16 h time points by microscope (Leica, Germany).

2.6 In vitro cell migration assay—migration chamber assay
The migratory ability of cells under HGF stimulation was tested using a commercial
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Transwell insert (8 μm pore size, Corning, NY, USA). Cells were suspended in
serum-free medium containing 0.1% BSA and diluted to 2×105 cells/ml. Then 0.1 ml
of the diluted cells suspension was added to the top of the Transwell inserts, and 0.5
ml of serum-containing medium with (+) or without (-) 100 ng/ml HGF was plated in
the bottom wells. Quercetin was added to both inserts and wells. The chambers were
then assembled and incubated for 24 h or 48 h at 37°C in a 5% CO2 incubator. After
that, non-invading cells were removed from the upper surface of the membrane by
scrubbing. The migrated cells on the underside of the filter were first fixed with
100% methanol and then stained by 0.1% crystal violet solution and counted in five
random fields. The relative migration was calculated from the ratio of the migrated
cells that quercetin treated versus the vehicle control cells.

2.7 In vitro cell invasion assay
Cell invasion was determined by using the BD BioCoatTMMatrigelTM invasion
chamber (24 well plate, 8-µm pore size, BD Biosciences, San Jose, CA, USA)
according to the manufacturer’s instruction. Briefly, 0.5 ml warm (37°C) serum-free
medium was added to both the inserts and the wells to allow the chamber rehydrated
for 2 h at 37°C in a 5% CO2 incubator. Then 1.25×105 cells in 0.5 ml of serum-free
medium containing 0.1% BSA were added to the inserts, while 0.75 ml of serumcontaining medium was placed in the lower chamber. Quercetin was added to both
the inserts and the lower chambers. Chambers were then assembled and incubated for
24 h at 37°C. Afterwards, Matrigel and the cells remaining in the upper chamber were
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removed by scrubbing with a cotton swab, and the cells on the lower surface of the
membrane, which were considered to have invaded, were fixed with 100% methanol
and then stained using 0.1% crystal violet solution. Cells in five microscope areas
were counted and photographed. For the HGF-induced cell invasion assay, the bottom
wells were filled with serum-containing medium with or without 100 ng/ml HGF.

2.8 Western blot analysis
After treatment with different dosages of quercetin or vehicle, cells were harvested
and then lysed with RIPA buffer [50 mM Tris-HCl, 1% NP-40, 0.35% sodiumdeoxycholate, 150 mM NaCl, 1 mM EDTA (pH7.4), 1 mM phenylmethylsulfonyl
fluoride (PMSF), 1 mM NaF, 1 mM Na3VO4 and 10 µg/ml each of aprotinin, leupetin
and pepstatin A] on ice for 30 min. Then the lysates were centrifuged at 14,000 × g at
4°C for 20 min. After centrifuging, the supernatant were transferred into new tubes
and stored at -80°C. Protein concentrations were determined by using the Bio-Rad
protein assay reagent. 40 µg proteins mixed with 5× loading dye [250 mM Tris-Hcl
(pH 6.8), 5% SDS (w/v), 25% glycerol (v/v), 0.005% bromophenol blue (w/v)] and
1% 2-mercaptoethanol (v/v) were heated at 95°C for 5 min and then separated on 6%,
8%, 10% or 12% SDS-PAGEs along with protein markers. The proteins were then
electro-transferred from the gel onto a nitrocellulose membrane, and left for about
150 min under 350 mA. The membranes were blocked with 5% milk in TBST buffer
(0.05% Tween-20 in TBS buffer) for 1 h at room temperature, and then probed with
the corresponding primary antibodies diluted in 2.5% milk-TBST solution overnight
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at 4°C. The membranes were washed with TBST solution 3 times (5 min each) and
then incubated with the corresponding HRP-conjugated secondary antibodies for
another 1 h. Immunoreactive bands were visualized using an ECL detection kit
(Invitrogen, USA) following the manufacturer’s instruction.

2.9 Preparation of cytoplasmic and nuclear fractions
Quercetin-treated and vehicle-treated cells were collected and suspended in hypotonic
buffer [20 mM Tris-HCl (pH 7.9), 1.5 mM MgCl2 and 10 mM KCl]. After incubation
on ice for 15 min, 12 µl 10% (v/v) NP-40 was added, and the combination was vortex
for 10 s and kept on ice again for another 10 min. After centrifuged at 16,000 × g at
4°C for 1 min, the supernatants, which were considered to be the cytoplasmic
fractions, were transferred to fresh tubes. The pellets were washed once with 100 µl
hypotonic buffers, and resuspended in high salt buffer [20 mM Tris-HCl pH 7.9, 25%
Glycerol, 0.42M NaCl, 1.5 mM MgCl2 and 0.2 mM EDTA]. After 30 min incubation
on ice, the lysates were centrifuged at 16,000 × g at 4°C for 10 min, and the resultant
supernatants were kept as nuclear fractions.

2.10 Preparation of membrane protein
Membrane protein was prepared using Mem-PERTM Plus kit (Thermo Scientific,
Rockford, IL, USA) according to the manufacturer’s protocol. Briefly, cells were
harvested and washed with Cell Wash Solution, and then 0.75 ml of Permeabilization
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Buffer was added to the cell pellets, the combination was vortex briefly to obtain a
homogeneous cell suspension and incubated 10 min at 4°C with constant mixing.
After centrifuged at 16,000 × g for 15 min, the supernatants were transferred to new
tubes and considered as cytosolic proteins. Then 0.5 ml Solubilization Buffer was
added to the pellet and the combination was incubated at 4°C for 30 min with
constant mixing. The lysates were centrifuged at 16,000 × g for 15 min at 4°C, and
the resultant supernatants were considered as membrane-associated proteins.

2.11 Real-time quantitative polymerase chain reaction analysis
Total RNA was extracted with Trizol reagent (Invitrogen, USA), and reversetranscripted with oligo-dT using M-MLV reverse transcriptase (Promega, USA)
according to the manufacturer’s protocol. The primers were all synthesized by
invitrogen. The sequences used in this thesis research were shown in Table 2.2.
Quantitative real-time PCR was performed by using SYBR green reaction mixture in
the ViiA 7 Real Time PCR System (Applied Biosystems, USA). The PCR cycling
profile was as follows: one cycle at 50°C for 2 min and 95°C for 10 min, 40 cycles of
95°C for 15 s, 60°C for 1 min. The fluorescent signals were detected using the ViiA
7 Real Time PCR System. The gene expression data were normalized to the
endogenous control GAPDH. Each sample was amplified in triplicate for
quantification. Data were analyzed by relative quantitation using the ΔΔCt method
and normalized to GAPDH.
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Table 2.2 Primers for real-time PCR analyses

Gene
Human MMP-2

Primer sequence
Forward: GCTCAGATCCGTGGTGAGAT
Reverse: GGTGCTGGCTGAGTAGATCC

Human MMP-9

Forward: CAACATCACCTATTGGATCC
Reverse: TGGGTGTAGAGTCTCTCCCT

Human HGF

Forward: TCCCCATCGCCATCCCC
Reverse: CACCATGGCCTCGGCTGG

Human GAPDH

Forward: CTGCACCACCAACTGCTTAGC
Reverse: CTTCACCACCTTCTTGATGTC

2.12 Gelatin zymography
Activities of MMP-2 and MMP-9 were measured by gelatin zymography, an
extremely sensitive technique that can detect picogram quantities. Cells were treated
with either quercetin or the vehicle in serum-free DMEM medium for 24 h, and then
the supernatant was collected and concentrated using centricon YM-30 concentrator
(Millipore, USA). After the protein concentrations were determined, the samples
were diluted in sample buffer (50 mM, Tris–HCl (pH 6.8), 2% SDS, 0.1%
bromophenol blue and 10% glycerol), and applied to 10% SDS–PAGE containing
0.1% gelatin and then subjected to electrophoresis. After that, the gels were washed
with denaturing buffer (50mM Tris-HCl, pH 7.5, 2.5% Triton X-100) for 30 min to
remove the SDS and incubated overnight in developing buffer (50mM Tris-HCl, pH
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7.5, 5mM CaCl2, 200mM NaCl, 0.2% Brij-35) at 37°C to allow the gelatinases to
digest the gelatin structure. Gels were stained for 3 h in a mixture of 30% methanol,
10% acetic acid and 0.5% Coomassie Brillant Blue, and subsequently, destained until
bands became clear in 30% methanol and 10% acetic acid. The gelatinase activity
was indicated by the clear bands on blue background, the width of the band is
considered to be proportional to the enzyme activity.

2.13 Plasmid transient transfection
The constitutive activated STAT3-expression construct Stat3-C Flag pRc/CMV, PAK
expression construct pCMV6M-Pak1 and FAK expression construct myc-Rapr-FAK
were obtained from Addgene (USA). To overexpress STAT3, FAK or PAK, cells were
transfected with plasmids using Lipofectamine 2000 (Invitrogen, USA) according to
the manufacturer's protocol. Empty pcDNA3.0 plasmid was used as mock
transfectant. Cells were transfected with plasmids for 24 h or 48 h before functional
assays were carried out.

2.14 Luciferase assay
Human melanoma A375 and A2058 cells were seeded in 24-well plates and
transiently transfected together with STAT3 reporter plasmid 4×M67 pTATA TK-Luc
(0.2 µg/per well, Addgene, USA) and Renilla luciferase-expressing plasmid PRLCMV (0.1 µg/per well, promega, USA) by using lipofectamine 2000 (Invitrogen,
USA). 48 h later, cells were treated with various concentrations of quercetin for 24 h,
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and then lysed in 100 µl of passive lysis buffer (Promega, USA) in each well. A 25 µl
aliquot of cell lysate was subjected to a luciferase assay by using the dual-luciferase
assay kit (Promega, USA). STAT3 luciferase activity was measured by the EnVision
Mutilabel Reader (Perkin Elmer, USA). Relative luciferase activity was calculated
after the activity of STAT3-dependent firefly luciferase had been normalized to that
of Renilla luciferase.

2.15 Dimerization of c-Met
The dimerization of c-Met was analyzed as described previously with some
modifications (Y. M. Wu et al., 2013). A2058 cells were treated with either the
vehicle or quercetin for 24 h, and then suspended in ice-cold PBS and incubated with
100 ng/ml of human HGF in ice for 1 hour. Cross-linker Bis[sulfosuccinimidyl]
suberate (BS3, 1 mM, Thermo Scientific, Rockford, IL, USA) was added to cells and
reacted at room temperature for 30 min. After that, reactions were blocked by adding
20 mM of Tris-HCl (pH 7.5). Cell lysates were separated by 6% SDS-PAGEs and
immunoblotted with the anti-c-Met antibody.

2.16 Nude mice xenografted model
Male nu/nu BALB/c mice (6 weeks old) were obtained from the Laboratory Animal
Services Centre, Chinese University of Hong Kong. The mice were maintained in
individual ventilated cages in a specific animal handling room of Hong Kong Baptist
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University. All care and handling of animals were performed with the approval of the
Government of The Hong Kong Special Administrative Region Department of Health.
A375 (5×106) cells were resuspended in 0.1 ml PBS and inoculated subcutaneously
into the backs of nude mice and allowed to grow for 7 days. After that, mice were
randomly assigned to 2 groups (n=6 for each group) and treated by intragastric
administration with 200 µl 0.5% CMC-Na solution as the vehicle or 100 mg/kg
quercetin daily for 21 consecutive days. Body weight and tumor volume were
measured every 3 days. Tumor volumes were determined by a caliper and calculated
according to the following formula: (width2 × length)/2. At the end of the experiment,
mice were sacrificed and tumor xenografts were collected and weighed. Tumor
tissues were stored at -80°C for Western blot analyses.

2.17 In vivo model of lung metastasis
To produce the experimental metastasis model, male C57BL/6 mice (6 weeks old)
were used. B16F10 cells (5×105/0.1 ml) were injected into the lateral tail vein of each
mouse. The mice were randomly divided into 2 groups of 12 each. Each mouse was
given a daily intragastric injection of either 200 µl 0.5% CMC-Na solution as the
vehicle or 200 µl 100 mg/kg quercetin. Treatment was started 1 day before cell
injection and lasted for consecutive 24 days. At the end of experiment, mice were
sacrificed. Lungs were removed and fixed in 4% formalin and black tumor cell
colonies were counted.
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2.18 Phospho-RTK array analysis
The Human Phospho-Receptor Tyrosine Kinase Array Kit (R&D Systems) was used
to determine the relative phosphorylation levels of RTKs. The membranes contained
spotted antibodies corresponding to 49 distinct RTKs and both positive and negative
controls. A375 and A2058 cells were cultured in 100 mm dishes and treated with
either the vehicle or quercetin for 24 h, at the end of treatment, cells were solubilized
at 1 x 107 cells/ml in Lysis Buffer and incubated at 2-8°C for 30 min with gently
shaking, then the lysates were centrifuged at 14,000 × g for 5 min, and the
supernatant were transferred to new tubes, the protein concentrations were evaluated
by the Bio-Rad protein assay reagent. Next, the arrays were blocked in the provided
blocking buffer for 1 h at room temperature and then incubated with 500 µg of cell
lysate overnight at 4°C. On the next day, the arrays were washed with Wash Buffer
and incubated with diluted Anti-Phospho-Tyrosine-HRP Detection Antibody for 2 h
at room temperature. Finally, the arrays were washed and Chemi Reagent Mix were
added onto the membrane, the immunoreaction were observed by exposing
membranes to X-ray film for 10 s to 3 min. Intensity of each spot detected with a
phospho-RTK array was measured with Image J software, and relative intensity was
calculated from the ratio of phospho-RTK spots versus the negative control spots.

2.19 Statistical Analysis
All data were presented as the mean ± S.D. from at least three independent
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experiments. The two-tailed student’s t test was performed to analyze for statistical
differences between groups, and P < 0.05 was considered as statistically significant.
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CHAPTER 3 Quercetin exerts anti-melanoma activities in cultured
cells and in animal models
3.1 Abstract
Melanoma is a highly aggressive cancer that resists most conventional treatments.
Quercetin is a dietary flavonoid, and has been shown to exert anti-melanoma activity.
In this study, we aim to evaluate the anti-melanoma activities of quercetin in cultured
cells and animal models. Anti-proliferative effect of quercetin was detected by the
MTT assay on human melanoma A375 and A2058 cells, and by the crystal violet
staining method on murine melanoma B16F10 cells. Apoptotic effect was measured
by the PI/Annexin Ⅴ double staining assay. Expression of cleaved PARP was
determined by the Western blot analysis. The wound healing assay and the Transwell
chamber assay were used to determine cell migratory and invasive abilities,
respectively. A375 cell xenografted nude mouse model and experimental B16F10 cell
lung metastasis model were used to evaluate the in vivo anti-melanoma activity and
anti-metastatic effect of quercetin, respectively. Our results showed that quercetin
dose- and time-dependently inhibited melanoma cell proliferation, induced cell
apoptosis with cleaved-PARP accumulation, and suppressed cell migratory and
invasive abilities in a dose-dependent manner. In vivo experiments showed that
intragastric administration with 100 mg/kg quercetin for consecutive 21 days
suppressed A375 tumor growth in a xenografted mouse model, and 24 days
intragastric administration inhibited murine B16F10 cells lung metastasis in mice.
Overall, these results indicate that quercetin exerts anti-melanoma activities.
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3.2 Introduction
The incidence and mortality rates of melanoma have increased, alarmingly, worldwide in the last 30 years (Siegel et al., 2012). Despite a wide variety of therapies
were used to treat melanoma, the prognosis of melanoma remains very poor. (Chi et
al., 2011; Cummins, et al., 2006). Most conventional chemotherapy drugs have failed
in melanoma treatment because of the low response rates (Serrone, et al., 2000) and
significant toxicities (Alwan et al., 2013; Atkins et al., 1999). Therefore, effective
and safe treatments for melanoma are urgently needed.
In recent years, there has been a growing interest in the role of nutrition in melanoma
chemoprevention. Chemoprevention is defined as long-term intervention with natural
or synthetic compounds to inhibit, suppress, reverse, or delay the development and
progression of cancer (Sporn, et al., 1976). Accumulating evidences from
observational and prospective studies indicated that dietary components may
substantially alter the natural history of carcinogenesis. A high consumption of fruits
and vegetables was associated with a reduced risk of colon cancer (Liang & Binns,
2009), prostate cancer (Kirsh, et al., 2007), and esophageal cancer (Terry, et al.,
2001). As to melanoma, although lack of randomized controlled trials of humans,
basic science and epidemiologic studies show promising benefits of many natural
products in the chemoprevention effect of melanoma (Jensen, et al., 2010; Tong &
Young, 2014). These compounds are safe, cheap, accessible and abundant, their
chemopreventive activity usually attributes to the anti-oxidant effect, and moreover,
they also exert anti-proliferation and anti-inflammation activities.
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Among chemopreventers, the most studied group of antioxidative compounds are
flavonoids, and quercetin is one of the most effective flavonoids (Lin, et al., 2011).
Quercetin is a dietary compound that abundant in many fruits and vegetables as well
as various kinds of Chinese medicinal herbs. It possesses very low intrinsic toxicity
(Gugler, et al., 1975) and has no carcinogenic activity in vivo (Okamoto, 2005). There
was no significant adverse health effects following oral administration of quercetin at
doses up to 1000 mg/day for up to 12 weeks in humans (Harwood, et al., 2007), and
the International Agency for Research on Cancer (IARC) concluded that quercetin is
not classifiable as carcinogenic to humans in 1999 (Okamoto, 2005). Quercetin from
dietary sources is bioavailable, it was reported that up to 60% of orally ingested
quercetin is absorbed (Harwood, et al., 2007) and people had no difficulty in
absorbing dosages up to 150 mg/day (Egert, et al., 2008). Because quercetin has a
relative long half-life, repeated dietary intake of quercetin will lead to accumulated
quercetin in plasma, and can help achieving threshold serum concentrations for
medical effects.
Quercetin has multiple biological functions including anti-oxidant, anti-inflammatory,
cardioprotective and anti-cancer activities (Mendoza & Burd, 2011; E. Middleton, Jr.,
et al., 2000; M. Russo, Spagnuolo, Tedesco, Bilotto, & Russo, 2012). In melanoma,
quercetin was found to suppress cell proliferation of various human melanoma cells
such as MNT1, M10, M14, C32 and A375 (Loizzo, Said, Tundis, Hawas, Rashed,
Menichini, Frega, et al., 2009; Piantelli, et al., 1995), and induce apoptosis in human
melanoma Mel-Juso and G361 cells (Rosner, et al., 2006), in addition, quercetin
inhibited murine melanoma cell B16-BL6 metastasis in an animal model (Caltagirone,
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et al., 2000; Piantelli, et al., 2006; X. M. Zhang, et al., 2005). Therefore, quercetin
may serve as a good chemopreventive and chemotherapeutic agent in treating
melanoma.
In this study, we aim to evaluate the anti-melanoma activities of quercetin in vivo and
in vitro. A375 and A2058, two human melanoma cell lines that widely used in
melanoma study, together with B16F10, a murine melanoma cell line that widely
used in lung metastasis study (Capozza et al., 2012; W. Zhang, Tang, Huang, & Hua,
2013) were used. The effect of quercetin on melanoma cell growth, migration and
invasion were determined in cultured cells. A375 nude mouse xenografted model and
B16F10 lung metastasis model were used to evaluate the in vivo anti-melanoma
activity and anti-metastasis activity, respectively.
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3.3 Results
3.3.1 Quercetin reduced cell viability in melanoma cells
The effect of quercetin on melanoma cell proliferation was investigated by the MTT
assay in human melanoma A375 and A2058 cells. Cells were treated with various
concentrations of quercetin for 24 h or 48 h. The cell viability curves indicated that
quercetin time- and dose-dependently reduced the cell viability in A375 and A2058
cells (Figure 3.1-A). Since murine melanoma cell B16F10 can produce melanin,
which may interfere with the absorbance reading in the MTT assay, the effect of
quercetin on B16F10 cell proliferation was assessed by the crystal violet staining
assay. From figure 3.1-B we found that after 48 h treatment, B16F10 cell number was
decreased in a dose-dependent manner (Figure 3.1-B). These results indicated that
quercetin inhibited melanoma cell proliferation.
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Figure 3.1 Quercetin suppressed melanoma cell proliferation. (A) A375 and A2058
cells were treated with various concentrations of quercetin for 24 h or 48 h. Cell
viability was measured by the MTT assay and viability curves were shown. (B)
B16F10 cells were treated with various concentrations of quercetin for 24 h or 48 h,
cell viability was measured by the crystal violet staining assay and the representative
photographs from three independent experiments were shown.
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3.3.2 Quercetin induced apoptosis in melanoma cells
To determine whether quercetin induced cell apoptosis, Annexin V/PI double staining
assay was conducted. Phosphatidylserine (PS) translocated to the surface of the
cellular membrane was considered as a hallmark of apoptosis in the early phase,
which can be determined by the PI/Annexin V double staining assay. Both A375 and
A2058 cells were exposed to increasing concentrations of quercetin for 48 h,
followed by PI/Annexin V double staining and flow cytometric measurement. It was
found that quercetin induced apparent apoptosis in A375 and A2058 cells (Figure 3.2).
The rate of Annexin V positive cells was 22.1 ± 3.2% in quercetin-treated A375 cells
versus 6.35 ± 0.25% in control cells, while the rate in A2058 cells was 24.2 ± 3.4%
versus 6.35 ± 0.85%. To further assess the pro-apoptotic effect of quercetin, we
evaluated the cleavage of PARP in A375 and A2058 cells after 24 h treatment with
quercetin. The active form of poly (ADP-ribose) polymerase (PARP), a protein
associated with DNA repair, is considered as another hallmark of apoptosis. The data
from Western blotting showed that quercetin dose-dependently induced PARP
cleavage in A375 and A2058 cells (Figure 3.3), which provide further evidence that
quercetin induced apoptosis. These results indicated that quercetin induced apoptosis
in melanoma cells.
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Figure 3.2 Quercetin induced melanoma cell apoptosis. A375 and A2058 cells were
treated with either the vehicle or various concentrations of quercetin for 48 h. Cell
apoptosis was analyzed by flow cytometry by using Annexin V/PI double staining.
The percentage of apoptotic cells were presented as the mean ± S.D. from three
independent experiments. *P < 0.05.

Figure 3.3 Quercetin induced PARP cleavage. A375 and A2058 cells were treated
with various concentrations of quercetin or the vehicle for 24 h, and then the total cell
lysates were prepared for the Western blot analysis by using a PARP antibody, the
representative results (left) and the relative expression levels (right) were shown.
Data were mean ±S.D. from three independent experiments, *P < 0.05, **P < 0.01.
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3.3.3 Quercetin impaired the migratory and invasive capacities of melanoma
cells
Metastasis, which involves migration of tumor cells and invasion of normal tissues, is
an important process for melanoma progression. To test the effects of quercetin on
melanoma cell migration and invasion, the wound healing assay and the Transwell
invasion chamber assay were performed, respectively. For the wound healing assay, a
single scratch was created in the 80%~90% confluent monolayer of cells by using a
10 µl pipette tip. The scratches were photographed at 0 h and 16 h after treated with
either the vehicle or the indicated dosages of quercetin. Cells were found to migrate
to the wound area after incubation for 16 h, but quercetin at a concentration of 40 µM
strongly inhibited A375 and A2058 cell migration (Figure 3.4). Similar effects were
found in B16F10 cells, cells treated with quercetin showed a lower wound closure
rates when compared with cells treated with the vehicle (Figure 3.5). For the invasion
chamber assay, cells were treated with either 40 µM quercetin or the vehicle for 24 h.
After that, cells that had invaded to the lower surface of the membrane were fixed,
stained and photographed. It can be found that quercetin significantly reduced A375
and A2058 cells invaded to the lower surface of the chamber (Figure 3.6). Under all
the conditions, quercetin did not affect cell proliferation. These results indicated that
quercetin was capable of inhibiting the migration and invasion abilities of melanoma
cells.

64

Figure 3.4 Quercetin inhibited human melanoma cell migration. A375 and A2058
cells were seeded in 6-well plates, and the next day, a single scratch was made in the
confluent monolayer followed by either the vehicle or quercetin treatment for 16 h.
The experiment was repeated three times and the representative photographs at 0 h
and 16 h were shown.
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Figure 3.5 Quercetin inhibited murine melanoma cell migration. B16F10 cells were
seeded in 6-well plates, and the next day, a single scratch was made in the confluent
monolayer followed by either the vehicle or quercetin treatment for 16 h. The
experiment was repeated three times and the representative photographs at 0 h and 16
h were shown.
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Figure 3.6 Quercetin inhibited melanoma cell invasion. A375 and A2058 cells were
allowed to migrate through Matrigel coated membrane with 8 µm pores for 24 h in
the presence of either the vehicle or quercetin. (A) Representative photographs of
invasive cells and (B) quantification of invasive cells were shown. Data were mean ±
S.D. from three independent experiments, **P < 0.01.
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3.3.4 Quercetin exhibited anti-tumor activity in human melanoma A375
xenografted nude mouse model
In vivo anti-melanoma activity of quercetin was evaluated in A375 xenografts in nude
mice. After receiving subcutaneous injections of A375 cells for 7 days, mice were
randomly divided into 2 groups by tumor size and administrated intragastrically with
100 mg/kg quercetin or the vehicle daily for 21 consecutive days. At the end of the
experiment, mice were sacrificed and the tumors were removed. We found that
quercetin potently inhibited the growth of A375 tumors (Figure 3.7-A). The tumor
size and tumor weight were remarkably reduced in quercetin-treated mice when
compared with control mice (Figure 3.7-C). No significant differences in body weight
were found between quercetin-treated mice and control mice (Figure 3.7-B). These in
vivo data indicated that quercetin can inhibit tumor growth without significant
toxicity.
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Figure 3.7 Quercetin suppressed melanoma tumor growth. Nude mice bearing A375
xenografted tumors were treated with either the vehicle (0.5% CMC-Na) or quercetin
(100 mg/kg/day) for 21 constitutive days. (A) Tumor sizes were measured and
calculated every three days and presented as the mean ± S.D., n=6, *P < 0.05. (B)
Body weights were measured every three days and presented as the mean ± S.D., n=6.
(C) Representative tumors (left) removed from mice and tumor weights (right) were
shown. Data were mean ±S.D., n=6, *P < 0.05.
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3.3.5 Quercetin prevented murine melanoma B16F10 cell lung metastasis
The in vivo anti-metastatic effect of quercetin was tested in an experimental lung
metastasis model. Murine melanoma B16F10 cells were injected into the lateral tail
vein of C57BL/6 mice. Intragastric administration of 100 mg/kg quercetin or the
vehicle daily started 1 day before cell injection and ended at day 24. As shown in Fig
3.8, the number of metastatic lung nodules was significantly reduced on day 24 in
quercetin treated mice when compared with vehicle control mice. This result
indicated that quercetin can inhibit in vivo melanoma cell metastasis.
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Figure 3.8 Quercetin prevented melanoma lung metastasis. B16F10 cells were
injected into the lateral tail vein of C57BL/6 mice, and then mice were treated with
either the vehicle (0.5% CMC-Na) or quercetin (100 mg/kg/day) for constitutive 23
days. On day 23, the mice were euthanized, photographs of lungs of mice treated with
either the vehicle or quercetin (top) and the numbers of metastatic nodules were
shown (bottom). Data were mean ±S.D., n=12, *P < 0.05.
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3.4 Discussion and conclusion
Quercetin is a naturally occurring flavonoid present in nearly all plants, and has a
long history of consumption as part of the normal human diet. Many biological and
pharmacological activities that may have beneficial to human health have been
attributed to quercetin, including the anti-cancer activity (Mendoza & Burd, 2011; E.
Middleton, Jr., et al., 2000; M. Russo, et al., 2012). Several studies reported that
quercetin showed the inhibitory effect on melanoma growth (Loizzo, Said, Tundis,
Hawas, Rashed, Menichini, Frega, et al., 2009; Piantelli, et al., 1995; Rosner, et al.,
2006) and metastasis (Caltagirone, et al., 2000; Piantelli, et al., 2006; X. M. Zhang, et
al., 2005). In this part of study, we first examined the anti-melanoma activity of
quercetin on human melanoma A375, A2058 cells and murine melanoma B16F10
cells. In agreement with previous studies, quercetin inhibited melanoma cell
proliferation (Figure 3.1), induced human melanoma cell apoptosis in vitro (Figure
3.2) and prevented murine melanoma B16F10 cell lung metastasis in vivo (Figure
3.6). Furthermore, we found that quercetin exerted in vivo anti-human melanoma
activity (Figure 3.5).
Besides, the great advantage of quercetin is its non-carcinogenic (Okamoto, 2005)
and low intrinsic toxicity properties (Gugler, et al., 1975). And the bioavailability of
quercetin is not so bad (Harwood, et al., 2007). Because quercetin can be absorbed in
humans and is slowly eliminated (Hollman, et al., 1997; Hollman et al., 1996), that
gives it a relative long half-life, this property can help quercetin achieving threshold
serum concentrations for medical effects when accumulation is constructed. In our
study, mice were oral administrated with 100 mg/kg quercetin daily. During the
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whole treatment period, neither unusual feed behavior nor abnormal motor activity
was observed, and body weights of mice steadily increased (Figure 3.1-B). Even 1
g/kg quercetin was used in mouse model study in the previous research, under this
dosage, quercetin effectively prevented the tumor growth of ACC-M cells in nude
mice, and did not present any side effects (Sun et al., 2010). Since the currently
practiced chemotherapy prescribed for melanoma usually carries significant toxicity
(Alwan, et al., 2013; Atkins, et al., 1999), quercetin showed most obvious advantage
in this aspect, together with its favorable bioavailability profile, quercetin appears to
be of great potential interest for melanoma prevention and treatment.
In summary, quercetin showed anti-melanoma activities in in vitro and in vivo studies,
including inhibited melanoma cells proliferation, induced cell apoptosis, suppressed
cell migration and invasion, inhibited in vivo melanoma tumor growth and prevented
melanoma cell metastasis in mouse models.
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CHAPTER 4 Inhibition of STAT3 signaling contributes to the antimelanoma action of quercetin
4.1 Abstract
STAT3 signaling is implicated in the pathogenesis of melanoma. Constitutively
activated STAT3 has been validated as a target for melanoma therapy. We
demonstrated in chapter 3 that quercetin exerted anti-melanoma activities including
inhibited melanoma growth and metastasis. In this chapter, we sought to test the
involvement of STAT3 signaling in the inhibitory effects of quercetin on melanoma.
Our results showed that quercetin inhibited the activation of STAT3 signaling by
interfering with STAT3 phosphorylation in melanoma cells and in xenografted tumor
tissues, and reducing STAT3 nuclear localization. Quercetin also inhibited STAT3
transcriptional activity and down-regulated STAT3 targeted genes such as Mcl-1,
MMP-2, MMP-9 and VEGF, which are involved in cell growth, migration and
invasion. Importantly, overexpression of constitutively active STAT3 partially
rescued the growth inhibiting effects of quercetin, and blunted the effects of quercetin
on the expression of Mcl-1 and MMP-2, and on the cleavage of PARP. Overall, these
results indicate that the antitumor activity of quercetin is at least partially due to
inhibition of STAT3 signaling in melanoma.
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4.2 Introduction
STAT3 is a member of a family of seven proteins (STATs1, 2, 3, 4, 5a, 5b, and 6) that
transmit signals from the plasma membrane to the nucleus, where they modulate the
transcription of genes involved in the regulation of a variety of critical functions,
including cell differentiation, proliferation, survival, angiogenesis, metastasis, and
immune responses (Al Zaid Siddiquee & Turkson, 2008; Johnston & Grandis, 2011).
Accumulating evidences implicated that STAT3 plays a critical role in the
development of multiple cancer types (Buettner, Mora, & Jove, 2002; Huang, 2007;
H. Yu, et al., 2009). Because STAT3 is constitutively activated during disease
progression and metastasis in a variety of cancers, it has been proposed as a target for
cancer therapy. It was reported that activated STAT3 is highly correlated with
decreased apoptosis and chemo-resistance in cancer stem cells (X. Wang et al., 2012),
STAT3 can maintain the cancer stem cells population and their “stem-like” properties
(Cao, et al., 2010), and protect cancer stem cells from innate immunity (A. Wu et al.,
2010), suggesting STAT3 is integrally involved in tumor initiation, progression and
maintenance.
In melanoma, STAT3 plays an important role in the development and progression
process (Lopez-Bergami, Fitchman, & Ronai, 2008). The activation of STAT3
promotes melanoma cells growth and survival (Niu, Bowman, et al., 2002; Niu, et al.,
1999); persistent STAT3 activity promotes in vivo angiogenesis and stimulates
invasion and metastasis (Niu, Wright, et al., 2002; Xie, et al., 2006). Blockade of
STAT3 signaling with dominant-negative STAT3 variant Stat3β can suppress the
growth of the murine melanoma B16 tumor in vivo (Niu, et al., 1999). Inhibition of
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STAT3 activation using small molecule inhibitors can induce cell apoptosis and
reduce human melanoma growth in nude mice (Kamran & Gude, 2013; L. Liu, et al.,
2012; L. Liu, et al., 2011; Xu, et al., 2005). Moreover, target STAT3 overcomes the
acquired resistance to vemurafenib, a selective inhibitor of BRAF that approved by
FDA for the treatment of unresectable or metastatic melanoma (F. Liu et al., 2013).
Therefore, STAT3-targeted therapy should be able to assault melanoma on multiple
fronts.
Quercetin exerts anti-melanoma activities in our and in others’ studies. However, the
anti-melanoma mechanisms of quercetin are not fully understood. Previous studies
shows that the anti-melanoma activities of quercetin is attributed to target
mitochondria (X. Zhang, et al., 2000; X. M. Zhang, et al., 2005), decrease matrix
metalloproteinase-9 and inhibit the protein-kinase C (PKC) pathway (Caltagirone, et
al., 2000; Piantelli, et al., 2006; X. M. Zhang, et al., 2005). Moreover, quercetin has
also been reported as a potent STAT3 inhibitor in human glioblastoma and gastric
cancer cells (Michaud-Levesque, Bousquet-Gagnon, & Beliveau, 2013; Qin, et al.,
2012).
We hypothesize that quercetin can inhibit STAT3 activity in human melanoma cells
and suppression of STAT3 activation contributes to the anti-melanoma action of
quercetin. In this study, we determined the activity of STAT3 and its upstream
regulators JAK2 and Src in melanoma cells and in xenografted tumor tissues,
evaluated the cellular distribution of STAT3, measured STAT3 transcriptional activity,
determined the expression of STAT3 target genes, and further investigated the impact
of quercetin on STAT3-overexpressed melanoma cells.
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4.3 Results
4.3.1 Quercetin reduced constitutive STAT3 phosphorylation in human
melanoma cells and tumor tissues
It has been well recognized that constitutive phosphorylation/activation of STAT3
contributes to the development of human melanoma by favoring cancer cell growth,
survival, migration and invasion (Niu, Bowman, et al., 2002; Niu, et al., 1999; Niu,
Wright, et al., 2002). Therefore, we first investigated whether quercetin modulated
the constitutive STAT3 phosphorylation/activation. It was found that the levels of
phosphorylated STAT3 (Tyr 705) were reduced in a dose-dependent manner after 24
h treatment by quercetin in A375 cells (Figure 4.1), and treatment with 60 µM
quercetin at various durations reduced phospho-STAT3 expression levels at a timedependent manner (Figure 4.1). In A2058 cells, quercetin also inhibited STAT3
phosphorylation dose- and time-dependently (Figure 4.2).
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Figure 4.1 Quercetin reduced constitutive STAT3 phosphorylation in A375 cells.
Cells were treated with (A) various concentrations of quercetin for 24 h or (B) a fixed
concentration (60 µM) for various durations, and then total cell lysates were prepared
for Western blotting by using antibodies specific to phospho-STAT3 (Tyr 705) and
STAT3. The representative results (left) and the relative expression levels (right) were
shown. Data were mean ± S.D. from three independent experiments, *P < 0.05, **P
< 0.01.
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Figure 4.2 Quercetin reduced constitutive STAT3 phosphorylation in A2058 cells.
Cells were treated with (A) various concentrations of quercetin for 24 h or (B) a fixed
concentration (60 µM) for various durations, and then total cell lysates were prepared
for Western blotting by using antibodies specific to phospho-STAT3 (Tyr705) and
STAT3. The representative results (left) and the relative expression levels (right) were
shown. Data were mean ± S.D. from three independent experiments, *P < 0.05, **P
< 0.01.
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STAT3 can be activated by upstream tyrosine kinases such as JAK2 and Src. Both
JAK2 and Src have been found to be constitutively phosphorylated/activated in
various cancers including melanoma and to contribute to the development these
cancers (L. Liu, et al., 2012; L. Liu, et al., 2011; Nam et al., 2012; Niu, Bowman, et
al., 2002). Next, we sought to find out if quercetin affected the activities of JAK2 and
Src. The data showed that quercetin dose- and time-dependently reduced the
phosphorylation of JAK2 (Y1007/1008) and Src (Tyr 416) in both A375 (Figure 4.3)
and A2058 cells (Figure 4.4). Moreover, quercetin was found to be able to dosedependently decrease the phosphorylation of STAT3, JAK2 and Src in murine
melanoma B16F10 cells (Figure 4.5).
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Figure 4.3 Quercetin suppressed the activation of STAT3 upstream components JAK2
and Src in A375 cells. Cells were treated with (A) various concentrations of quercetin
for 24 h or (B) a fixed concentration (60 µM) for various durations, and then total cell
lysates were prepared for Western blotting by using antibodies specific to phosphoSrc (Tyr 416), Src, phospho-JAK2 (Y1007/1008) and JAK2. The representative
results (left) and the relative expression levels (right) were shown. Data were mean ±
S.D. from three independent experiments, *P < 0.05, **P < 0.01.
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Figure 4.4 Quercetin suppressed the activation of STAT3 upstream components JAK2
and Src in A2058 cells. Cells were treated with (A) various concentrations of
quercetin for 24 h or (B) a fixed concentration (60 µM) for various durations, and
then total cell lysates were prepared for Western blotting by using antibodies specific
to phospho-Src (Tyr 416), Src, phospho-JAK2 (Y1007/1008) and JAK2. The
representative results (left) and the relative expression levels (right) were shown.
Data were mean ±S.D. from three independent experiments, *P < 0.05, **P < 0.01.
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Figure 4.5 Quercetin inhibited STAT3 activation in murine melanoma B16F10 cells.
Cells were treated with quercetin at various concentrations for 24 h and then were
lysed for immunoblotting by using specific antibodies. The representative results (left)
and the relative expression levels (right) were shown. Data were mean ± S.D. from
three independent experiments, *P < 0.05, **P < 0.01.
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At the end of the in vivo experiments (described in Chapter 3), we collected and
homogenized the tumor xenografts, then we determined the expression levels of
STAT3, JAK2, Src and their phosphorylated forms in tumor tissues by Western blot
analyses. As shown in Figure 4.6, expression levels of phospho-STAT3, phosphoJAK2 and phospho-Src were remarkably decreased in quercetin-treated mice
compared with control group and the expression levels of total STAT3, JAK2, Src did
not show any significant differences between the two groups. These data indicated
that quercetin inhibited STAT3 activation in vivo.
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Figure 4.6 Quercetin inhibited STAT3 phosphorylation in tumor tissues. The
expression levels of STAT3, JAK2, Src and their phosphorylated forms in tumor
tissues were determined by Western blotting (left, representative results) and relative
band intensities were analyzed by Image J software (right). *P < 0.05, **P < 0.01.
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It has been reported that the Erk and Akt pathways are two of the major constitutively
activated signaling pathways in human melanoma (Yajima et al., 2012), so we wanted
to know if quercetin showed some impacts on these two pathways. In contrast to the
inhibition of STAT3 phosphorylation, we found that quercetin dose-dependently
activated Akt and Erk phosphorylation in human melanoma A375 and A2058 cells
(Figure 4.7). We then wondered if the inhibitors of Erk or (and) Akt signaling can
enhance the inhibitory effect of quercetin on cell proliferation. To test this, a
combination of quercetin with MEK inhibitor PD98059 and/or PI3K/Akt inhibitor
LY294002 was used to treat A375 and A2058 cells. The data showed that quercetin
alone or combined with LY294002 and/or PD98059 significantly inhibited cell
proliferation after a 48-h treatment, but all groups showed the similar inhibitory
effects (Figure 4.8). These results suggested that inhibiting the Akt and Erk signaling
pathways did not enhance the cell proliferation inhibition effect of quercetin in our
cell models. To confirm and explain these observations, more studies are needed.
These findings suggested that quercetin effectively suppressed the constitutive
activation of STAT3 in melanoma and this suppression can be attributed to the
inhibition of the phosphorylation of JAK2 and Src.
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Figure 4.7 Effect of quercetin on Erk and Akt activities. A375 and A2058 cells were
exposed to the indicated concentrations of quercetin for 24 h and then total cell
lysates were prepared for Western blotting by using specific antibodies. The
representative results (left) and the relative expression levels (right) were shown.
Data were mean ±S.D. from three independent experiments, *P < 0.05, **P < 0.01.

87

Figure 4.8 Combination of quercetin with Akt or/and Erk inhibitor(s) did not enhance
the cell proliferation inhibitory effect of quercetin in melanoma cells. A375 and
A2058 cells were separately treated with quercetin in the absence or presence of a
MEK inhibitor PD98059 or/and a PI3K inhibitor LY 294002 for 48 h. Cell viability
was measured by the MTT assay. Data were mean ± S.D. from three independent
experiments, **P < 0.01.
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4.3.2 Quercetin reduced STAT3 nuclear localization
Phosphorylation of STAT3 at tyrosine 705 may lead to its dimerization and nuclear
translocation. Hence we examined whether quercetin inhibited the nuclear
localization of STAT3. After quercetin treatment, the cytoplasmic and nuclear
proteins of A375 and A2058 cells were prepared and expressions of STAT3 in both
fractions were determined by Western blotting. As shown in Figure 4.9, the levels of
STAT3 in nuclear fractions were reduced significantly by quercetin in a dosedependent manner, while those in cytoplasmic fractions were slightly increased. This
result indicated that quercetin suppressed STAT3 nuclear localization.
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Figure 4.9 Quercetin reduced STAT3 nuclear localization. (A) A375 and (B) A2058
cells were treated with indicated concentrations of quercetin for 24 h, and then the
cytoplasmic and nuclear fractions were prepared, the expression levels of STAT3 in
the two fractions were examined by immunoblotting. β-actin and SP-1 were served as
markers of cytoplasmic and nuclear fractions, respectively. The representative results
(left) and the relative expression levels (right) were shown. Data were mean ± S.D.
from three independent experiments, **P < 0.01.

90

4.3.3 Quercetin inhibited STAT3-luciferase reporter activity
We then examined whether quercetin affected the STAT3 reporter gene transcription.
A375 or A2058 cells were co-transfected with STAT3-TATA-Luc and Renilla-Luc for
48 h and then treated with quercetin. Data showed that quercetin treatment caused an
apparent reduction in STAT3 reporter activity (Figure 4.10).
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Figure 4.10 Quercetin inhibited STAT3-luciferase reporter activity. After cotransfected with STAT3-TATA-Luc and Renilla-Luc for 48 h, A375 and A2058 cells
were treated with indicated concentrations of quercetin for 24 h and then luciferase
intensity was measured. Results are fold change ± S.D. from three independent
experiments, *P < 0.05, **P < 0.01.
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4.3.4 Quercetin down-regulated the expression levels of STAT3 target genes
In the nucleus, STAT3 acts as a transcription factor. STAT3 target genes Mcl-1 and
Bcl-xL play important roles in melanoma cell growth and survival (Zhuang, et al.,
2007). Vascular endothelial growth factor (VEGF), matrix metalloproteinase (MMP)2 and MMP-9 are essential for tumor invasion and metastasis, and can be regulated
by STAT3 activation (Niu, Wright, et al., 2002; Xie, et al., 2006). We found that in
both A375 and A2058 cells, quercetin dose-dependently decreased the expression of
Mcl-1, while it did not affect the expression of Bcl-xL in both cell lines (Figure 4.11).
Quercetin also dose-dependently reduced MMP-2 and MMP-9 mRNA expression
levels (Figure 4.12-A), inhibited MMP-2 and MMP-9 enzymatic activities (Figure
4.12-B), and suppressed VEGF expression (Figure 4.13).
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Figure 4.11 Effect of quercetin on STAT3 target genes related to cell survival. Cells
were treated with indicated concentrations of quercetin for 24 h, and then total cell
lysates were prepared, the expression levels of Bcl-xL and Mcl-1 were evaluated by
the Western blot analysis. The representative results (left) and the relative expression
levels were shown (right). Data were mean ± S.D. from three independent
experiments, **P < 0.01.
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Figure 4.12 Effect of quercetin on STAT3 target genes MMP-2 and 9. A375 and
A2058 cells were treated with indicated concentrations of quercetin for 24 h, and then
(A) total mRNA was extracted for MMP-2 and MMP-9 mRNA expression detection
by using the real-time PCR analysis. Data were mean ± S.D. from three independent
experiments, *P < 0.05, **P < 0.01. (B) Culture supernatant was collected and the
gelatin zymography method was used to evaluate the enzymatic activities of MMP-2
and MMP-9. The representative results from three independent experiments were
shown.
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Figure 4.13 Effect of quercetin on STAT3 target gene VEGF. A375 and A2058 cells
were treated with indicated concentrations of quercetin for 24 h, and then total cell
lysates were prepared, the expression levels of VEGF were measured by Western
blotting. The representative results (upper) and the relative expression levels were
shown (bottom). Data were mean ± S.D. from three independent experiments, *P <
0.05, **P < 0.01.
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4.3.5 Overexpression of STAT3 blunted the anti-proliferative effect of quercetin
To determine whether quercetin mediated inhibition on cell proliferation is mediated
by STAT3 inhibition in melanoma cells, we investigated whether STAT3
overexpression can reverse the anti-proliferative effect of quercetin. A375 and A2058
cells were transiently transfected 48 h with STAT3C, an oncogenic mutant form of
STAT3 that is constitutively activated without tyrosine phosphorylation (Bromberg et
al., 1999), then the indicated concentrations of quercetin were added for 24 h.
Western blotting showed that, compared to transient transfect with the empty vector –
pcDNA3.0, transfection of STAT3-expressing construct in A375 cell and A2058 cell
resulted in a remarkable increase in STAT3 and phospho-STAT3 levels (Figure 4.14).
Overexpression of STAT3 in A375 caused an enhancement in the expression of Mcl-1
and MMP-2, and the inhibitory effects of quercetin in both genes were partially
reversed after transfection of STAT3C (Figure 4.15), at the same time, overexpression
of STAT3 reduced quercetin-induced PARP cleavage (Figure 4.15). However, the
levels of Erk, Akt, p-Erk and p-Akt did not change in STAT3C transfected cells when
compared with that in the empty vector transfected cells (Figure 4.16).
Cell viability was then determined by the MTT assay. It can be seen that when
exposed to different dosages of quercetin for 48 h, there was no significant difference
in cell viability between un-transfected and empty vector transfected cells. For cells
transfected with STAT3C plasmid, under the 80 µM quercetin treatment condition,
cell viability increased from 53.35±1.34% to 75.77±7.35% in A375 cells (Figure
4.17-A) and from 44.96±2.30% to 59.32±6.51% in A2058 cells (Figure 4.17-B).
These data indicate that over-expression of STAT3C partially rescued A375 and
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A2058 cells from quercetin-mediated loss of viability.

Figure 4.14 Transfection of a STAT3C-expressing vector increased STAT3
expression levels in melanoma cells. (A) A375 and (B) A2058 cells were transiently
transfected with either a STAT3-expressing construct or an empty vector for 48 h,
and then cells were treated with quercetin for 24 h, the whole-cell lysates were
prepared and the western blot analysis was applied to determine the indicated protein
expression levels. The representative results (left) and the relative expression levels
were shown (right). Data were mean ± S.D. from three independent experiments, *P
< 0.05, **P < 0.01.
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Figure 4.15 Effect of quercetin on c-PARP, Mcl-1 and MMP-2 expressions in
STAT3-overexpressed A375 cells. Cells were transiently transfected with either a
STAT3-expressing construct or an empty vector for 48 h, then, cells were treated
with quercetin for 24 h, after that, the whole-cell lysates were prepared and the
indicated protein expression levels were determined by immunoblotting. The
representative results were shown and the relative expression levels were analyzed.
The changed percentage of expression levels were shown in italic. Data were mean ±
S.D. from three independent experiments, *P < 0.05, **P < 0.01.
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Figure 4.16 Overexpression of STAT3 did not affect Akt and Erk activities in A375
cells. Cells were transiently transfected with either a STAT3-expressing construct or
an empty vector for 48 h, then, total cell lysates were prepared and the Western blot
method was used to determine the indicated protein expression levels. Representative
results from three independent experiments were shown.
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Figure 4.17 Overexpression of STAT3 blunted the anti-proliferative effect of
quercetin in melanoma cells. (A) A375 and (B) A2058 cells were transiently
transfected with either a STAT3-expressing construct or an empty vector for 48 h.
Then, these cells were treated with quercetin for 48 h, and cell proliferation was
determined by the MTT assay. Data were mean ± S.D. from three independent
experiments, *P < 0.05, **P < 0.01.
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4.4 Discussion and conclusion
Although many biological and pharmacological activities that benefit to human health
have been attributed to quercetin, the anti-melanoma action of quercetin and the
underlying molecular mechanisms remain poorly understood. In this chapter, we
investigated the involvement of STAT3 signaling in the anti-melanoma effect of
quercein. We found that quercetin significantly inhibited STAT3 activity in melanoma
cells (Figure 4.1, 4.2 and 4.5) and in A375 xenografted tumor tissues (Figure 4.6). We
then found that quercetin was able to decrease phospho-JAK2 and phospho-Src levels
dose- and time-dependently in A375 (Figure 4.3) and A2058 cells (Figure 4.4), and
did not influence the expression of total JAK2 and Src. The activation of JAK2 and
Src in murine B16F10 cells (Figure 4.5) and in tumor tissues (Figure 4.6) are also
inhibited by quercetin treatment.
We further overexpressed STAT3 in human melanoma A375 and A2058 cells, and
found that the growth inhibitory effect caused by quercetin was partially reversed
(Figure 4.17), which might be correlated with the impaired effect on quercetinmediated Mcl-1 and MMP-2 inhibition (Figure 4.15).
As previously reported, many mechanisms like target protein-kinase C (PKC)
pathway (Caltagirone, et al., 2000; Piantelli, et al., 2006; X. M. Zhang, et al., 2005)
and target mitochondria (X. Zhang, et al., 2000; X. M. Zhang, et al., 2005) are
involved in the anti-melanoma action of quercetin. Therefore, we could not exclude
the possibilities that quercetin exert anti-melanoma action through other mechanisms.
Nevertheless, our data suggest that inhibiting STAT3 signaling contributes to the anti-
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melanoma effect of quercetin.
Besides the STAT3 pathways, the Akt and Erk pathways are also activated in
melanoma and promote melanoma development (Yajima, et al., 2012). Our data
revealed that quercetin activated Erk and Akt (Figure 4.7), which may hamper its
anti-melanoma activity. We further tested the expression levels of p-Erk and p-Akt in
STAT3 overexpressed A375 cell (Figure 4.16), and found that the levels of Erk, Akt,
p-Erk and p-Akt did not change. Combined treatment of quercetin plus Erk or/and
Akt inhibitor(s) did not enhanced the cell proliferation inhibition effect. The role of
quercetin activated Erk and Akt in melanoma cells deserves further study.
After phosphorylation, STAT3 translocate into the nucleus where regulate targeted
gene expression. Thus, inhibition of STAT3 phosphorylation should result in the
reduction of nuclear localization of STAT3 and suppression of its transcriptional
activity. In agreement with this, our data showed that quercetin treatment decreased
the expression levels of STAT3 in nuclear fractions (Figure 4.9) and down-regulated
the transcriptional activity of STAT3 in melanoma cells (Figure 4.10).
STAT3 can directly regulate expression of several survival genes. The anti-apoptotic
genes Mcl-1 and Bcl-xL appear to be up-regulated during progression of melanoma
(Hartman & Czyz, 2013). It has been reported that in patient sample, Bcl-xL and Mcl1 expression increased with increasing tumor thickness and dermal mitotic rate, and
both Bcl-xL and Mcl-1 expressions were positively corrected with phospho-STAT3
expression (Zhuang, et al., 2007). Studies have shown that inhibition of STAT3
results in down-regulation of Mcl-1 and Bcl-xL (Niu, Bowman, et al., 2002). We
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found that quercetin inhibited the expression of Mcl-1 but not Bcl-xL (Figure 4.11).
This indicated that the apoptotic effect of quercetin on melanoma is at least in part by
inhibiting Mcl-1.
MMP-2, MMP-9 and VEGF are essential genes in melanoma migration and invasion.
Higher MMP-2 concentrations have been observed in melanoma patients and indicate
that MMP-2 expression might be associated with progression of melanoma (Redondo,
Lloret, Idoate, & Inoges, 2005). It is noted that STAT3 activation can regulate the
expression of MMP-2 and melanoma invasion and metastasis (Xie et al., 2004).
Inhibition of STAT3 signaling can block VEGF expression and inhibit in vivo
angiogenesis (Xu, et al., 2005). In our study, quercetin inhibited MMP-2 and MMP-9
mRNA expressions and activities, and suppressed VEGF expression (Figure 4.12-13).
These data suggested that the suppression of invasion and migration abilities of
quercetin may be attributed to the inhibition of MMP-2, -9 and VEGF.
In conclusion, we demonstrated the involvement of the STAT3 signaling pathway in
the anti-melanoma activities of quercetin. Our experiments showed that quercetin
decreased STAT3 nuclear localization and transcriptional activity, reduced STAT3,
JAK2 and Src phosphorylation, down-regulated STAT3 target genes, and the antiproliferative effect of quercetin can be diminished by STAT3 overexpression.
Moreover, quercetin inhibited STAT3 activities in mouse models. These data
demonstrate that quercetin is a promising candidate for development as a therapeutic
agent targeting STAT3 signaling in melanoma.
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CHAPTER 5 Involvement of the HGF/c-Met signaling pathway in
the anti-metastasis effect of quercetin in melanoma
5.1 Abstract
Melanoma is notorious for its propensity to metastasize, which makes treatment
extremely difficult. Receptor tyrosine kinase c-Met is activated in human melanoma
and involved in melanoma progression and metastasis. Hepatocyte growth factor
(HGF) mediated activation of c-Met signaling has been validated as a therapeutic
target for melanoma metastasis. Moreover, STAT3 is reported to be activated by
HGF/c-Met signaling. In chapter 3, we demonstrated that quercetin inhibited
melanoma cell migration, invasion and prevented melanoma cell lung metastasis in
mice. In this chapter, we sought to determine the involvement of HGF/c-Met
signaling in the anti-metastatic action of quercetin in melanoma. Our results showed
that quercetin dose-dependently suppressed HGF-induced melanoma cell migration
and invasion. Mechanistic study indicated that quercetin down-regulated the mRNA
expression level of HGF, suppressed c-Met homo-dimerization, decreased c-Met
expression levels through FAS inhibition and reduced c-Met phosphorylation.
Quercetin also suppressed the constitutive activation of c-Met downstream molecules
Gab1, FAK, PAK and STAT3, under both HGF-stimulated and unstimulated
conditions. Furthermore, overexpression of FAK or PAK significantly prevented the
migration inhibitory effect by quercetin. Overall, these results indicate that
suppression of the HGF/c-Met signaling pathway contributes to the anti-metastatic
effect of quercetin in melanoma.
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5.2 Introduction
Melanoma is notorious for its propensity to metastasize. Once it has progressed to the
metastatic stage it is extremely difficult to be treated. Currently there is no effective
non-invasive treatment for malignant melanoma. Therefore, new targeted therapies
with high response rate and low toxicity are urgently needed for managing malignant
melanoma.
The activation of STAT3 is initiated by binding of cytokines and growth factors to
their receptors, including the binding of HGF to the RTK c-Met (Aggarwal, et al.,
2009). Recently, the role of c-Met in in melanoma pathogenesis and metastasis has
been gaining interest. c-Met is a cell surface receptor consists of a 50-kDa
extracellular α chain and a 140-kDa membrane-spanning β chain, and is synthesized
from a single-chain 170-kDa precursor (Tam, Chung, Lee, & Wong, 2000). Binding
of HGF, the only known endogenous ligand of c-Met, to c-Met leads to c-Met homodimerization and auto-phosphorylation (Tolbert, et al., 2010). The phosphorylated
regions of c-Met then act as the multifunction docking site for adaptor molecules
which propagate a signaling cascade through a number of effector proteins (Organ &
Tsao, 2011). Dysregulation of c-Met has been found in many types of cancer, which
usually correlated with a poor prognosis (Birchmeier, et al., 2003). Interestingly,
abnormal activation of c-Met signaling is implicated in the acquisition of tumorigenic
and metastatic phenotypes in tumors (Peschard & Park, 2007; Webb et al., 1998).
Examinations indicated that c-Met was expressed and activated in melanoma tissues
and cell lines (Chattopadhyay, et al., 2012). Studies showed that overexpression of cMet was associated with melanoma growth and metastasis (Natali, et al., 1993; Puri,
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et al., 2007). Constitutive c-Met signaling has been reported to promote melanoma
metastasis in mice (Y. Yu & Merlino, 2002), while inhibition of c-Met with a specific
small molecule tyrosine kinase inhibitor reduced growth and metastasis of
experimental human melanoma (Kenessey, et al., 2010; Surriga, et al., 2013).
Blockade of c-Met signaling with the specific small interfering (si) RNA also induced
melanoma cell differentiation and prevented melanoma metastasis in a mouse model
(Kenessey, et al., 2010; Surriga, et al., 2013). These studies suggest that c-Met is a
therapeutic target for melanoma metastasis.
In chapter 3, we demonstrated that quercetin showed anti-metastatic activity on
melanoma. It reduced cell migratory and invasive abilities in vitro and prevented
melanoma lung metastasis in vivo. Moreover, quercetin has been reported to be able
to inhibit HGF-induced c-Met phosphorylation in human medulloblastoma cell line
DAOY (Labbe, et al., 2009), and suppressed HGF-stimulated migration and invasion
in DAOY cells (Labbe, et al., 2009) and human hepatoma HepG2 cells (W. J. Lee, et
al., 2006).
In this study, melanoma A375, A2058, sk-mel-2 and MeWo cells with constant c-Met
activation (Chattopadhyay, et al., 2012) were used. In these cell models, we examined
the effects of quercetin on cell migration and invasion under HGF stimulation,
examined HGF expression, c-Met dimerization and activation, determined the
activity of c-Met downstream molecules Gab1, FAK, PAK and STAT3, and further
investigated the impact of quercetin on the migratory ability of cells overexpressed
FAK or PAK.
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5.3 Results
5.3.1 Quercetin inhibited HGF-induced melanoma cell migration and invasion
The effects of quercetin on HGF-stimulated melanoma cell migration and invasion
were determined by the Transwell chamber assays. As shown in Figure 5.1, HGF
significantly enhanced the migratory ability of melanoma A2058 cells. After a 24-h
stimulation with HGF, the numbers of cells that migrated through the membrane were
4.3-fold more than that under unstimulated condition. A 48 h-stimulation with HGF
also caused a significant increase in cell migration, whereas treatment with quercetin
reduced cell migratory abilities in a dose-dependent manner. In parallel, a Matrigel
invasion assay showed that stimulation with HGF significantly increased the
invasiveness of A2058 cells at both 24 h and 48 h incubation periods, and this effect
was dose-dependently reverted by quercetin treatment (Figure 5.2). The dosages
applied in the migration and invasion experiments did not affect cell proliferation.
These results indicated that quercetin treatment dose-dependently inhibited HGFstimulated melanoma cell migration and invasion.
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Figure 5.1 Quercetin inhibited HGF stimulated A2058 cell migration. Cells were
allowed to migrate through the 8 µm pores membranes for 24 h or 48 h in the
presence of either the vehicle or quercetin. (A) Representative photographs of
migrated cells and (B) quantification of migrated cells were shown. Data were mean
± S.D. from three independent experiments,

##

P < 0.01 compared with unstimulated

and untreated cells, *P < 0.05 and **P < 0.01 compared with stimulated and
untreated cells.
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Figure 5.2 Quercetin inhibited HGF stimulated A2058 cell invasion. Cells were
allowed to migrate through the Matrigel coated membranes with 8 µm pores for 24 h
or 48 h in the presence of either the vehicle or quercetin. Representative photographs
of invasive cells (upper) and quantification of invasive cells (bottom) were shown.
Data were mean ± S.D. from three independent experiments,

##

P < 0.01 compared

with unstimulated and untreated cells, and **P < 0.01 compared with stimulated and
untreated cells.
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5.3.2 Quercetin down-regulated HGF mRNA expression level, inhibited c-Met
dimerization, and reduced HGF-stimulated c-Met phosphorylation
It has been reported that the activation of HGF/c-Met pathway promotes cell invasion,
migration and allows cancer metastasis (Birchmeier, et al., 2003). Most melanoma
cells produce HGF that induces sustained activation of its receptor c-Met (G. Li et al.,
2001). Binding of HGF to c-Met induces c-Met homo-dimerization and autophosphorylation of specific tyrosine residues (Tolbert, et al., 2010). To determine if
quercetin affected the HGF/c-Met signaling pathway, we first detected the
endogenous HGF expression level in quercetin-treated melanoma cells. Real-time
PCR data showed that the mRNA expression levels of HGF in melanoma A375 and
A2058 cells were slightly reduced after treating with quercetin for 24 h (Figure 5.3).
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Figure 5.3 Quercetin inhibited HGF mRNA expression levels in melanoma cells.
A375 and A2058 cells were treated with indicated concentrations of quercetin for 24
h and then the real-time PCR analysis was performed to detect the mRNA expression
of HGF. Data were mean ± S.D. from three independent experiments. *P < 0.05 and
**P < 0.01.
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Next, we determined if quercetin affected c-Met dimerization. As shown in Figure 5.4,
incubation with a cross linker BS3 increased c-Met dimerization (lane 3 versus 1),
while pretreatment with quercetin reduced the expression level of c-Met dimer (lane 4
versus 3). Besides, stimulation with HGF caused an apparent c-Met dimerization
(lane 5 versus 3), which was also inhibited by quercetin pre-incubation (lane 6 versus
5).
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Figure 5.4 Quercetin reduced c-Met homo-dimerization. A2058 cells were starved
overnight, followed by 6 h treatment with either the vehicle or quercetin (60 µM).
After that, these cells were stimulated with or without HGF (100 ng/ml), and then
incubated with BS3. Cell lysates were analyzed by Western blotting with an anti-cMet antibody. The arrows indicate the dimer (D) and the monomer (M) c-Met. The
representative results (upper) and the relative expression levels of dimer-c-Met
(bottom) were shown. Data were mean ± S.D. from three independent experiments,
##

P < 0.01 compared with unstimulated control cells, *P < 0.05 and **P < 0.01

compared with control cells.
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To determine the effect of quercetin on c-Met phosphorylation, cells were treated
with either the vehicle or quercetin (60 µM) for 6 h and then stimulated with or
without HGF (100 ng/ml) for 10 min. Figure 5.5-A showed unstimulated cells had
low c-Met phosphorylation level at the major auto-phosphorylation sites Tyr 1234/5,
while stimulation with HGF significantly increased c-Met phosphorylation.
Interestingly, pre-treatment with quercetin reduced the phosphorylation of c-Met in
the HGF-stimulated cells. To eliminate the influence of serum growth factors, cells
were grown in serum-free medium overnight and then treated with either the vehicle
or quercetin (60 µM) for 6 h before stimulating with 100 ng/ml HGF for 10 min. Data
from the Western blot analysis showed that c-Met hardly phosphorylated in starved
cells and stimulation with HGF remarkably increased c-Met phosphorylation levels at
the Tyr1234/5 sites and the multi-substrate docking site Tyr1349, whereas preincubation with quercetin decreased the phosphorylation levels of c-Met in the HGFstimulated cells (Figure 5.5-B). Taken together, these findings suggested that
quercetin inhibited c-Met activation probably by inhibiting c-Met phosphorylation
and dimerization.
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Figure 5.5 Quercetin inhibited the activation of c-Met in melanoma cells. (A) A375
and A2058 cells were treated with 60 µM quercetin for 6 h, and then stimulated with
or without 100 ng/ml HGF for 10 min, after that, total cell lysates were prepared for
immunoblotting. The representative results (upper) and the relative expression levels
(bottom) were shown. Data were mean ± S.D. from three independent experiments.
*P < 0.05 and **P < 0.01. (B) A375 and A2058 cells were grown in serum-free
medium overnight before incubation with 60 µM quercetin for 6 h, after stimulation
with 100 ng/ml HGF for 10 min, cells were lysed for the Western blot analysis. The
representative results from three independent experiments were shown.
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5.3.3 Pretreatment with quercetin reduced c-Met expression most likely through
the inhibition of fatty acid synthase
To further investigate the mechanism of quercetin-mediated suppression of c-Met
activation, the whole-cell lysates from A375, A2058, MeWo and sk-mel-2 cells
treated with various concentrations of quercetin (0, 40, 60 and 80 µM) for 24 h or a
fixed concentration (60 µM) for various durations (0, 3, 6 and 12 h) were separated
with SDS-PAGEs and immuno-blotted with the c-Met antibody. We found that
quercetin reduced c-Met expression in both dose- (Figure 5.6) and time-dependent
(Figure 5.7) manners in these four cell lines. Since c-Met is a membrane receptor
tyrosine kinase, we examined if quercetin inhibited cell surface c-Met expression.
After treating A375 and A2058 cells with the indicated concentrations of quercetin
for 24 h, we isolated the membrane and cytosolic fractions for Western blot analyses.
As shown in Figure 5.8, the expression levels of c-Met were dose-dependently
reduced by quercetin in both membrane and cytosolic fractions of the A375 and
A2058 cells.
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Figure 5.6 Quercetin dose-dependently reduced c-Met expression levels in melanoma
cells. A375, A2058, MeWo and sk-mel-2 cells were treated with either the vehicle or
various concentrations of quercetin for 24 h, and then the whole-cell lysates were
prepared and the Western blot analysis was performed to determine the expression
levels of c-Met in these cells. (A) The representative results and (B) the relative
expression levels were shown. Data were mean ± S.D. from three independent
experiments, *P < 0.05, **P < 0.01.
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Figure 5.7 Quercetin time-dependently reduced c-Met expression levels in melanoma
cells. A375, A2058, MeWo and sk-mel-2 cells were treated with 60 µM quercetin for
various durations, and then the whole-cell lysates were prepared and the Western blot
analysis was performed to determine the expression levels of c-Met in these cells. (A)
The representative results and (B) the relative expression levels were shown. Data
were mean ±S.D. from three independent experiments, *P < 0.05, **P < 0.01.
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Figure 5.8 Quercetin reduced membrane c-Met expression in melanoma cells. (A)
A375 and (B) A2058 cells were treated with indicated concentrations of quercetin for
24 h, and then the membrane and cytosolic lysates were prepared. The expression
levels of c-Met in the two fractions were examined by immunoblotting. The
representative results (left) and the relative expression levels (right) were shown.
Data were mean ±S.D. from three independent experiments, **P < 0.01.
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It has been reported that palmitate whose synthesis requires fatty acid synthase (FAS)
involvement is essential for maintaining c-Met expression, and inhibition of FAS
using inhibitors or the shRNA knockdown greatly reduces c-Met expression
(Coleman, Bigelow, & Cardelli, 2009). The activity of FAS is tightly correlated with
melanoma progression and metastasis. Studies showed that malignant melanomas
expressed higher levels of FAS than nevi, and metastatic melanomas expressed the
highest levels of FAS (Kapur, Rakheja, Roy, & Hoang, 2005). Moreover, increased
FAS expression was usually associated with melanoma invasion depth and poor
patient survival (de Andrade et al., 2011; Innocenzi et al., 2003; Kapur, et al., 2005).
Quercetin has been reported to inhibit FAS activity, which was associated with
quercetin-mediated prostate cancer cell apoptosis (Brusselmans, Vrolix, Verhoeven,
& Swinnen, 2005). Quercetin also reduced FAS expression levels and inhibited cell
proliferation in nasopharyngeal carcinoma cells (Daker, Ahmad, & Khoo, 2012).
Interestingly, in this study, quercetin not only down-regulated c-Met expression levels,
but also reduced FAS expression in human melanoma A375, A2058, MeWo and skmel-2 cells (Figure 5.9). We suggested that the quercetin-afforded down-regulation of
c-Met was probably caused by inhibiting FAS. As expected, C75, a specific inhibitor
of FAS, inhibited c-Met with kinetics similar to that for inhibiting FAS (Figure 5.10).
More importantly, addition of palmitate reduced quercetin-mediated c-Met reduction
in a dose-dependent manner (Figure 5.11). These results suggested that inhibition of
FAS expression contributed to the inhibitory effect of quercetin on c-Met expression.
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Figure 5.9 Quercetin down-regulated FAS expression in melanoma cells. A375,
A2058, MeWo and sk-mel-2 cells were treated with indicated concentrations of
quercetin for 24 h, and then total cell lysates were prepared for the Western blot
analysis by using a FAS antibody. (A) The representative results and (B) the relative
expression levels were shown. Data were mean ± S.D. from three independent
experiments, *P < 0.05, **P < 0.01.
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Figure 5.10 FAS inhibitor C75 reduced c-Met expression in melanoma cells. (A)
A375 and (B) A2058 cells were treated with indicated concentrations of C75 for 24 h
and then total cell lysates were prepared for immunoblotting by using specific
antibodies. The representative results (left) and the relative expression levels (right)
were shown. Data were mean ± S.D. from three independent experiments, *P < 0.05,
**P < 0.01.
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Figure 5.11 Palmitate rescued quercetin-mediated suppression of c-Met expression.
A2058 cells were exposed to either the vehicle or quercetin (60 µM) for 24 h in the
absence or presence of palmitate, and then the whole-cell lysates were prepared for
immunoblotting by using a c-Met antibody. The representative results (upper) and the
relative expression levels (bottom) were shown. Data were mean ± S.D. from three
independent experiments, **P < 0.01.
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5.3.4 Quercetin suppressed the activation of c-Met downstream molecules
After phosphorylation, c-Met recruits the adaptor protein Gab1 (Grb2-associated
binding protein 1), phosphorylates Gab1 at tyrosine site 307 and hence activates
downstream STAT3, which we have studied in chapter 4, and FAK (Focal Adhesion
Kinase) and PAK (p21-activated kinase). Activation of PAK and FAK pathways
results in increased cell motility, migration and invasion (Birchmeier, et al., 2003).
Tyrosine phosphorylation of FAK on tyrosine 397 (auto-phosphorylation site)
initiates a cascade of signal transduction events that result in the phosphorylation of
tyrosine 576/577 site, which is required for maximal FAK catalytic activity, and FAK
phosphorylation at tyrosine 925 creates a binding site for GRB2 (Schlaepfer, Hauck,
& Sieg, 1999). Phosphorylation of PAK1 at threonine 423 by PDK1 induces
activation of PAK1 (King et al., 2000), phosphorylation at serine 144 of PAK1
affects kinase activity, serine 199 and 204 sites of PAK1 and serine 192 and 197 sites
of PAK2 are the auto-phosphorylation sites (Gatti, Huang, Tuazon, & Traugh, 1999;
Manser et al., 1997).
To determine if quercetin inhibited the c-Met downstream molecules, A375 and
A2058 cells were treated with various concentrations of quercetin for 24 h and the
whole-cell lysates were prepared for Western blot analyses. We found that the levels
of phosphorylated Gab1 at the tyrosine 307 (Tyr307) site in both A375 and A2058
cells were reduced in a dose-dependent manner (Figure 5.12), and the activation of
both FAK (Figure 5.13) and PAK (Figure 5.14) were inhibited by quercetin treatment
in a dose-dependent manner.
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Figure 5.12 Quercetin suppressed the activation of c-Met downstream molecule Gab1.
(A) A375 and (B) A2058 cells were treated with indicated concentrations of quercetin
for 24 h, and then the whole-cell lysates were prepared for Western blotting by using
specific antibodies. The representative results (left) and the relative expression levels
(right) were shown. Data were mean ± S.D. from three independent experiments, *P
< 0.05, **P < 0.01.
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Figure 5.13 Quercetin suppressed the activation of c-Met downstream molecule FAK.
A375 and A2058 cells were treated with indicated concentrations of quercetin for 24
h, and then the whole-cell lysates were prepared for Western blotting by using
specific antibodies. (A) The representative results and (B) the relative expression
levels were shown. Data were mean ± S.D. from three independent experiments, *P <
0.05, **P < 0.01.
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Figure 5.14 Quercetin suppressed the activation of c-Met downstream molecule PAK.
A375 and A2058 cells were treated with indicated concentrations of quercetin for 24
h, and then the whole-cell lysates were prepared for Western blotting by using
specific antibodies. (A) The representative results and (B) the relative expression
levels were shown. Data were mean ± S.D. from three independent experiments, *P <
0.05, **P < 0.01.
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To eliminate the influence of serum growth factors, cells were starved overnight and
treated with either the vehicle or quercetin (60 µM) in serum-free medium for 6 h,
followed by stimulation with HGF (100 ng/ml) for 10 min. Western blot analyses
showed that under the starved conditions, the phosphorylation of Gab1 was
significantly reduced in A2058 cells, while stimulation with HGF resulted in a
remarkable increase in Gab1 phosphorylation which was completely abolished by
quercetin pre-treatment (Figure 5.15-A). The addition of exogenous HGF also caused
an increased expression of phospho-STAT3, and pre-treatment with quercetin
prevented the up-regulation of phospho-STAT3 (Figure 5.15-B). The activation of
FAK and PAK in A2058 cells were significantly inhibited by quercetin under both
HGF-stimulated and unstimulated conditions (Figure 5.15-C and D). These data
demonstrate that quercetin suppresses the activation of c-Met downstream molecules
Gab1, FAK and PAK.
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Figure 5.15 Quercetin suppressed HGF-induced activation of c-Met downstream
components in A2058 cells. Cells were starved overnight and then exposed to the
vehicle or quercetin (60 µM) for 6 h, after that, these cells were stimulated with or
without HGF (100 ng/ml) for 10 min, and last, the whole-cell lysates were prepared
for immunoblotting by using specific antibodies. The representative results and the
relative expression levels were shown. Data were mean ± S.D. from three
independent experiments, *P < 0.05, **P < 0.01.
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5.3.5 Overexpression of PAK or FAK partially reversed the inhibitory effect of
quercetin on cell migration
To better understand the involvement of c-Met signaling in quercetin-mediated antimetastatic effects, we investigated whether overexpression of PAK or FAK reversed
the quercetin-mediated inhibitory effect on migration. A2058 cells were transiently
transfected with either a FAK-expressing construct (or a PAK-expressing construct)
or an empty vector. After 24 h transfection, the expression of FAK (Figure 5.16-A)
and phospho-FAK (Figure 5.16-B) were increased remarkably, and the quercetinmediated FAK activation inhibition was partially reversed (Figure 5.16-B). Similar
results were observed in the PAK-expressing construct transfected cells,
overexpression of PAK reversed quercetin-induced FAK inhibition (Figure 5.17-B).
Furthermore, cells that transfected with FAK (figure 5.16-C) or PAK (Figure 5.17-C)
constructs showed a slight but significant increase in the migratory abilities as
compared with cells that were transfected with empty vector (#P < 0.05). Quercetin
treatment (40 µM) inhibited the cell migratory abilities, this inhibitory effect was
reduced from 48.11% to 30.74% in FAK overexpressing cells, and from 48.11% to
33.87% in PAK overexpressing cells. These data indicate that the inhibitory effect of
quercetin on migration is partially reduced by the overexpression of PAK or FAK in
melanoma cells.
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Figure 5.16 Overexpression of FAK partially reversed the migration-inhibitory effect
of quercetin. A2058 cells were transiently transfected with a FAK-expressing
construct or an empty vector for 24 h. (A) Whole-cell lysates were prepared and the
expression of FAK was determined by immunoblotting. The representative results
(left) and the relative expression levels (right) were shown. (B) Cells were treated
with either the vehicle or quercetin for 24 h, and then the whole-cell lysates were
prepared and the expression of phospho-FAK was determined by immunoblotting.
The representative results (upper) and the relative expression levels (bottom) were
shown. (C) The cell migratory ability was determined by the migration chamber
assay in the presence of either the vehicle or quercetin for 48 h. The representative
photographs of migrated cells (upper) and quantification of migrated cells (bottom)
were shown. Data were mean ± S.D. from three independent experiments. #P < 0.05,
*P < 0.05 and **P < 0.01.
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Figure 5.17 Overexpression of PAK partially reversed the migration-inhibitory effect
of quercetin. A2058 cells were transiently transfected with a PAK-expressing
construct or an empty vector for 24 h. (A) Whole-cell lysates were prepared and the
expression of PAK was determined by immunoblotting. The representative results
(left) and the relative expression levels (right) were shown. (B) Cells were treated
with either the vehicle or quercetin for 24 h, and then the whole-cell lysates were
prepared and the expression of phospho-PAK was determined by immunoblotting.
The representative results (upper) and the relative expression levels (bottom) were
shown. (C) The cell migratory ability was determined by migration chamber the
assay in the presence of either the vehicle or quercetin for 48 h. The representative
photographs of migrated cells (upper) and quantification of migrated cells (bottom)
were shown. Data were mean ± S.D. from three independent experiments. #P < 0.05,
*P < 0.05 and **P < 0.01.
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5.4 Discussion and conclusion
The HGF/c-Met pathway is activated in various types of cancer, which stimulates
cancer cell growth and metastasis (Birchmeier, et al., 2003). HGF is a multifunctional
cytokine acting as a mitogen, motogen and morphogen. Most cancers express both
HGF and c-Met, leading to autocrine activation of c-Met. Besides, aberrant c-Met
activation can also be achieved through c-Met overexpression, activating c-Met
mutations, or c-Met gene amplification (Ma, et al., 2003). In melanoma, HGF and cMet are expressed (Birchmeier, et al., 2003) and involved in the development of
melanomas (G. Li, et al., 2001). In this study, we found that quercetin, a widely
existed dietary flavonoid, suppressed c-Met signaling by inhibiting c-Met
phosphorylation and dimerization (Figure 5.4 and 5.5). Quercetin also inhibited HGFstimulated melanoma cell migration and invasion (Figure 5.1 and 5.2), which was in
agreement with the previous studies that quercetin inhibited HGF-stimulated
migration and invasion in human medulloblastoma cell DAOY (Labbe, et al., 2009)
and human hepatoma HepG2 cells (W. J. Lee, et al., 2006). In addition, many other
known flavonoids, such as EGCC (Bigelow & Cardelli, 2006), luteolin (Coleman, et
al., 2009; W. J. Lee, et al., 2006), kaempferol (Labbe, et al., 2009) and myricetin
(Labbe, et al., 2009) also showed inhibitory effects on HGF-stimulated cancer cells
migration. These observations indicated that these plant-derived flavonoids shared
similar activities and may be useful in melanoma treatment and prevention.
Since some melanoma cells were reported to express HGF and secret a detectable
level of HGF to induce constitutive activation of c-Met (G. Li, et al., 2001), we
wondered if quercetin exerted its effects by affecting HGF autocrine. We collected the
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culture medium of quercetin-treated A375 and A2058 cells, and examined the HGF
levels by ELISA, but the level of secreted HGF was too low to be detected. Besides,
we also found that the inhibitory effect of quercetin on HGF mRNA expression was
not significant (Figure 5.3). Based on these results we could not draw a conclusion
regarding the impact of HGF autocrine on quercetin-mediated c-Met signaling
inhibition.
We found that c-Met protein levels were decreased after quercetin treatment in both
dose- and time-dependent manners (Figure 5.6 and 5.7). Since melanoma can be
divided into three mutually exclusive genetic subsets: BRAF mutant melanoma,
NRAS mutant melanoma and melanoma of wild type at both loci (Goydos, et al.,
2005), to confirm the generality of this finding, beside two BRAF mutant melanoma
cell lines A375 and A2058, NRAS mutant melanoma cell line sk-mel-2 and wild type
NRAS and BRAF melanoma cell line MeWo with constant c-Met activation
(Chattopadhyay, et al., 2012) were also used. Results showed that treatment with
quercetin down-regulated the expression levels of c-Met in all these four cell lines
(Figure 5.6 and 5.7), suggesting that the inhibitory effect of quercetin on c-Met
receptor is a general phenomenon in melanoma. It was further found that c-Met
expression was higher in membrane fractions than in cytosol fractions, and c-Met in
both fractions were inhibited by quercetin treatment (Figure 5.8). Coleman et al.
identified a regulatory link between FAS and c-Met. They found that inhibition of
FAS by using inhibitors (luteolin or C75) or the shRNA knockdown approach can
down-regulate c-Met expression in human prostate cancer cells, and the production of
the 16-carbon fatty acid palmitate by FAS is required for maintaining c-Met

135

expression (Coleman, et al., 2009). Similar results have also been observed in diffuse
large B cell lymphoma by Uddin et al. (Uddin et al., 2010) and in breast cancer by
Hung et al. (Hung et al., 2011). Furthermore, Coleman et al. found that the
flavonoids luteolin, apigenin and quercetin, which possess a same moiety with a C2C3 double bond in the C-ring, reduced c-Met expression in human prostate cancer
cells (Coleman, et al., 2009). In this study, we found that quercetin reduced c-Met
expression, C75, a specific inhibitor of FAS, showed similar inhibitory effect on the
expression of FAS and c-Met (Figure 5.10), and exogenous palmitate prevented
quercetin-induced reduction of c-Met (Figure 5.11), further supporting a role of FAS
in maintaining c-Met expression levels. However, the mechanism by which FAS
inhibition decreases c-Met expression is not yet clear. A possible explanation is that
FAS inhibition may cause an imbalance in the membrane phospholipids levels, which
may result in decreased c-Met membrane localization and activation (Menendez et al.,
2004; Uddin, et al., 2010). Lipid rafts are membrane microdomains that serve as
platforms for cell signaling, and FAS was shown to regulate the activity of lipid rafts
(Swinnen et al., 2003). Recent studies found that altering the structure or function of
lipid rafts prevented the activation of c-Met (Duhon et al., 2010). Quercetin is also
reported to suppress lipid biosynthesis in breast cancer MDA-MB-231 cells
(Brusselmans, et al., 2005). Therefore, the quercetin-mediated reduction of c-Met
expression in melanoma cells may be due to FAS inhibition.
After phosphorylation on tyrosine site 1349, c-Met becomes a docking site for
recruiting Gab1, which further activates downstream FAK and PAK (Birchmeier, et
al., 2003). Thus, inhibition of c-Met activation should result in the suppression of the
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downstream components Gab1, FAK and PAK. Indeed, our data showed that
quercetin dose-dependently decreased the levels of phospho-Gab1, phospho-FAK and
phospho-PAK (Figures 5.12, 5.13 and 5.14), suggesting that inhibition of the cMet/Gab1/FAK and c-Met/Gab1/PAK pathway may contribute to the anti-metastatic
effects of quercetin.
After grown in serum-free medium overnight, quercetin significantly suppressed
HGF-induced Gab1, FAK, PAK and STAT3 activation (Figure 5.15). However, serum
deprivation did not abolish the phosphorylation of STAT3, FAK and PAK (Figure
5.15-B, C, D). This may due to the involvement of other mechanisms. It is generally
recognized that, besides RTKs mediated activation, STAT3 can also be activated by
non-receptor tyrosine kinases including Src and Abl (Abelson kinase) (Al Zaid
Siddiquee & Turkson, 2008). PAK can be activated by tyrosine-kinase-independent
mechanisms, such as ETK, lipids, integrins and upstream PI3K (phosphatidylinositol
3 kinase) and PDK1 (pyruvate dehydrogenase kinase isozyme 1) (Kumar, Gururaj, &
Barnes, 2006), and FAK can be activated by integrin-facilitated cell adhesion (Mierke,
2013). Nevertheless, we observed that the activation of PAK or FAK was suppressed
by quercetin under both HGF-stimulated and unstimulated conditions.
We also overexpressed FAK and PAK in A2058 cells, and found that the migration
inhibitory effect caused by quercetin was slightly but significantly reverted (Figure
5.16-C and 5.17-C). It is well-known that quercetin has multiple targets including
receptor tyrosine kinases, matrix metalloproteinase, mitochondria and other signaling
enzymes (Lamson & Brignall, 2000). Besides Gab1, c-Met can also activate other
molecules such as STAT3 (Organ & Tsao, 2011), which is involved in melanoma
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metastasis, and can be suppressed by quercetin treatment as shown in chapter 4.
Therefore, we could not exclude the possibilities that quercetin modulates other
molecules that results in the inhibition of melanoma metastasis.
In summary, our studies showed that quercetin suppressed HGF-induced melanoma
cell migration and invasion, down-regulated the mRNA expression level of HGF,
suppressed c-Met homo-dimerization, inhibited HGF-induced c-Met phosphorylation,
decreased c-Met expression levels by inhibiting FAS expression, and suppressed the
constitutive activation of downstream components Gab1, FAK, PAK and STAT3.
Furthermore, overexpression of FAK or PAK significantly diminished quercetinmediated cell migration inhibition. Overall, these results indicate that suppression of
the HGF/c-Met signaling pathway contributes to the anti-metastatic effect of
quercetin in melanoma.
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CHAPTER 6 Phospho-RTK array study of quercetin in melanoma
cells
6.1 Introduction
Receptor tyrosine kinases (RTKs) are the high-affinity cell surface receptors for many
polypeptide growth factors, cytokines, and hormones. They have been shown not
only to be key regulators of normal cellular processes but also to have a critical role
in the development and progression of many types of cancer. Many RTKs were
observed to be activated in human melanoma cells and tissue specimens (Molhoek et
al., 2011). RTKs and their downstream signaling pathways have been shown to play
key roles in melanoma development (Easty, Gray, O'Byrne, O'Donnell, & Bennett,
2011). Therapies directly targeting receptor tyrosine kinases are effective in many
cancers, including melanoma (Tworkoski et al., 2011).
In recent years, RTKs are found to be highly correlated with BRAF inhibitor
resistance in BRAF mutant melanoma. Over 50% of melanomas harbor activating
V600E mutations in BRAF (BRAFV600E) (Davies, et al., 2002). The major problem of
the available BRAF inhibitors is that the majority of BRAF mutant melanomas
respond to BRAF inhibitors rapidly but acquire drug resistance within a median time
of 6-7 months (Swaika, et al., 2014). Recent studies pointed to the importance of
RTKs in drug escape (Lo, 2012). It is reported that melanomas acquire resistance to
BRAF inhibition by RTK up-regulation (Nazarian et al., 2010). And the up-regulation
of RTKs is a key sensitivity determinant of BRAF inhibitors resistance in BRAF
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mutant melanoma cells. RTKs are generally expressed at low levels and contribute
minimally to survival signaling in BRAF mutant melanoma cells, resulting in a strong
addiction to mutant BRAF signaling and sensitivity to BRAF inhibitors, but when
BRAF mutant melanoma cell lines acquire BRAF inhibitor resistance, they upregulate the expressions and activities of RTKs, resulted in the reactivation of
alternative survival pathways (Lo, 2012; Nazarian, et al., 2010). These observations
suggest that inhibition of RTKs activation is a potential upfront therapeutic strategy to
prevent BRAF inhibitor resistance, and combined RTKs inhibitors with BRAF
inhibitors could be an efficient therapeutic approach in melanoma treatment. Thus,
study the roles of RTKs in melanoma is a fruitful area of research for development of
therapies.

Figure 6.1 The positions of specific capture antibodies on the phospho-array.

In chapter 5, we have identified RTK c-Met as a therapeutic target of quercetin in
melanoma. In this chapter, we are going to determine whether quercetin exerts
inhibitory effect on the activation of other RTKs. To test this, the Phospho-RTKs
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array assay was performed. This assay employs arrayed antibodies specific for the
phosphorylated (usually the active) form of a protein kinase, permitting simultaneous
semiquantitative analysis of receptors activities in cells or tissue extracts (Margaryan
et al., 2009). Lysates from vehicle-treated and quercetin-treated melanoma cells were
exposed to membranes spotted with antibodies representing 49 different receptor
tyrosine kinases. The unbound lysate was washed away and phospho-tyrosine
specific antibodies linked to HRP were added to detect receptors that are tyrosine
phosphorylated. Figure 6.1 and Table 6.1 showed the positions and names of specific
capture antibodies on the phospho-RTK array.
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Table 6.1 Corresponding antibodies on the phospho-array

Number
A1, A2
A23, A24

RTK
Positive
Control
Positive
Control

Number

RTK

Number

RTK

C9, C10

PDGFRβ

D21, D22

EphA3

C11, C12

SCFR

D23, D24

EphA4

B1, B2

EGFR

C13, C14

Flt3

E1, E2

EphA6

B3, B4

ErbB2

C15, C16

MCSFR

E3, E4

EphA7

B5, B6

ErbB3

C17, C18

c-Ret

E5, E6

EphB1

B7, B8

ErbB4

C19, C20

ROR1

E7, E8

EphB2

B9, B10

FGFR1

C21, C22

ROR2

E9, E10

EphB4

B11, B12

FGFR2α

C23, C24

Tie1

E11, E12

EphB6

B13, B14

FGFR3

D1, D2

Tie2

E13, E14

ALK

B15, B16

FGFR4

D3, D4

TrkA

E15, E16

DDR1

B17, B18

Insulin R

D5, D6

TrkB

E17, E18

DDR2

B19, B20

IGF1R

D7, D8

TrkC

E19, E20

EphA5

B21, B22

Axl

D9, D10

VEGFR1

E21, E22

EphA10

B23, B24

Dtk

D11, D12

VEGFR2

F1, F2

Positive
Control

C1, C2

Mer

D13, D14

VEGFR3

F5, F6

EphB3

C3, C4

Met

D15, D16

MuSK

F7, F8

RYK

C5, C6

MSPR

D17, D18

EphA1

F23, F24

Negative
Control

C7, C8

PDGFRα

D19, D20

EphA2
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6.2 Results and discussion
From figure 6.2 and figure 6.4, we could find that several RTKs were activated in
both A375 and A2058 cells. The inhibitory effects of quercetin on phospho-RTKs in
A375 and A2058 cells were shown in Figure 6.3 and 6.5, respectively. Activation of
ROR2, Tie2, RYK, ALK, c-Ret, DDR1, DDR2, EphB4, EphA1, EphA2, EphA4 and
EphA5 were inhibited in A2058 cells, and EphA7, RYK, ALK and DDR1 were
inhibited in A375 cells. It should be noted that c-Met presented a relatively low
phosphorylation level on the array. This was consistent with our previous result in
chapter 5 that the expression level of phospho-c-Met was low under normal culture
condition, although it was up-regulated under HGF stimulation.

143

Figure 6.2 Human Phospho-RTK array analysis of A2058 cells treated with quercetin.
Cells were treated with either the vehicle or quercetin (40 µM) for 24 h, and then the
whole-cell lysates (500 µg) were incubated on phospho-RTK arrays (49 different
RTKs, and each RTK antibody is spotted in duplicate). The array images were
obtained by exposing the arrays to the X-ray film for 20 sec, 1 min and 3 min, and
each phospho-RTK whose expression level being reduced by quercetin was marked
with a red box and indicated by a number.
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Figure 6.3 Quercetin inhibited the phosphorylation of RTKs in A2058 cells. PhosphoRTKs whose expression levels were reduced by quercetin treatment shown in figure
6.2 were enlarged and their relative expression levels were analyzed by the Image J
software.
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Figure 6.4 Human Phospho-RTK array analysis of A375 cells under quercetin
treatment. Cells were treated with either the vehicle or quercetin (60 µM) for 24 h,
and then the whole-cell lysates (500 µg) were incubated on phospho-RTK arrays (49
different RTKs, and each RTK antibody is spotted in duplicate). The array images
were obtained by exposing the arrays to the X-ray film for 10 sec, 1 min and 3 min,
and each phospho-RTK whose expression level being reduced by quercetin was
marked with a red box and indicated by a number.
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Figure 6.5 Quercetin inhibited the phosphorylation of RTKs in A375 cells. PhosphoRTKs whose expression levels were reduced by quercetin treatment shown in figure
6.4 were enlarged and their relative expression levels were analyzed by the Image J
software.
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One of the most significant changes of phospho-RTKs by quercetin treatment is
ROR2 (receptor tyrosine kinase-like orphan receptor 2). ROR2 is highly activated in
A2058 cells and apparently inhibited by quercetin treatment. It is a developmentally
expressed kinase responsible for aspects of bone and cartilage growth. It is expressed
and plays a role in various cancer etiologies including gastric cancer, renal cell
carcinoma, prostate cancer, and malignant melanoma (O'Connell et al., 2010; Ohta et
al., 2009; Wright et al., 2009; Yamamoto et al., 2010). It has been found that ROR2
overexpressed in a majority of metastatic malignant melanomas and have a dramatic
impact on cell motility, cell invasion and metastasis (O'Connell, et al., 2010). Since
the activation of ROR2 is largely inhibited by quercetin, it may play a role in
quercetin mediated anti-melanoma actives.
The phosphorylation extents of DDR1, RYK and ALK were reduced in both A375
and A2058 cells. DDR (discoidin domain receptor) is the receptor of collagen. DDR2
was found mutated in advanced stage melanoma (Y. B. Wang, Billouin-Frazier,
Windham, & Jones, 2013), and down-regulation of DDR2 in A375 human melanoma
cells reduced its experimental liver metastasis ability (Badiola, Villace, Basaldua, &
Olaso, 2011). ALK (Anaplastic lymphoma kinase) is a receptor tyrosine kinase first
identified as the product of a gene rearrangement in anaplastic large cell lymphoma.
It has been found to be rearranged, mutated, or amplified in a further series of tumors
including melanoma (Dirks et al., 2002). Receptor tyrosine kinase RYK was found to
be important in melanoma resistant, knockdown of RYK in melanoma cells was
found to inhibit cell growth, and sensitize melanoma cells to a BRAF inhibitor
(Anastas et al., 2014).
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We also found that a wide range of Ephs family members were activated in
melanoma cells and phosphorylation of EphA1, 2, 4, 5 and B4 were decreased after
quercetin treatment. Ephs (ephrin receptors) is the largest known subfamily of RTKs,
16 Ephs have been identified, including EphA1~10 and EphB1~6. Ephs can mediate
signals for cell-cell adhesion and direct growth cone and neural crest cell migration
(Poliakov, Cotrina, & Wilkinson, 2004). They play important roles in melanoma
progression. Overexpression of EphA2 have been widely reported in melanoma cell
lines (Easty & Bennett, 2000; Easty et al., 1995; Easty et al., 1999; Straume &
Akslen, 2002). Increased EphA2 expression was associated with melanoma thickness,
increased cell proliferation (Straume & Akslen, 2002) and metastatic potential
(Margaryan, et al., 2009). Down-regulation of EphA2 in metastatic human melanoma
cell lines resulted in a significant decrease in cell invasion, proliferation,
clonogenicity and vasculogenic mimicry in vitro, in addition to suppressed
tumorigenicity in an orthotopic mouse model (Margaryan, et al., 2009). So target
Ephs family may be benefit to melanoma treatment.
Besides, the activation of c-Ret and Tie were inhibited by quercetin treatment in
A2058 cells. c-Ret is the receptor for GDNF (glial cell line-derived neurotrophic
factor) family ligands (Takahashi, 2001). Constitutively activated RET spontaneously
developed malignant melanoma in transgenic mice (Kato et al., 1998). Further study
showed that the expression levels of intrinsic c-Ret, Gdnf and Gfra1 (Gdnf receptor
alpha 1) transcripts in malignant melanomas from Ret-transgenic mice were
significantly up-regulated compared to those in benign melanocytic tumors (Ohshima
et al., 2010). And Tie is the endothelial cell specific tyrosine kinase, also known as
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TEK. It is crucial for embryonic and tumor angiogenesis (Jones & Dumont, 2000).
Tie mRNA was weakly expressed in normal tissue but expressed in cutaneous
melanoma and brain metastases of cutaneous melanoma (Kaipainen et al., 1994).
Serum Tie-2 and its ligand Ang-2 are elevated in metastatic malignant melanoma
patients and the Tie-2/Ang-2 axes shows a positive correlation with metastasis
(Mouawad et al., 2011).
In conclusion, our results indicated that multiple RTKs were activated in melanoma
A375 and A2058 cells, and quercetin treatment caused the inhibition on the activation
of several RTKs, suggesting a suppressive effect of quercetin on the activation of
RTKs.

Further

validations

by

specific

RTK

immunoblotting

with

anti-

phosphotyrosine antibodies are required. The roles of the inhibition on the activation
of RTKs in quercetin-mediated anti-melanoma activities need to be defined as well.

150

CHAPTER 7 General discussion, Conclusion and Future plan
7.1 General discussion and Conclusion
There is a growing focus on diet and the use of naturally abundant compounds as
supplements because they have many potential health benefits with minimal side
effects. The dietary flavonoid quercetin is one of the most popular compounds,
because it is a highly studied, multidimensional bioactive compound that possesses
both antioxidant properties and the ability to modulate signal transduction pathways.
Melanoma is a cancer that arises from melanocytes in the skin. It is an extremely
aggressive disease with high metastatic potential and a notoriously high resistance to
cytotoxic agents. This is thought to be because melanocytes originate from highly
motile cells that have enhanced survival properties (Gray-Schopfer, Wellbrock, &
Marais, 2007). There are few drugs approved by FDA for treating melanoma, and
nearly all of them appeared poor response rates and have a big problem on the high
toxicity.
In this study, we first determined the anti-melanoma activities of quercetin. Our
results showed that quercetin inhibited melanoma cell proliferation, induced cell
apoptosis and suppressed melanoma tumor growth, inhibited melanoma cells
migration, invasion and prevented melanoma cell lung metastasis. The dosages we
used in cultured cells were 20, 40, 60 and 80 µM, this is not high for a dietary
compound, even 80 µM quercetin did not show significant cytotoxicity in melanoma
A375, A2058 and B16F10 cells at a 24 h duration treatment, while 40 µM quercetin
already significantly inhibited cell migration and invasion, and induced the cleavage
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of PARP, a hallmark of apoptosis. We then chose 40, 60 and 80 µM for the
mechanistic studies. In the in vivo experiments, mice were daily oral administrated
with 100 mg/kg quercetin. No unusual behavior was observed, the body weight of
both control and treatment group mice increased steadily. These observations indicate
that quercetin is an effective anti-melanoma compound with low toxicity.
It is now recognized that melanoma is a result of complex changes in multiple
signaling pathways that affect cell growth, metabolism, motility and the ability to
escape cell death programs. Several signaling pathways were reported to be involved
in melanoma development and progression (Lopez-Bergami, et al., 2008). These
pathways provide the targets for treating melanoma. STAT3 and HGF/c-Met are two
activated signaling pathways in melanoma, and both of them promote melanoma
growth and metastasis. These two pathways have been proposed to be the targets of
agents for managing melanoma.
We studied if the STAT3 and HGF/c-Met signaling pathways are involved in
quercetin-mediated melanoma cell growth, migration and invasion inhibition. Our
findings are summarized in Figure 7.1. Quercetin inhibited STAT3 phosphorylation
at tyrosine 705 site, suppressed the activation of its upstream kinases JAK2 and Src;
decreased the nuclear distribution of STAT3 and inhibited its transcriptional activity;
finally down-regulated STAT3 targeted growth and survival-associated gene Mcl-l,
and metastasis-associated genes MMP-2, -9 and VEGF. As to HGF/c-Met signaling,
quercetin inhibited HGF mRNA expression, suppressed c-Met dimerization and
reduced c-Met expression through FAS inhibition, which induced the suppression of
c-Met auto-phosphorylation, and the inactivation of downstream proteins Gab1, FAK
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and PAK. Quercetin also inhibited HGF-stimulated cell migration and invasion.
Furthermore, overexpression of constantly activated STAT3 reversed quercetinmediated growth inhibition. And, overexpression of FAK or PAK slightly but
significantly diminished the migration inhibitory effect by quercetin.
STAT3 can be activated by growth factors and cytokines by their binding to
corresponding receptors. One case is that binding of HGF to c-Met can activate
STAT3 signaling (Aggarwal, et al., 2009). Constitutive activation of STAT3
correlates with increased expression of the c-Met in oral squamous cell carcinoma
(Klosek et al., 2004). In human leiomyosarcoma cell, HGF-induced tumorigenesis
through c-Met receptors requires STAT3 signaling (Y. W. Zhang, Wang, Jove, &
Vande Woude, 2002). In our cell model, STAT3 was found to be activated by the
addition of exogenous HGF, and this type of activation can be inhibited by
pretreatment with quercetin.
Besides, quercetin also showed inhibitory effect on the activation of several other
receptor tyrosine kinases such as ROR2 DDR1, RYK and ALK in melanoma cells.
However, further validation and confirmation of these RTKs in the anti-melanoma
activities of quercetin are needed.
In summary, this study shows that quercetin is an effective anti-melanoma compound
with low toxicity, it can both inhibit melanoma growth and metastasis, and the antimelanoma action of quercetin is partially attributed to the inhibitory effects on the
STAT3 and HGF/c-Met signaling pathways. Our data shed new light on the
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molecular mechanisms of the anti-melanoma action of quercetin, and indicate that
quercetin is a promising agent for melanoma prevention and treatment.

Figure 7.1 A proposed model of molecular interaction to delineate the mechanisms of
the anti-melanoma action of quercetin.
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7.2 Future plan
In the future, to further explore the anti-melanoma mode and mechanism of action of
quercetin, we are going to:

7.2.1 Study if other RTKs would involve in quercetin-mediated anti-melanoma
effects
In chapter 6, we determined the inhibitory effect of quercetin on the activities of
RTKs in melanoma cells. The activities of several RTKs were inhibited by quercetin
treatment. The quercetin-affected RTKs include ROR2, Tie2, RYK, ALK, c-Ret,
DDR1, DDR2, EphB4, EphA1, EphA2, EphA4 and EphA5 in A2058 cells, and
EphA7, RYK, ALK and DDR1 in A375 cells. In the future, we will first verify the
effects of quercetin on these RTKs by using specific antibodies.
Among these RTKs, ROR2 was found highly activated in both A375 and A2058 cells,
and treatment with quercetin caused a significantly inhibitory effect on the activation
of ROR2 in A2058 cells. Overexpression of ROR2 was found in a majority of
metastatic malignant melanomas. However, the effect of quercetin on ROR2 is
unknown. If the inhibitory effect of quercetin on ROR2 activation is validated by the
Western blot analysis, we will then determine the role of ROR2 in the anti-melanoma
action of quercetin in A2058 cell.
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Besides, the activation of DDR1, RYK and ALK were all inhibited by quercetin in
both A2058 and A375 cells. In the future, the role of DDR1, RYK and ALK in
quercetin-mediated anti-melanoma properties will also be studied.

7.2.2 Study the anti-melanoma effect of the combinations of quercetin and
approved drugs
The drugs approved by FDA for treating melanoma have many limitations, such as
low response rates, high toxicity and high price. To improve response rates, various
combinations of agents/approaches and these drugs have been considered. In our
study, quercetin has been proven as an effective anti-melanoma compound with low
toxicity. Besides, quercetin is abundant, accessible and very cheap. In the future, we
will combine quercetin with the FDA approved drugs, and determine if these
combinations show potential additive or synergistic effects without increasing
toxicities in melanoma cells.

7.2.2.1 Combine quercetin with dacarbazine
It has been mentioned in the introduction section that dacarbazine (DTIC), the only
cytotoxic agent approved by the FDA for the treatment of metastatic melanoma,
presents response rates of approximately 15% in melanoma (M. R. Middleton, et al.,
2000; Serrone, et al., 2000). Quercetin has been reported that, in human melanoma
sk-mel-5 and sk-mel-28 cells, significantly improved the response rates of DTIC and
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temozolomide (TMZ), a new analogue of DTIC with more desirable properties, same
cytotoxic and similar response rates (Thangasamy, Sittadjody, Limesand, & Burd,
2008; Thangasamy et al., 2010). We wonder if quercetin also promotes DTIC and
TMZ response rates in our melanoma cell models. To achieve this, human melanoma
cells will be treated with the combination of quercetin and DTIC or TMZ, cell
viability, apoptosis, migration and invasion abilities will be determined as previously
described. If quercetin sensitizes our melanoma cells to DTIC and TMZ, we will
further study if STAT3 or HGF/c-Met signaling is involved in the mechanism of
action.

7.2.2.2 Combine quercetin with vemurafenib or dabrafenib
As mentioned in the introduction section, the majority of BRAF mutant melanomas
respond to BRAF inhibitor rapidly but acquire drug resistance within a median time
of 6-7 months, which made the low response rates of BRAF inhibitors in melanoma
treatment (Swaika, et al., 2014). Until now, the FDA-approved BRAF inhibitors for
treating patients who have a certain mutation in the BRAF gene are vemurafenib and
dabrafenib.
It was reported that the activation of STAT3 induced resistance to vemurafenib in
melanoma cells, and targeted STAT3 resulted in growth inhibition in vemurafenibresistant melanoma cells (F. Liu, et al., 2013). Thus, STAT3-targeted therapy has
been identified as a new strategy to overcome the acquired resistance to vemurafenib
in melanomas.
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Melanomas acquire resistance to BRAF inhibition can be induced by RTK upregulation (Nazarian, et al., 2010). Recently, it was found that combination treatment
with a c-Met inhibitor and a BRAF inhibitor displayed a synergistic effect in reducing
the cell viability in a BRAF mutant melanoma cells (Etnyre et al., 2014).
Quercetin is able to inhibit the STAT3 and HGF/c-Met signaling pathways, and
showed inhibitory effect on phospho-RTKs in our study. We wonder if quercetin
overcomes the acquired resistance to BRAF inhibitors in melanoma cells. To achieve
this, we will first establish vemurafenib-resistant or dabrafenib-resistant melanoma
cells. Then these cells will be treated with the combination of quercetin and
vemurafenib or dabrafenib. Cell viability, apoptosis, migration and invasion will be
determined as previously described. If quercetin overcomes the acquired resistance to
BRAF inhibitors in our cell models, we will further study the involvement of STAT3
or HGF/c-Met signaling.
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