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ABSTRACT
Melanoma is the leading cause of skin cancer-related death. The STAT3 (signal
transducer and activator of transcription 3) and TLR4 (toll-like receptor 4) signaling
pathways have been shown to be activated in melanoma. Activation of each of the two
pathways can promote melanoma growth, angiogenesis and metastasis. Suppressing
TLR4 signaling or STAT3 signaling has been proposed as an approach for melanoma
management although the TLR4/STAT3 pathway has not yet been established in
melanoma. Atractylodis Macrocephalae Rhizoma (Baizhu in Chinese), a Qi-tonifying
Chinese medicinal herb, is commonly prescribed by Chinese medicine doctors for
treating melanoma. Our previous studies demonstrated that atractylenolide II (AT-II),
isolated from Atractylodis Macrocephalae Rhizoma, could induce apoptosis, and inhibit
proliferation and migration in B16 melanoma cells. However, the antimelanoma
properties of AT-II and the underlying molecular mechanisms have not been fully
understood. In this study, we further investigated the antimelanoma effects of AT-II in
vivo and in vitro, and explored the TLR4/STAT3 signaling-related mechanism of action
of AT-II.
Results showed that AT-II induced apoptosis, and inhibited proliferation, migration
and invasion in multiple melanoma cells, and significantly inhibited melanoma growth,
angiogenesis and metastasis in mice. AT-II suppressed the activation of STAT3 and Src
(a STAT3 upstream tyrosine kinase) in mouse melanoma tissues and inhibited the
EGFR/Src/STAT3 signaling in cultured melanoma cells. The free binding energy of ATII with EGFR (an upstream receptor tyrosine kinase of STAT3) was relatively low in
molecular docking assays, suggesting that AT-II might inhibit EGFR activation via other
molecules. We found that activation of TLR4 enhanced EGFR/Src/STAT3 signaling in
melanoma cells, and activation of the TLR4/STAT3 pathway contributed to melanoma
progression in vivo and in vitro. These observations suggested that the TLR4/STAT3
pathway was established in melanoma. Molecular docking showed that AT-II could bind
to the TLR4/MD-2 receptor complex. AT-II reduced the binding of LPS (a TLR4 ligand)
to TLR4, and inhibited LPS-triggered activation of EGFR/Src/STAT3 signaling as well
as LPS or MPLAs (synthetic monophosphoryl lipid A, a TLR4 agonist) induced invasion
ii

in melanoma cells. Overexpression of a constitutively active variant of STAT3 (STAT3C)
in A375 cells diminished the anti-proliferative, apoptotic and anti-invasive effects of ATII; and overexpression of an active form of TLR4 in A375 cells diminished AT-II-exerted
anti-invasive effects in cultured cells, and attenuated the inhibitory effects of AT-II on
tumor growth and angiogenesis in mice. These suggested that suppression of
TLR4/STAT3 signaling contributed to the antimelanoma effects of AT-II.
In conclusion, we established the TLR4/STAT3 pathway in melanoma, which
provides novel insight into melanoma pathophysiology. We demonstrated that AT-II
exerted antimelanoma effects in vivo and in vitro, and inhibition of TLR4/STAT3
signaling contributed to these effects. These findings advanced our understanding of the
antimelanoma properties and the underlying mechanism of action of AT-II, and provided
a chemical and pharmacological justification for the clinical application of Atractylodis
Macrocephalae Rhizoma in melanoma management. This contribution is significant
because it is one step in a continuum of research that is expected to lead to future clinical
trials of AT-II as a novel antimelanoma agent.

Key words: Atractylodis Macrocephalae Rhizoma; Atractylenolide II; Melanoma;
STAT3; TLR4; Chinese medicine
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CHAPTER 1
Introduction

1

1.1 Melanoma facts
Melanoma is a dangerous form of skin cancers that responsible for most skin cancer
related deaths [Chen et al., 2016]. The global incidence of melanoma is continuously
increasing [Word Health Organization, 2016]. Most of the cutaneous melanomas follow
the ABCDE signs (Figure 1.1), which are the early warning of getting melanoma [Tsao et
al., 2015]. As described by the ABCDE signs, melanoma usually appears as an
asymmetrical, irregularly bordered and multicoloured spot and keeps growing larger
[McCourt et al., 2014]. Early detection tends to improve the prognosis of patients with
melanoma [Bataille, 2009]. However, the advanced metastatic melanoma is extremely
difficult to cure. The therapeutic efficacies of current agents for treating melanoma are
still less than ideal [American Cancer Society, 2016a]. Knowing the risk factors and
the pathogenesis of melanoma can provide us a better understanding in melanoma
prevention and treatment.

Figure 1.1 ABCDE signs of melanoma (Source: Lifehack, available at
http://www.lifehack.org/302727/spot-the-difference-between-ordinary-and-cancerousmole-14-ways-help-you-prevent-melanoma)
2

1.1.1

Epidemiology of melanoma

Melanoma accounts for less than 5% cases of the skin cancers, but is associated with
80% of skin cancer-related deaths [Bertolotto, 2013; Chen et al., 2016]. It occurs more
often in the fair-skinned people than in the dark-skinned people [D’Orazio et al., 2013]. It
is estimated that 161,790 new melanoma cases would be diagnosed in the United States
in 2017. [American Academy of Dermatology, 2016]. Although melanoma is less
common in Asia, the number of new cases in China is more than 20,000 per year [Yu et
al., 2016; Chang et al., 2014]. The incidence of melanoma in China is increasing rapidly,
with an annual growth rate of approximately 3% -5% [Yu et al., 2016; Huang et al.,
2012]. Metastasis is the most important cause of the death from melanoma [Zbytek et al.,
2008]. The 5-year survival rate of metastatic melanoma patients is only 17% [American
Cancer Society, 2016b], which indicates the poor prognosis.

1.1.2.

Risk factors for melanoma

There are several risk factors that could make a person more likely to develop
melanoma, such as excessive UV light exposure, fair skin, having many moles or unusual
naevus (moles), having a history of melanoma in family and carrying a low immunity
[Bertolotto, 2013; Gilchrest et al., 1999; Stahl et al., 2004a; Kubica and Brewer, 2012].
Excessive UV light is the major environmental factor that increases the risk of developing
melanoma. The risk is higher if someone has had sunburn several times. Light skin
people having less melanin are easier to get sunburn when exposure to the sunlight.
African and Asian people exhibit a much lower rate of getting melanoma on the skin, but
3

they are more easily to suffer melanoma in the palmar, plantar surfaces and nail bed
where are rarely exposed to UV radiation [Bristow et al., 2010; Chang et al., 2004;
Ishihara et al., 2001; Al-Maghrabi et al., 2004; Muchmore et al., 1996; Bellows et al.,
2001]. Whether UV radiation can induce melanoma in these non-exposed positions is
unclear. Naevus often begin to appear in childhood and most of them will never turn into
melanoma. However, someone who with more naevus has a higher risk of developing
melanoma especially when the naevus receive the excess UV light or the repeated scratch
[Sivyer, 2012; Jelcic and Niethammer, 2015]. It has been reported that individuals with a
history of melanoma in family are twice more easily to get melanoma than others [Ford et
al., 1995; Gandini et al., 2005]. Immune system could protect the host against cancer.
People having a weakened immune system from certain diseases, such as the HIV
infection, or aging, are also at the high risk for melanoma [Kubica et al., 2012; Puig et al.,
2015].

1.1.3

Pathogenesis of melanoma

Melanoma is a cancer that develops from melanocytes [Uong and Zon, 2010]. These
pigment cells not only present in the epidermis, but also in the hair follicles, the middle
layer of the eyes, stria vascularis of the inner ear cochlea and in the brain [Hu et al., 2002;
Plonka et al., 2009; Peters et al., 1995]. According to the Clark’s model and numerous
histopathological studies, there are several lesional steps of melanoma development in the
melanocytic system (Figure 1.2): (1) common acquired melanocytic neaevus (CMN); (2)
atypical/dysplastic nevi (3) radial growth phase of primary malignant melanoma (RGPMM), which is in situ or invasive but non-oncogenic; (4) vertical growth phase of
4

primary malignant melanoma (VGP-MM), which is invasive and oncogenic; and (5)
metastatic melanoma [Clark et al., 1984; Hussein, 2004; Elder, 2016; Miller et al., 2006].

Figure 1.2 Melanoma progression [Miller et al., 2006]

Melanoma genesis is a complicated process affected by environmental, genetic and
host factors from different causal pathways [Bertolotto, 2013]. Exposure to ultraviolet
radiation (UVR) can promote proliferation of melanocytes by increasing the keratinocytes
secreted factors [Hirobe, 2011; Park et al., 2009]. These factors, including αMSH,
fibroblast growth factor (bFGF), endothelin, C (GM-CSF), steel factor, basic leukemia
inhibitory factor (LIF) and hepatocyte growth factor (HGF), can bind to their individual
receptor, such as cytokine receptor, HGF receptor (HGFR) and bFGF receptor (bFGFR),
and trigger the intracellular mitogen-activated protein kinase (MAPK), signal transducer
and activator of transcription 3 (STAT3) or phosphatidylinositol 3-kinase (PI3K)
signaling cascades to promote proliferation of melanocytes [Hirobe, 2005; Dong et al.,
2012]. Once melanocytes grow automatically, they may develop into melanoma [Hussein,
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2004]. In addition to stimulation of the excessive growth factors, acquisition of genetic
abnormalities in melanocytes, such as progressive loss of the tumor suppressor genes
CDKN2A (also known as p16) [Karim et al., 2009] , TP53 [Ding et al., 2014] and PTEN
[Stahl et al., 2004b], transformation of the proto-oncogene genes BRAF [Davies et al.,
2002; Dadras et al., 2011], NRAS [Banerji et al., 2004; Devitt et al., 2011; Ball et al.,
1994] and KIT [Satzger et al., 2008], as well as the overactivation of oncogenes STAT3,
SRC and EPHA2 [Homsi et al., 2007; Xie et al., 2006; Tandon et al., 2011] also
contributes to the melanoma initiation and progression. It is recently reported that
inflammation is highly involved in the pathogenesis of melanoma [Bald et al., 2014;
Antonio et al., 2015; Jelcic et al., 2015]. Ulceration has been shown to be correlated in
human melanoma specimens and associated with the poor prognostic outcome [Antonio
et al., 2015]. Another paper reported that the UVR-induced inflammation promoted
melanoma angiogenesis and metastasis, which is possibly through recruitment of
neutrophils that triggers proliferation of pre-neoplastic melanocytes [Bald et al., 2014].
The neutrophil infiltration is induced by the secretion of high mobility group box 1
(HMGB1) from injured skin cells through activating Toll-like receptor 4 (TLR4)
signaling [Bald et al., 2014]. According to the pathogenesis that we know so far, some
corresponding countermeasures have been provided to treat melanoma.

1.1.4 Current treatment of melanoma
Melanoma is the most lethal skin cancer that grows and spreads quickly in the body.
The surgical removal is commonly used for curing early stage of melanoma. However,
patients with advanced stage of melanoma required systemic treatment [Bertolotto, 2013].
6

Table 1.1 lists the drugs approved by Food and Drug Administration (FDA) of the U.S.
for treating melanoma. The cost of treating melanoma is very high. The annual cost of
treating melanoma in the U.S. is estimated at $3.3 billion [Guy et al., 2014]. Cheaper and
more effective drugs for melanoma management are needed.

Table 1.1 Drugs approved by the FDA of the U.S. for treating melanoma

Category

Drug

Approved

Applicable to

year
DTIC

Chemotherapy

(dacarbazine)

1975

Stage IV
melanoma
BRAF V600E

BRAF

ZELBORAF

inhibitor

(vemurafenib)

mutation and
2011

unresectable
Stage III or IV
melanoma
BRAF V600E

Targeted therapies

BRAF

TAFINLAR

inhibitor

(dabrafenib)

mutation and
2013

unresectable
Stage III or IV
melanoma
BRAF V600E or

MEK

MEKINIST

inhibitor

(trametinib)

V600K mutation
2013

and unresectable
Stage III or IV
melanoma
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Table 1.1 (Continued)
Anti-CTLA4 monoclonal
antibody
Anti PD-1
monoclonal
antibody
Anti PD-1
monoclonal
antibody

YERVOY
(ipilimumab)
OPDIVO
(nivolumab)

2011

Stage III or Stage
IV melanoma

2015

Unresectable Stage
III or IV melanoma

KEYTRUD
A
(pembrolizu

2014

Unresectable Stage
III or IV melanoma.

m-ab)
Metastatic

Interleukin-2

PROLEUKI

(IL-2)

N/ IL-2

1992

melanoma and
normal heart, lung,
liver and kidney
function

Immunotherapies

Microscopic or
macroscopic nodal
melanoma within

SYLATRON
Interferon

(peginterfero

1995

n alfa-2b)

84 days of surgical
resection that
includes therapeutic
lymph node
dissection.
Stage III
melanoma after

INTRON A
High-dose

(high-dose

interferon

interferon
alfa-2b)

surgery, who are
1996

free of disease but
are at a high risk of
the disease
returning
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Table 1.1 (Continued)
Local treatment
of unresectable
cutaneous,

Genetically
modified live

IMLYGIC

oncolytic

(talimogene

herpes virus

laherparepvec

that produces

"T-Vec")

GM-CSF

subcutaneous,
and nodal
lesions, in

October 2015

patients with
melanoma
recurring after
the initial
surgery.

Summarized from Aim at Melanoma website, available at
https://www.aimatmelanoma.org/melanoma-treatment-options/fda-approved-drugs-formelanoma/

Dacarbazine (DTIC) was the first approved chemotherapeutic agent for treating
metastatic melanoma [Foletto and Haas, 2014]. DTIC kills cancer cells through inducing
methylation of nucleic acids or direct DNA damage [Kyrtopoulos et al., 1997]. However,
DTIC has a low response rate in patients (<20%) [Lev et al., 2003; Erdei and Torres,
2010] and causes multiple side effects in over 90% of patients [Foletto et al., 2014; Lee et
al., 2012].
Melanoma cells are able to co-opt immune cells to produce an immunosuppressive
microenvironment, thus promoting malignant transformation and progression [Umansky
and Sevko, 2012]. Immunotherapy aims to enhance the immune defence, such as increase
the number or natural function of cytotoxic T lymphocytes (CTL) to kill cancer cells
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[Levings et al., 2001]. Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) is
considered as an ‘immune checkpoint’ that suppresses the activation of T cells [Melero et
al., 2007]. Programmed death 1 (PD-1) receptor functions similarly to CTLA-4. PD-1
negatively regulates T-cell activation as an inhibitory receptor of T cells [Russo et al.,
2014]. The FDA of the U.S. approved anti-CLTA4 (ipilimumab) and anti-PD-1
(pembrolizumab and nivolumab) antibodies have been shown to increase the survival rate
of advanced melanoma patients [Schadendorf et al., 2015; Robert et al., 2015; Hodi et al.,
2010]. However, the high cost of immunotherapy, the immune-related adverse events and
emerging drug resistance hampered the clinical use of these immunotherapeutic agents
[Ledford, 2013; Aris and Barrio, 2015].
It has been demonstrated that up to 66% of melanomas carry activating mutations in
BRAF gene [Singh and Salama, 2016]. V600E is the most common variant of BRAF
mutations in melanoma [Libra et al., 2005; Singh and Salama, 2016]. Clinical
applications of vemurafenib and dabrafenib, the selective BRAFV600 inhibitors, have
shown remarkable results in treating BRAF-mutated melanoma [Chapman et al., 2011].
However, the acquired drug resistance frequently appear after several months of these
targeted therapies [Poulikakos and Rosen, 2011; Liu et al., 2013a]. Reactivation of the
MAPK signaling seems to promote the acquired resistance to BRAF inhibitor in
melanoma [Chapman, 2013; Rizos et al., 2014; Singh and Salama, 2016]. Trametinib, a
MEK inhibitor that selectively inhibits MAPK signaling pathway, has been approved by
U.S. FDA for treating melanoma [Holderfield et al., 2014]. As monotherapy, trametinib
has shown a significant clinical efficiency in treating advanced melanoma comparing
with conventional chemotherapy [Russo et al., 2014; Singh and Salama, 2016], but
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results in a lower response rate in patients comparing with the BRAF targeted therapy
[Russo et al., 2014]. Combination of BRAF and MEK inhibitors partially overcomes the
acquired resistance to BRAF inhibitors and exerts less side effects in patients compared
with single agent [Foletto and Haas, 2014]. Consequently, combination of BRAF and
MEK inhibitors is the current standard in management of melanoma patients with BRAF
mutations [Garbe et al., 2016; Singh and Salama, 2016]. However, not all cases of
acquired resistance to BRAF inhibitor are due to reactivation of the MAPK pathway
[Ascierto et al., 2016]. Patients acquiring resistance to BRAF inhibitors usually show
resistance to MEK inhibitors too [Russo et al., 2014]. It is recently reported that acquired
drug resistances is related to the activation of AKT pathway and STAT3 pathway in
melanoma [Spagnolo et al., 2014; Liu et al., 2013a; Perna et al., 2015; Vultur et al.,
2014]. New targeted therapies for melanoma are still needed.
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1.2 Signal transducer and activator of transcription 3 (STAT3)
STAT family members (STAT1, 2, 3, 4, 5a, 5b and 6) are the transcription factors
that regulate cell growth, survival and motility [Clevenger, 2004]. Table 1.2 shows the
human cancers harbouring activation of STATs. Among the seven STAT members, STAT3
is most often related to tumorigenesis [Pensa et al., 2009; Xiong et al., 2014]. STAT3
signaling can be activated by growth factors, cytokines, hormones and oncogenes
[Dewilde et al., 2008; Wang et al., 2013]. STAT3 is transiently activated in normal cells,
but continuously activated in nearly 70% of diverse human cancers such as melanoma
[Rébé et al., 2013; Kortylewski et al., 2005a; Niu et al., 2002a; Pensa et al., 2009; Fagard
et al., 2013]. The constitutive phosphorylation of STAT3 at Tyr705 residue is observed in
a number of melanoma cell lines and clinical specimens [Buettner et al., 2002; Wang et
al., 2004; Yu and Jove, 2004]. STAT3 might be essential for the melanoma progression
and might be a target of melanoma management.
Table 1.2 Activation of STATs in human cancers

Summarized from [Yu and Jove, 2004]
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1.2.1

Role of STAT3 in melanoma progression

As a transcriptional factor, STAT3 regulates various gene expressions (Table 1.3) in
response to the malignance of melanoma [Yu et al., 2009]. STAT3 promotes the
melanoma cell survival and proliferation by increasing the expression levels of the antiapoptotic (Bcl-xL, surviving, and Mcl-1) and pro-proliferative (cyclin D1, c-Myc) genes,
while inhibiting p53 tumor suppressor gene [Kortylewski et al., 2005a; Niu et al., 2002b].
Besides observed in the primary melanoma, activation of STAT3 is also found in the
metastatic melanoma tissues [Niu et al., 2002b; Xie et al., 2006]. STAT3 activity is
significantly increased in the human brain metastasis specimens when compared to the
primary melanoma samples [Xie et al., 2006]. The up-regulated expressions of vascular
endothelial growth factor (VEGF), bFGF, metalloproteinase 2 (MMP2), MMP9 and twist
by STAT3, play positive roles in melanoma metastasis through promoting the cell
invasion and angiogenesis [Niu et al., 2002a; Xie et al., 2004; Xie et al., 2006; Cheng et
al., 2008; Kortylewski et al., 2005a;Orgaz et al., 2014]. Activation of STAT3 inhibits
several immune-stimulating genes, such as IL-12, interferon β (IFNβ), CD80, CD86,
CXCL10, RANTES (CCL5) and major histocompatibility complex (MHC) class II, and
ultimately leads to melanoma immunosuppression [Yu et al., 2007; Yu et al., 2009]. In
conclusion, STAT3 is essential for melanoma progression. The activation of STAT3
facilitates melanoma growth, metastasis, angiogenesis and immune evasion (Figure 1.3)
[Bromberg et al., 2002; Yu and Jove, 2004; Xiong et al., 2014; Xie et al., 2004; Xie et al.,
2006; Kortylewski et al., 2005a]. Targeting STAT3 may be a good strategy for melanoma
therapy.
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Table 1.3 STAT3 target genes
Upregulated by STAT3

Downregulated by STAT3

BCL-XL, MYC, BRIC5 (encodes survivin),
MMP9, MMP2, CCND1 (encodes cyclin D1),
IL-12A, CD80, CD86, CXCL10
HIF1α, ICAM1, TWIST1, VIM (encodes
(IP-10), IFNγ, IFNβ, CCL5
vimentin), MCL1, HSP70, HSP90, IL-10, VEGF,
(RANTES), NOS2, IL-8, IL-1β
FGF2 (BFGF), COX2, CXCL12, IL-11, IL-23,
IL-21, IL-17, IL-6

Summarized from [Yu et al., 2009]

Figure 1.3 Roles of constitutively activated STAT3 in melanoma
[Kortylewski et al., 2005a]
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1.2.2

Routes to constitutive activation of STAT3 in melanoma

Constitutive activation of STAT3 has been detected in a majority of human tumor
specimens including melanoma [Xie et al., 2006]. Both the extrinsic and intrinsic
pathways can activate STAT3 in cancer (Figure 1.4). Oncogenic and pro-inflammatory
cytokines and chemokines produced by the stimulation of environmental factors (e.g. UV
radiation, infection, chemical carcinogens, stress and smoke) and from melanoma
autocrime increase the phosphorylation of STAT3 [Yu et al., 2009]. Phosphorylation of
STAT3 at Tyr705 promotes dimerization. These STAT3 dimers would translocate into
the nucleus and directly regulate the transcription of genes whose protein products
promote melanoma progression. Some STAT3 up-regulated genes, such as IL-6, COX2,
IL-10, CXCL12, VEGF, FGF2, IL-17, IL-11, IL-23 and IL-21, are also the activators of
STAT3 [Niu et al., 2002a; Yu et al., 2009; Lu et al., 2006]. These feedforward loops
lead to the constitutive activation of STAT3 in melanoma [Yu et al., 2009]. Besides the
abundant oncogenic and pro-inflammatory factors in the melanoma microenvironment,
the persistent activation of growth factor receptors and cytokine receptors, as well as the
excessive tyrosine kinase activities in melanoma are required for the constitutive
activation process of STAT3 [Yu and Jove, 2004]. The epidermal growth factor receptor
(EGFR) is responsible for STAT3 activation, and mediates the cell growth in non-small
cell lung cancer, head and neck cancer, breast cancer, and melanoma [Grandis et al., 1998;
Berclaz et al., 2001; Harada et al., 2014; Girotti et al., 2013; Kamran et al., 2013]. Src, a
non-receptor tyrosine kinase, is shown to be able to phosphorylate STAT3 [Niu et al.,
2002b]. It is reported that the EGFR-Src-STAT3 pathway drive the proliferation, invasion,
and lung colonization in drug-resistant BRAF-mutant melanoma cells [Girotti et al.,
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2013]. These observations suggest that EGFR-Src-STAT3 pathway may be a promising
target for melanoma treatment.
Besides the tyrosine kinases, toll like receptors (TLRs), especially the TLR4, are
recently identified to be important in activating STAT3 signaling in cancers [Yu et al.,
2014a; Ying et al., 2013; Lin et al., 2015]. It has been shown that TLR4 signaling
activates Twist 1 via NANOG cooperates with STAT3 and promotes liver tumorigenesis
[Uthaya et al., 2016]. TLR4 signaling promotes a COX-2/PGE2/STAT3 positive
feedback loop in hepatocellular carcinoma (HCC) cells which contributes to the HCC cell
proliferation and multidrug resistance (MDR) to chemotherapies [Lin et al., 2015].
However, the relationship between TLR4 signaling and the activation of STAT3 in
melanoma are unclear.

Figure 1.4 STAT3 can be activated through the extrinsic and intrinsic pathways.
[Yu et al., 2009]
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1.2.3

Strategies of targeting STAT3 for melanoma management

Because it is constitutively activated and is enssential for the development of
melanoma, STAT3 has promise as a drug target for melanoma therapy. There are two
major strategies for inhibiting the STAT3 signaling: 1) Indirect blocking, e.g. inhibitors
of cell surface receptor or upstream tyrosin kinases; 2) Direct inhibition, e.g. inhibitors
targeting one of the three structural domains (SH2 domain, DNA binding domain, and Nterminal domain) of STAT3, which suppress STAT3 signaling by inhibting
phosphorylation, dimerization, nuclear translocation or DNA binding [Xiong et al., 2014;
Furtek et al., 2016; Tomohiro, 2016]. Table 1.4 lists the names and mechanism of action
of the agents reported to date that targeting STAT3 to exert the anticancer activity.

Table 1.4 Currently available STAT3 inhibitors

Inhibitor Name

Mechanism of
Action

Cancer Type

PY*LKTK

SH2 domain
inhibitor

Breast and lung cancer

S31-M2001

SH2 domain
inhibitor

Breast cancer

S31-1757

SH2 domain
inhibitor

Breast and lung cancer

Cryptotashinone

SH2 domain
inhibitor

Prostate cancer

STA-21

SH2 domain
inhibitor

Breast cancer
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Table1.4 (Continued)
Stattic

SH2 domain
inhibitor

Breast cancer

S3I-201

SH2 domain
inhibitor

Breast cancer, prostate cancer, acute
myeloid leukemia
and human multiple myeloma

BP-1-102

SH2 domain
inhibitor

Breast and Lung cancer

Celecoxib

SH2 domain
inhibitor

Human rhabdomyosarcoma

SPI

SH2 domain
inhibitor

Breast, pancreatic, prostate,
and non-small cell lung cancer cells

HIC 1

DNA binding
domain inhibitor

Breast cancer

IS3-295

DNA binding
domain inhibitor

Colon tumor

DBD-1

DNA binding
domain inhibitor

Melanoma

Benzyl
isothiocyanate

DNA binding
domain inhibitor

Breast and pancreatic cancer

ST3-H2A2

N-terminal
domain inhibitor

Prostate cancer

G-quartet ODN

Oligonucleotide
inhibitor

Head and neck, breast
and prostate cancers

SiRNA to
STAT3

SiRNA

Laryngeal, breast, lymphoma, prostate and
melanoma

KDI1

RTK inhibitor

Vulval and breast cancer

PD153035

RTK inhibitor

Oral squamous carcinoma

Ponatinib

FGFR inhibitor

Rhabdomyosarcoma

AG490

JAK inhibitor

Pancreatic cancer
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Table1.4 (Continued)
WP1066

JAK inhibitor

Acute myelogenous leukemia

TG101209

JAK2 inhibitor

Acute myeloid leukemia

AZD1480

JAK inhibitor

Myeloma,Neuroblastoma and Pediatric
Sarcomas

Dasatinib

Src and PDGF
inhibitor

Synovial sarcoma, hepatocellular
carcinoma, glioma, prostate cancer

PP2

Src inhibitor

Intestinal epithelial cell

KX2-391

Src inhibitor

Prostate cancer

AZD0530

Src inhibitor

Melanoma

E738

Src and JAK
inhibitor

Pancreatic cancer

MLS-2384

Src and JAK
inhibitor

Prostate, breast, skin, ovarian,
lung, and liver cancer

Sophoraflavanone G

Src and JAK
inhibitor

Breast, prostate, lymphoma,human multiple
myeloma,large cell lung cancer, colorectal
carcinoma

HJC0152

JAK2 and STAT3
inhibitor

Breast cancer

HJC0123

STAT3 inhibitor

Breast cancer

OPB-31121

STAT3 inhibitor

Gastric cancer

OPB-51602

STAT3 inhibitor

Non-small cell lung cancer

Xanthohumol

STAT3 and
EGFR inhibitor

Breast cancer

Brevilin A

JAKs inhibitor

Breast cancer

Summarized from [Xiong et al., 2014; Tomohiro, 2016]
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Besides, novel STAT3 inhibitors are under development. The activation of
endogenous STAT3-suppressing molecules such as protein inhibitor of activated STAT3
(PIAS3), suppressor of cytokine signaling 3 (SOCS3), SHP1 and SHP2, are also a
strategy for inhibiting STAT3 [Tomohiro, 2016]. Although STAT3 inhibitors have not
been approved for clinical use in cancer treatment yet, some of them have been
undergoing clinical trials. A Phase 0 study (NCT00696176) of NSC-741763 (STAT3
decoy oligonucleotide) for head and neck cancer and a Phase I/II study (NCT01563302)
of AZD9150 (a next-generation antisense oligonucleotide inhibitor of STAT3) for
advanced cancers [Hong et al., 2015; Sen et al., 2012] are ongoing. A Phase I trial of
OPB-51602 (an oral STAT3 phosphorylation inhibitor) was performed in patients with
refractory haematological (NCT01344876) and solid malignancies (NCT01184807)
[Tomohiro, 2016]. OPB-31121 is an oral STAT3 inhibitor that directly inhibits both
STAT3 and STAT5 phosphorylation without inhibiting upstream kinase. Phase I trial
(NCT00955812) showed that OPB-31121 was well tolerated in patients with advanced
solid tumor [Oh et al., 2015]. However, it exerted low antitumor effect on advanced
hepatocellular carcinoma in the phase I/II trial (NCT01406574) [Okusaka et al., 2015].
More clinical trials of using STAT3 inhibitors are required.
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1.3 Toll like receptor 4 (TLR4)
Toll like receptors (TLRs) are located on the cell surface (TLR1, 2, 4, 5, 6) or in the
endosomal compartments (TLR3, 7, 8, 9) [Nishiya and DeFranco, 2004]. TLRs have the
ability to recognize pathogen-associated molecular patterns (PAMPs) and damageassociated molecular patterns (DAMPs) [Burns and Yusuf, 2014]. After recognition of
their respective ligands, TLRs dimerize and trigger a cytoplasmic signaling that results in
activation of several nuclear factors responsible for transcription of inflammatory genes
to induce inflammation [Oblak and Jerala, 2011; Kawai and Akira, 2006]. TLR4 is
expressed on diverse immune cells and cancer cells, but its activation may have opposing
effects in different cell types [Oblak and Jerala, 2011]. It is well known that TLR4 can be
activated by lipopolysaccharide (LPS), an outer membrane component of Gram-negative
bacteria. The activation of TLR4 involves several auxiliary proteins, such as LPS binding
protein (LBP) and cluster of differentiation 14 (CD14), as well as a coreceptor MD-2.
MD-2 collaborates with TLR4 on the cell surface and enables TLR4 to respond to LPS
(Figure 1.5) [Park et al., 2009]. In most of the immune cells, TLR4 activation can
promote the antitumor immunity. However, it would result in the cancer progression and
immunosuppression when TLR4 is activated in the tumor cells [Dajon et al., 2017; Basith
et al., 2012; Oblak and Jerala, 2011; Huang et al., 2008].
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Figure 1.5 Overall structure of the TLR4-MD-2-LPS complex. a) Top view of the
symmetrical dimer of the TLR4-MD-2-LPS complex. b) Side view of the complex. The
lipid A component of LPS is coloured red, and the inner core carbohydrates of LPS are
coloured pink. The module numbers of the LRRs in TLR4 and the names of the beta
strands in MD-2 are written in black. TLR4 is divided into N-, central and C-terminal
domains. The LRRNT and LRRCT modules cover the amino and carboxy termini of the
LRR modules. [Park et al., 2009]
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1.3.1 The TLR4 signaling pathways
The process of TLR4 recognizing LPS is enhanced by LBP, which carries LPS to
the CD14 molecule. CD14 splits LPS aggregates into monomeric molecules and presents
them to the MD-2-TLR4 complex [Park et al., 2013]. Figure 1.6 depicts the two parallel
signaling pathways induced by TLR4 activation. The activation of TLR4 leads to the
recruitment of myeloid differentiation primary response gene 88 (MYD88) and MYD88adaptor-like (MAL) protein as well as the activation of interleukin-1 receptor-associated
kinase 4 (IRAK4), which engages with the nuclear factor (NF)-κB and activating protein1 (AP-1), leading to the induction of pro-inflammatory cytokines [Núñez et al., 2007;
Hennessy et al., 2010]. Activation of TLR4 also recruits the TIR domain-containing
adaptor-inducing interferon-β (TRIF) and TRIF-related adaptor molecule (TRAM) from
endosomes, which leads to the activation of the transcription factor interferon regulatory
factor 3 (IRF3) and the induction of interferons (IFNs) [Hennessy et al., 2010].
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Figure 1.6 TLR4 signaling pathways [Núñez et al., 2007]
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1.3.2 Role of TLR4 in melanoma progression
TLRs primarily known for the pathogen recognition are centrally involved in the
initiation of the innate and adaptive immune responses. Nevertheless, the increasing
evidence demonstrates that functional TLRs are expressed on many kinds of cancer cells,
which indicates that TLRs may play crucial roles in tumor biology [Huang et al., 2008].
TLR4 is expressed on both human and mouse melanoma cell lines and its expression is
upregulated in several human metastatic melanoma cell lines [Oblak and Jerala, 2011;
Burns and Yusuf, 2014]. It is reported that TLR4 is expressed in 90% of human primary
melanoma lesions (26/29 samples) and 93% of human metastatic lesions (26/28 samples)
[Takazawa et al., 2014]. Accumulating evidences show that activation of TLR4 induces
chronic inflammation, which may finally cause skin cancer [Bald et al., 2015; Bald et al.,
2014; Burns and Yusuf, 2014; Oblak and Jerala, 2011; Goto et al., 2008]. TLR4 ligands
are required for the activation of TLR4 signaling in cancer. The contribution of TLR4
ligands in melanoma tumorigenesis have been revealed recently. LPS, a well-known
ligand of TLR4, increased the growth and migration of TLR4(+) melanoma cells but not
of TLR4(‒) melanoma cells [Takazawa et al., 2014], and had potent facilitating effect on
experimental metastasis in mice when administrated intraperitoneally (i.p.) [Yu et al.,
2014b]. HMGB1, a putative edogenous TLR4 ligand, functions as a DAMP and is overexpressed in melanoma [Miller, 2008]. The UV radiation-induced inflammation promotes
angiogenesis and metastasis in melanoma through recruitment and activation of
neutrophils, which is induced by the secretion of HMGB1 from UV-damaged
keratinocytes via TLR4 signaling [Bald et al., 2014]. Angiotensin II, another edogenous
TLR4 ligand, promotes melanogenesis via angiotensin II type 1 (AT 1) receptor in human

25

melanocytes [Liu et al., 2015]. Inhibition of AT 1 receptor limits tumor-associated
angiogenesis and attenuates growth of murine melanoma [Otake et al., 2010]. In
conclusion, TLR4 signaling promotes melanoma tumor growth, metastasis and
angiogenesis, and may be a target for melanoma therapy.

1.3.3 Crosstalk between TLR4 signaling and STAT3 signaling
STAT3 is the oncogene that contributes to the cancer development. The role of
TLR4 in the process of STAT3 activation has been recently demonstrated. Since IL-6 is
one of the pro-inflammatory cytokines produced by TLR4 activation [Palmer et al., 2015]
and activates STAT3 in diverse tumors [Yu et al., 2014a], it may be a key regulator of the
link between TLR4 signaling and STAT3 signaling. It has been reported that growthassociated protein 43 (GAP43) can be induced by LPS through the TLR4/NF-κB/IL6/STAT3 axis in rat brain astrocytes [Hung et al., 2016]. LPS can activate STAT3 in
splenic dendritic cells (DCs) [Kortylewski et al., 2009] and induces nuclear translocation
of STAT3 in TLR4-expressing astrocytes [Nakano et al., 2015]. IL-6/STAT3 signaling is
a critical modulator of LPS-driven proinflammatory responses through cross-talk
regulation of the TLR4/Mal signalling [Campbell et al., 2014]. Activation of TLR4
signaling induces IL-10 expression via activation of p38 and JNK, and increases the
activation of STAT3 in bladder epithelial cells (BECs) [Ying et al., 2013]. In cancer, the
crosstalk between TLR4 signaling and STAT3 signaling has also been reported.
Angiotensin II-induced TLR4 mediated abdominal aortic aneurysm (AAA) formation in
mice is dependent on STAT3 activation [Qin et al., 2015]. Increased TLR4 expression in
intestinal epithelial cells activates STAT3 to promote colon tumour growth in mice [Yu et
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al., 2014a; Eyking et al., 2011]. In the liver cancer, TLR4 signaling activate Twist1 via
NANOG cooperates with STAT3 and results in the tumorigenesis [Uthaya et al., 2016].
TLR4 signaling promotes a COX-2/PGE2/STAT3 positive feedback loop which
contributes to the liver cancer cell proliferation and drug resistance [Lin et al., 2015]. In a
word, the crosstalk between TLR4 siganling and STAT3 signaling is important for cancer
development, which suggests that both TLR4 and STAT3 might serve as therapeutic
targets in the treatment of cancer. However, whether TLR4 is involved in the activation
of STAT3 in melanoma has not been demonstrated so far.

1.4 Chinese medicinal herbs for melanoma treatment
Using Chinese medicinal herbs to treat cancer in China has a long history. The
earliest records of tumors date back to around 16th–11th century B.C. in China [Li et al.,
2013; Hong et al., 2016]. The traditional Chinese medicine (TCM) doctors consider that
the imbalance of Yin and Yang in the internal body induces toxin and heat accumulation,
as well as blood stasis, which weaken the capability of defence against external
carcinogenic factors and consequently result in tumorigenesis [Li et al., 2013]. Chinese
medicinal herbs have been applied for the cancer prevention and treatment for ages [Hong
et al., 2016]. Becuase of their multicomponent and multitarget natures, Chinese medicinal
herbs affect the whole body system via recovering the internal balance, which is believed
to enhance the endogenous resistance of the organism to cancer [Nie et al., 2016].
Melanoma is black in color, which indicates a kidney deficiency in TCM theory (黑
為腎色) [He et al., 2013]. Base on the theory that kidney and spleen respectively are the
origin of congenital and acquired constitution (腎為先天之本，脾為後天之本), TCM
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doctors believe that tonification of spleen and kidney is a good strategy for melanoma
management. Table 1.5 lists the spleen-tonifying and/or kidney-nourishing Chinese
medicinal herbs which are commonly prescribed by the TCM doctors for treating
melanoma [He et al., 2013; Liu et al., 2015; Cheng et al., 2013; You, 2005a,b; You, 2006;
Duan, 1986].

Table 1.5 Spleen-tonifying and/or kidney-nourishing Chinese medicinal herbs
commonly used in melanoma treatment
Pin Yin

Chinese name

English name

Reference
He et al., 2013;

Shanzhuyu

山茱萸

Fructus Corni

Liu et al., 2015;
Cheng et al., 2013;

Shanyao

Rhizoma

山藥

Dioscoreae

He et al., 2013;
Liu et al., 2015;
Cheng et al., 2013;
He et al., 2013;

Baizhu

白朮

Rhizoma

You, 2005a,b;

Atractylodis

You, 2006;

Macrocephalae

Liu et al., 2015;
Cheng et al., 2013;

Radix
Niuxi

牛膝

Achyranthis

He et al., 2013

Bidentatae
Rougui

肉桂

Sangjisheng

桑寄生
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Cortex

You, 2005a,b

Cinnamomi

Duan, 1986;

Herba Taxilli

He et al., 2013

Table 1.5 (Continued)
He et al., 2013;
Xiao, 1982;
Gancao

甘草

Radix

You, 2005a,b;

Glycyrrhizae

You, 2006;
Liu et al., 2015;
Cheng et al., 2013;

Dazao

大棗

Jujube

You, 2005a;
Cheng et al., 2013;
You, 2005a,b;

Gouqi

枸杞

Fructus Lycii

You, 2006;
Liu et al., 2015;
Cheng et al., 2013;
You, 2005a,b;

Yiyiren

薏苡仁

Semen Coicis

You, 2006;
Duan, 1986;
Liu et al., 2015

Siberian
Huangjing

黃精

Solomonseal
Rhizome

Tusizi

菟絲子

Yizhiren

益智仁

Semen Cuscutae
Fructus Alpiniae
Oxyphyllae

You, 2005a;
You, 2006;
Liu et al., 2015;
Cheng et al., 2013;
You, 2005a,b;
You, 2006
Cheng et al., 2013

It has been demonstrated that inflammation plays an important role in melanoma
progression, and the ulceration is usually found in the advanced melanoma [Bald et al.,
2014]. TCM doctors consider that inflammation is caused by the heat, dampness, and
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toxins that accumulate in the lesions [Wu et al., 1999]. So the Chinese medicinal herbs
with the activities of clearing damp-heat and/or toxic-heat are also commonly applied by
the TCM doctors to treat melanoma (Table 1.6) [You, 2005a,b; You, 2006; Liu et al.,
2015; Zhou, 2003; Cheng et al., 2013].

Table 1.6 Heat-clearing Chinese medicinal herbs commonly used in melanoma
treatment
Pin Yin
Huangbo

Baihuasheshecao

Chinese name

English name
Cortex

黃柏

Phellodendri

Spreading

白花蛇舌草

Hedyotis Herb

Reference
You, 2005a,b;
You, 2006;
Liu et al., 2015
Liu et al., 2015;
Cheng et al.,
2013;
Zhou, 2003;

Jinyinhua

金銀花

Flos Lonicerae

Xiao, 1982
Liu et al., 2015
You, 2005b;

Zihuadiding

Dahuang

Pugongying

紫花地丁

大黃

Herba Violae
Radix Et Rhizoma
Rhei

蒲公英

Herba Taraxaci

Zhou, 2003
You, 2005a,b;
You, 2006;
Liu et al., 2015
Zhou, 2003
Liu et al., 2015;

Xiakucao

夏枯草

Spica Prunellae

You, 2005b;
You, 2006

Yuxingcao

魚腥草

Herba Houttuyniae
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Liu et al., 2015

Table 1.6 (Continued)
He et al., 2013;
Xiao, 1982;
You, 2005a,b;
Shengdihuang

生地黃

You, 2006;

Radix Rehmanniae

Liu et al., 2015
Cheng et al.,
2013;
Huanglian

黃連

Qinghao

青蒿

Rhizoma Coptidis

Liu et al., 2015

Herba Artemisiae

You, 2005a,b;

Annuae

You, 2006;
He et al., 2013;

菊花

Juhua

Zhou, 2003;

Flos Chrysanthemi

Xiao, 1982

In conclusion, Chinese medicinal herbs have long been used in melanoma
management. Identification of their bioactive compounds and elucidation of their
molecular mechanisms of action will provide the pharmacological and chemical
justification for the clinical use of these herbs in melanoma treatment, which contribute to
bring Chinese medicinal herbs into mainstream medicine.

1.5 Atractylenolide II (AT-II)
Atractylenolide II (AT-II) is a sesquiterpene compound isolated from the
dried rhizome

of Atractylodes

Rhizoma, Baizhu in

macrocephala Koidz. (Atractylodis

Chinese). The

content

of

AT-II

in

Macrocephalae

dried

Atractylodis

Macrocephalae Rhizoma is about 0.31 mg/g [Qi et al., 2012]. Its structural formula
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is shown in Figure 1.7.

Figure 1.7 Chemical structure of AT-II

1.5.1 Clinical use of Atractylodis Macrocephalae Rhizoma for cancer treatment
Atractylodis Macrocephalae Rhizoma is a traditional Chinese medicinal herb mainly
used for tonifying Qi and commonly prescribed by Chinese medicine doctors for cancer
management. Several formulas containing Atractylodis Macrocephalae Rhizoma have
been demonstrated to have anti-tumor activities in liver, lung, breast, gastric and
colorectal cancers, as well as melanoma [Kuo et al., 2012;Liao et al., 2013; Ye et al.,
2015; Wang et al., 2008; He et al., 2013; You, 2005a,b; You, 2006; Liu et al., 2015;
Cheng et al., 2013]. Besides having good efficacy in cancer treatment, Atractylodis
Macrocephalae Rhizoma-containing formulas usually are considered as safe alternative
adjuvant treatments for patients with cancer, because of their effects on improving the
quality of patient’s life and palliating the cancer-related symptoms [Kuo et al., 2012; Ye
et al., 2015]. Many prescriptions of herbal medicines containing Atractylodis
Macrocephalae Rhizoma process satisfactory therapeutic effects on melanoma [He et al.,
2013; You, 2005a,b; You, 2006; Liu et al., 2015; Cheng et al., 2013]. However, the

32

active components and the mechanisms of action of Atractylodis Macrocephalae
Rhizoma in melanoma treatment remain incompletely understood.
1.5.2 Bioavailability and safety of AT-II

Atractylodis Macrocephalae Rhizoma contains a large amount of sesquiterpene
compounds such as atractylenolides [Zhang and Luo, 2008]. AT-I (Figure 1.8-A), AT-II
and AT-III (Figure 1.8-B) are three main atractylenolides present in Atractylodis

Macrocephalae Rhizoma which exhibit well-documented bioactivities including antiinflammation, anti-cancer, etc. The permeability and cellular accumulation of these three
atractylenolides in a human Caco-2 cell monolayer model suggest that they can be well
absorbed [Guo et al., 2011]. Another study about quantitative measurement of AT-II in rat
plasma by reversed-phase high-performance liquid chromatography (HPLC) showed that
after oral administration of 60 mg/kg AT-II within 24 h, the tmax (time to reach maximum
concentration), t1/2α (distributive half-life) and t1/2β (elimination half-life) were 0.41 h, 0.52
h and 7.06 h, respectively, which indicate that AT-II was absorbed rapidly, distributed fast
and was eliminated slowly in rats [Ge et al., 2007]. Based on these studies, we conclude
that AT-II has good oral bioavailability.

Figure 1.8 Chemical structure of AT-I (A) and AT-III (B)

A dietary supplement namely Letrone, whose key ingredient is Atractylodis
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Macrocephalae Rhizoma (other ingredients are cellulose, magnesium stearate and
titanium dioxide), has been used by healthy adults [Black Lion Research, 2015]. Letrone
is a strong estrogen blocker through inhibiting the aromatase to block the estrogen
production. AT-I, AT-II and AT-III, the three main bioactive components of Atractylodis

Macrocephalae Rhizoma, have been shown to exert inhibitiory effects on aromatase
activity. They are possibly present in this product. The recommended dose of Letrone is
500-1000 mg daily. No side-effect has been reported for this product yet, and its good
effectiveness is well recognized by customers. In a randomized pilot study, orally taking
of AT-I, the homologous compound of AT-II, alleviates symptoms of gastric cancer
cachexia and modulates the cancer-related cytokines and factors in patients [Liu et al.,
2008; Liu et al., 2005]. It is reported that AT-II did not show cytotoxic effects on rat
gastric mucosal cells and small intestinal epithelial cells (IEC-6) [Wang et al., 2010; Gao
et al., 2015]. In light of the above studies, we speculate that AT-II is a safe agent with
high oral bioavailability.

1.5.3 Bioactivities of AT-II
AT-II is one of the main bioactive substancespresent in Atractylodis

Macrocephalae Rhizoma. It has been shown that AT-II exerts anti-cancer, antiinflammation, anti-bacteria, anti-thrombosis and neuroprotection effects.
1.5.3.1 Anti-inflammation, anti-thrombosis and other bioactivities
Inflammation plays an important role in melanoma initiation and progression. Antiinflammation may be a good strategy for prevention and treatment of melanoma. It has
been reported that AT-I, AT-II, AT-III as well as atractylone possess anti-inflammatory
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effects in a cotton pellet induced granuloma rat model [Sin et al., 1989]. Studies also
demonstrated that AT-I and AT-III inhibit LPS-induced TNF-α and NO production
through inhibiting the TLR4/NF-κB and MAPK pathways in macrophages [Li et al., 2007;
Ji et al., 2014; Ji et al., 2016; Zhang et al., 2015]. However, whether AT-II exerts antiinflammatory effects through the TLR4/NF-κB and MAPK pathways is unclear.
The close relationship between thrombosis and mortality of cancer has been
established [Falanga, 2011; Connolly and Francis, 2013; Winters and Garcia, 2010;
Elyamany et al., 2014]. Promoting blood circulation to dissipate blood stasis is also a
TCM strategy for treating cancer. Evidences are now being focused on the potential of
antithrombotic regimens to prolong survival of cancer patients [Hoffman et al., 2011]. It
is reported that AT-II and AT-III but not AT-I attenuated the agonist-induced platelet
aggregation, restricted the spreading of human platelets on immobilized fibrinogen,
delayed clot retraction in platelet-depleted plasma containing human platelets, prolonged
first occlusion time of ferric chloride-induced carotid arterial thrombosis, and extended
the bleeding time [Chen et al., 2016]. These findings suggest that AT-II is a potential
agent for the prevention of thrombosis.
It was newly reported that AT-II has a protective effect on 1-methyl-4phenylpyridinium (MPP+)‐induced neurodegeneration, which indicates the potential
neuroprotective activity of AT-II [Zhang et al., 2017]. AT-II significantly increases
glucose uptake in C2C12 myotubes and promotes GLUT4 translocation to the plasma
membrane, which may be associated with its effects on the activation of AMP-activated
protein kinase (AMPK) and PI3K/Akt pathways [Chao et al., 2016]. Moreover, AT-II
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attenuates TNF-α-induced insulin resistance in C2C12 myotubes, suggesting a beneficial
role of AT-II in overcoming insulin resistance [Chao et al., 2016].
1.5.3.2 Anti-cancer activities
Mounting studies have demonstrated the anti-cancer activities of atractylenolides. It
is reported that AT-I inhibits the growth of a variety of cancer calls, such as ovarian
cancer cells, bladder cancer cells, lung carcinoma cells, leukemia cells, melanoma cells,
and so on [Huang et al., 2014; Liu et al., 2016; Wang et al., 2002; Liu et al., 2013b; Ye et
al., 2011a; Ye et al., 2015; Pan and Song, 2015; Yu et al., 2016; Ma et al., 2014]. AT-I
reverses the ovarian cancer cell-mediated immunosuppression and sensitizes ovarian
cancer cells to paclitaxel by blocking activation of TLR4/MyD88-dependent pathway
[Huang et al., 2014; Liu et al., 2016]. AT-I exerts in vivo and in vitro anti-cancer effects in
bladder cancer, which may rely on the activation of the mitochondrial apoptotic pathway
and inhibition of the PI3K/Akt/mTOR signaling pathway by AT-I [Yu et al., 2016]. AT-I
inactivates Notch1 and its downstream Hes1/Hey1, and attenuates gastric cancer stem
cell (GCSC) traits, which suggests a potential therapeutic effects of AT-I on gastric cancer
[Ma et al., 2014]. Although fewer researches have focused on the anti-cancer effects of
AT-II, recent studies reported that comparing with the effects of AT-I and AT-III, AT-II
exerts more potently inhibitory effect on the proliferation of colon cancer cells and
esophageal cancer cells. [Gao et al., 2013; Gao et al., 2015]. Our previous studies showed
that AT-II dose-dependently inhibited cell viability and migration, and induced
differentiation, cell cycle arrest and apoptosis of B16 murine melanoma cells, which
might be associated with the inhibition of PI3K/AKT signaling and modulation of MAPK
signaling [Ye et al., 2011a; Ye et al., 2011b]. These studies suggest that AT-II might be an
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effective agent for melanoma therapy. Nevertheless, further studies on the antimelaoma
properties of AT-II are needed.
1.6 Hypothesis and objectives
The STAT3 signaling pathways have been shown to be constitutively activated in
melanoma. TLR4 is an upstream mediator of STAT3, and has been demonstrated to
express in melanoma cells. Activation of STAT3 and/or TLR4 singaling promotes
melanoma growth, angiogenesis, metastasis and immune evasion. Targeting STAT3
signaling and TLR4 signaling have been proposed as strategies for melanoma therapy.
AT-II is a sesquiterpene compound that processes anti-melanoma effects in B16
mouse melanoma cells. Some sesquiterpenes have been reported to exhibit anticancer
effects by suppressing STAT3 signaling and/or TLR4 signaling [Chun et al., 2015;
Shanmugam et al., 2014; Qin et al., 2016; Li et al., 2015; Park et al., 2011]. AT-I, a
homologous compound of AT-II, has been shown to be a TLR4 inhibitor.
We hypothesize that AT-II exerts antimelanoma effects by targeting the
TLR4/STAT3 signaling.
To address this hypothesis, we proposed to:
1) Further investigate the antimelanoma effects of AT-II in vitro and in vivo.
2) Determine the involvement of STAT3 signaling in the antimelanoma effects of
AT-II.
3) Establish the TLR4/STAT3 signlaing pathway in melanoma.
4) Determine the involvement of TLR4/STAT3 signaling in the antimelanoma effects
of AT-II.
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CHAPTER 2
Materials and Methods
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2.1 Materials and reagents
AT-II is a gift from Ministry of Education Key Laboratory for standardization of
Chinese Medicines (Shanghai, China, purity > 98% as determined by HPLC). Dulbecco's
modified eagle medium (DMEM), trypsin-EDTA (0.25%), phosphate buffered saline
(PBS), penicillin-streptomycin-neomycin (PSN) antibiotic mixture and fetal bovine
serum (FBS) were bought from Gibco (Waltham, MA USA). The 3-(4,5-dimethyl-2thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) was obtained from Affymetrix (Santa
Clara, CA, USA). Dimethyl sulfoxide (DMSO), bovine serum albumins (BSA) and LPS
from Escherichia coli 0111:B4 purchased from Sigma-Aldrich (St. Louis, USA).
Synthetic monophosphoryl lipid A (MPLAs) was obtained from Invivogen (San Diego,
CA, USA). Human Phospho-Receptor Tyrosine Kinase Array kit was purchased from
R&D

Systems

(Minneapolis,

USA).

EnVision

DuoFLEX

Systems

for

immunohistochemistry staining was bought from Daco (Carpinteria, CA, USA). Annexin
V-FITC Apoptosis Detection Kit was bought from Abcam Biochemicals (Cambridge,
UK). TRIzol® Reagent and EGF recombinant human protein was bought from Thermo
Fisher Scientific (Waltham, MA USA). Reverse transcription kit for qPCR was obtained
from Takara (Otsu, Shiga, Japan.). qPCR/Real-Time PCR Reagents, solutions for
Western blot assay and Western blot protein ladders were purchased from Bio Rad
Laboratories (Philadelphia, PA,USA). Transwell® with 8.0µm Pore Polycarbonate
Membrane Insert was obtained from Coring (NY, USA). Lipofectermine 2000 was
bought from Invitrogen (Carlsbad, CA, USA). The primary antibodies used in this study
were listed at Table 2.1. The secondary antibodies, goat anti-rabbit IgG and goat antimouse IgG, were bought from Bio Rad Laboratories (Philadelphia, PA, USA).
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Table 2.1 Primary antibodies used in this study
Antibodies

Dilution

Manufacturer

phospho-STAT3 (Tyr 705)

1:1000

Cell Signaling

STAT3

1:1000

Cell Signaling

TLR4

1:1000

Santa Cruz

phospho-Src (Tyr 416)

1:1000

Cell Signaling

Src

1:1000

Cell Signaling

phospho-EGFR (Tyr 1068)

1:500

Cell Signaling

EGFR

1:500

Santa-Cruz

Mcl-1

1:1000

Cell Signaling

Bcl-xL

1:1000

Cell Signaling

VEGF

1:500

Santa Cruz

Twist

1:500

Santa-Cruz

Anti-Flag

1:1000

Sigma-Aldrich

CD31

1:1000

Abcam

GAPDH

1:1000

Santa Cruz
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2.2 Cell culture and AT-II treatment
All melanoma cells were maintained in DMEM medium supplemented with 10% FBS
(v/v), 100 μg/ml streptomycin and 100 units/ml penicillin. Cell cultures were incubated in
a humidified atmosphere with 5% CO2 at 37 °C. For all experiments, cells were seeded in
culture plates at a density of 30,000 cells/ml. After cell attachment, AT-II dissolved in
DMSO was added to the fresh culture medium at the indicated concentrations and
incubated with cells for the indicated time periods.

2.3 Cell viability assay
The cytotoxicities of AT-II on human melanoma cells were assessed by MTT assay.
Cells in 96-well plates were treated with AT-II at the indicated concentrations (0-120 µM),
and 10μl of MTT solution (5mg/ml) was added to each well after 24 h or 48 h incubation.
The plates were further incubated at 37 ℃ for 3 h following 100μl DMSO was added to
dissolve the formazan crystal. Optical absorbance was measured at 570nm using a
microplate spectrophotometer.
The viabilities of B16 and B16F10 cells were examined by the crystal violet staining
assay. Cells were seeded in the 6-well plates with the cell number of 1.8 × 104 cells per
well. After cell attachment, AT-II at the indicated concentrations (0-120 µM) was added
into the cultured medium and cells were incubated for additional 48 h. Then supernatants
were removed and cells were fixed using the 4% paraformaldehyde. After fixation, cells
were stained with the 0.1% crystal violet in 10% ethanol for 20 min. The culture wells
were washed using the PBS buffer and then photographed.
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2.4 Cell apoptosis assay
Flowcytometric analysis was used to examine the apoptotic effects of AT-II on
melanoma cells. Cells were treated with 0, 40, 80µM AT-II for 48 h. After incubation,
both detached and adherent cells were collected and double stained with annexin V and PI
using the Annexin V-FITC Apoptosis Detection Kit (Abcam, Cambridge, UK). For the
staining, cells were incubated in the label solution containing 5µl Annexin V, 5 µl PI and
100 µl 1X binding buffer for 15 min in darkness at room temperature. 400 µl 1X binding
buffer was added to stop the staining reaction. Then the cell apoptosis was detected using
a flow cytometer (BD Bioscience).

2.5 Cell migration assay
The wound healing assay was conducted to assess the effects of AT-II on melanoma
cell migration. When cells grew to 80% to 90% confluence in 6 well plates, a wound in
each well was created by using a 10 μl pipette tip. PBS was using to remove the cell
debris. Cells were incubated with AT-II in serum-free DMEM for 24 h. Migration of the
cells into the wound was photographed at 0 and 24 h, respectively. The wound width was
measured using the ImageJ software. The migration rate was calculated by the following
formula:
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2.6 Cell invasion assay
The effects of AT-II on melanoma cell invasion were examined by using the
Transwell® with 8.0µm Pore Polycarbonate Membrane Insert (Coring, NY, USA).
Briefly, cells in 350 μl of serum-free DMEM were seeded into the upper chambers. The
lower chambers were added with 750 μl DMEM supplemented with 10% FBS. Culture
plates were incubated at 37°C in a 5% CO2 atmosphere for 24 h. The cells that did not
invade through the filter were scraped from the insides of the inserts by using cotton
swabs. Cells migrated to the underside of the coated filter were fixed with 4%
paraformaldehyde and stained with crystal violet. Cells in five microscope areas were
counted and photographed.

2.7 Western blotting
Cells or tissues were lysed in RIPA lysis buffer containing 50 mM Tris-HCl, 1% NP40, 0.35% sodium-deoxycholate, 150 mM NaCl, 1 mM EDTA (pH7.4), 1 mM PMSF, 1
mM NaF, 1 mM Na3VO4 and 10 µg/mL each of aprotinin, leupetin and pepstatin A on ice
for at least 30 min. Then protein extracts were collected by centrifugation at 16,400g at
4°C for 15 min (for cell protein extraction) or 1 h (for tissue protein extraction). The
protein concentrations were detecting using the Bio-Rad protein assay reagent (Bio-Rad
Laboratories, Hercules, CA, USA). Protein samples were separated by 10% SDS-PAGE.
Then proteins were electro-transferred to a nitrocellulose membrane for 120 min under
350 mA. the nitrocellulose membrane (Amersham, Arlington Heights, IL, USA) carrying
transferred proteins was blocked by using 1X TBST with 5% w/v nonfat milk for 1 h at
room temperature and then incubated at 4 ℃ overnight with corresponding primary
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antibodies. Immunodetection was accomplished using horseradish peroxidase-conjugated
secondary antibody incubation for 1 h at room temperature, followed by ECL detection
system (Invitrogen, Carlsbad, CA, USA).

2.8 Real-time quantitative polymerase chain reaction (q-PCR) analysis
Cells were seeded in the 6-well plates for 24 h attachment following treated with 0,
20, or 40 μM AT-II. After 24 h of treatment, total RNA of the cells were extracted using
Trizol reagent (Thermo, USA) and reverse transcribed with Reverse transcription kit for
qPCR (Takara, Shiga, Japan) according to manufacturer’s protocol. q-PCR was conducted
using SYBR green reaction (Bio Rad, PA,USA) in the ViiA 7 real-time PCR system
(Applied Biosystems). Primer sequences were shown in Table 2.2. The gene expression
data was normalized to the endogenous control GAPDH. The relative expression levels of
genes were calculated according to the formula 2-ΔΔCt, where ΔCt is the difference in
threshold cycle values between the targets and GAPDH, and ΔΔCt = ΔCt sample – ΔCt
control.
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Table 2.2 Primers used for real-time PCR
Gene
GAPDH

Primer Sequence
Forward

(human) Reverse

GGTGTGAACCATGAGAAGTATGA
GAGTCCTTCCACGATACCAAAG

GAPDH

Forward

TCAACAGCAACTCCCACTCTTCCA

(mouse)

Reverse

ACCCTGTTGCTGTAGCCGTATTCA

MMP2

Forward

AAGTGGTCCGTGTGAAGTATG

(human) Reverse

GGTATCAGTGCAGCTGTTGTA

MMP2

Forward

CTGGAATGCCATCCCTGATAA

(mouse)

Reverse

GGTTCTCCAGCTTCAGGTAATAA

MMP9

Forward

GAACTTTGACAGCGACAAGAAG

(human) Reverse

CGGCACTGAGGAATGATCTAA

MMP9

Forward

CTGGAACTCACACGACATCTT

(mouse)

Reverse

TCCACCTTGTTCACCTCATTT

2.9 Plasmid transient transfection
To overexpress the constitutively activated STAT-3 in A375 cells, we transiently
transfected the A375 cells with STAT3-C Flag pRc/CMV (dominant active mutant of
STAT3) plasmid. The STAT3-C plasmid was obtained from Addgene (Cambridge, MA,
USA). Transfection of the plasmid into A375 cells was performed by using
Lipofectamine 2000 (Invitrogen, USA) according to the manufacture’s protocol. For each
transfection, 4 µl Lipofectermine 2000 was diluted in into 250 µl Opti-MEM transfection
medium and rest for 5 min at room temperature. 2 µg plasmid of empty vector or
STAT3C was diluted into another 250 µl Opti-MEM transfection medium. The diluted
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plasmid was added to the diluted Lipofectamine 2000 reagent and incubated for 20 min at
room temperature. Finally, the mixture was added to the culture well for 24h incubation
prior to AT-II treatments. The transfection efficiency was examined using Western
Blotting.
2.10 Establishment of stable cell lines
The lentivirus plasmid of constitutively activated TLR4 (CA-TLR4) (lentivirus-CATLR4) was prepared by ViGene Biosciences Inc (Shandong, China). Briefly,The CATLR4 fragment was amplified from pENTER-TLR4 (obtained from ViGene Biosciences
Inc) using polymerase chain reaction (PCR). CA-TLR4 is the wide type TLR4 (NM
138554) lacking DNA sequences encoding the first 20 amino acids (the signal peptide) at
N-terminal. The forward primer sequence is 5’-GGG GTA CCA TGA GAC CAG AAA
GCT GGG A-3’, which contains a Kpn I site at the 5’ terminal. The reverse primer
sequence is 5’-CCG CTC GAG TCA GAT AGA TGT TGC TTC CT-3’, which contains
an Xho I site at the 5’ terminal. The PCR product was digested with Kpn I and Xho I, and
ligated to the Kpn I and Xho I sites of the pLenti-GFP-Puro-CMV vector, creating
pLenti-GFP-Puro-CMV-CA-TLR4. Then, the pLenti-GFP-Puro-CMV-CA-TLR4 (fused
with Myc and Flag tags) and lentivirus packaging plasmids (pMD2G and PSPAX2) were
co-transfected into 293T cells using Lipofectamine 2000 in the Opti-MEM culture
medium. The negative control (NC) lentivirus was generated by co-transfection of
pLenti-GFP-Puro-CMV empty vector and packaging plasmids into 293T cells. 72 h post
transfection, the lentiviral supernatant was harvested, purified and concentrated. To
establish the stable cell lines, A375 cells were transduced with the lentivirus-CA-TLR4
and the NC lentivirus, respectively. 72 h post transduction, cells were selected by
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puromycin for 2 weeks. Stable cells were identified by the fluorescence microscopy for
detection of GFP. The expression of the active TLR4 in the A375 CA-TLR4 and
A375NC stable cells were examined by detecting the Myc and Flag tags using Western
blotting.
2.11 Melanoma-bearing mouse models
Male C57/BL6 mice (6 weeks old) and male nu/nu BALB/c mice (6 weeks old) were
bought from the Laboratory Animal Services Centre in The Chinese University of Hong
Kong. Mice were maintained in individual ventilated cages in a specific animal handling
room of Hong Kong Baptist 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.
For the B16 melanoma-bearing mouse model, B16 (1×106) cells resuspended in 0.1
ml PBS were subcutaneously injected on the back of C57/BL6 mice. One day later, these
mice were randomly assigned to 3 groups (n=5 in each group), and received AT-II 12.5,
25 mg/kg/d or 0.5% CMC-Na as vehicle control for consecutive 14 days. Tumor volumes
were measured every 3 days using a vernier caliper. At the end of the experiment period,
mice were sacrificed and tumors were collected and weighted. Tumor tissues were used
to prepare protein lysis for Western blotting.
To investigate the effects of LPS on the melanoma growth, A375 (1×106) cells pretreated with LPS 1μg/ml for 24 h were subcutaneously injected on the back of nu/nu
BALB/c mice. Mice were randomly assigned to 2 groups (n=4 in each group) and
intraperitoneally injected with 100 μg LPS/mouse in 0.2 ml PBS or with vehicle 0.2 ml
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PBS immediately after tumour cell injection. After 4 weeks, mice were sacrificed and
tumors were collected and weighted. Each tumor was cut into two parts: One part was
fixed immediately in 10% buffered formalin phosphate and embedded in paraffin for
immunohistochemical analyses. The other part was used to prepare the protein for
Western blotting.
To investigate whether constitutive activation of TLR4 promotes the melanoma
tumor growth and weakens the antimelanoma effect of AT-II, a pair of stable cell lines,
A375NC (1×106) cells and A375CA-TLR4 (1×106) cells were respectively subcutaneously
injected on the back of nu/nu BALB/c mice. One day later, mice received AT-II 12.5
mg/kg/d or 0.5% CMC-Na as vehicle control for consecutive 25 days. At the end of the
experiment period, mice were sacrificed and tumors were collected and weighted. Each
tumor was cut into two parts: One part was fixed immediately in 10% buffered formalin
phosphate and embedded in paraffin for immunohistochemical analyses. The other part
was used to prepare the protein for Western blotting.

2.12 The B16F10 melanoma lung metastasis mouse model
B16F10, a mouse melanoma cell line with high lung metastasizing ability [Parhar et
al., 1987], was used to examine the in vivo anti-metastasis effects of AT-II. B16F10 cells
(3×105) were injected into the tail vein of male C57/BL6 mice (8 weeks old). One day
after cell injection, mice received intragastric (i.g.) administration of AT-II at 12.5, 25
mg/kg/d or 0.5% CMC-Na as vehicle control for consecutive 3 weeks before lungs were
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dissected. Metastasis was assessed by a thorough visual examination of the lung for
visible melanotic nodules, identifiable on the basis of the black melanin pigment.

2.13 Immunohistochemistry (IHC) staining
Tumors from B16 bearing mice were sliced and fixed in 4% paraformaldehyde
(PFA), dehydrated and embedded in paraffin. The paraffin-embedded tissue blocks were
cut into 5 μm-thick sections and then mounted on commercial precoated slides. Then
slides were dewaxed, rehydrated and blocked by 1.5% BSA for 1 h at room temperature.
After blocking, these slides were incubated with primary antibody overnight at 4 C. The
next day, slides were washed twice with PBS and incubated with SuperPicture polymer
(Zymed, San Francisco, USA) for 30 min. Positive signal was developed by the
diaminobenzidine (DAB) substrate and photographed.

2.14 Human Phospho-Receptor Tyrosine Kinase (Phospho-RTK) array
Phospho-receptor tyrosine kinase array was performed to identify the potential
targeted receptors of AT-II on the STAT3 signaling pathway in melanoma cells. Cells
were treated with 40 μM AT-II for 24 h, then proteins were extracted and RTK array
performed following the manufacturer’s instructions. In briefly, after treatment with ATII, cells were rinsed with PBS and lysed in the lysis buffer supplemented with protease
inhibitors at 2-8 ℃for 30 min. Supernatants were collected by centrifugation at 14,000 ×g
for 5 min and quantified by using the protein assay. The array membranes were blocked
by the blocking buffer for 1 h at room temperature. The buffer was aspirated after
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blocking, and the desired quantity of cell lysate at the volume of 1.5 ml with blocking
buffer was added into the well and incubated overnight at 4℃. On the next day, the array
membrane was washed using the washing buffer for 3 times, 10 min each. The array
membranes were then incubated with the Anti-Phospho-Tyrosine-HRP Detection
Antibody for 2 h at room temperature. After incubation, membranes were washed thrice
for 10 min each time. Finally, the membranes were incubated with the Chemi Reagent
Mix for 1 min and exposed to X-ray film. The pixel density in each spot of the array was
quantified using the ImageJ software.

2.15 Molecular docking
Molecular docking is a computer simulation procedure to predict the conformation
of a receptor-ligand complex. The protein structures were obtained from Protein Data
Bank archive (PDB). AT-II structure (CID: 14448070) was from PubChem Compound
database. We then performed automated docking using the AutoDock v4.2 software. The
Lamarckian Genetic Algorithm (LGA) was applied to docking simulation and the
distance-dependent dielectric constant function was used for the calculation of energetic
maps. Interaction energies were calculated for various docked positions and ranked in
accordance with the interaction energies between the ligand and the protein.

2.16 LPS binding assay
A375 cells seeded on the glass coverslips were treated with 0, 20 or 40 μM AT-II for
6 h. After the AT-II treatment, 1 μg/ml of LPS (from Escherichia coli Serotype 055:B5)
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conjugated with Alexa Fluor® 488 was used to stimulate the cells for 1 h. After
stimulation, cells were washed with PBS for 3 times. Then the cell nucleus was stained
and the coverslips were fixed on the slides using the fluorescent mounting medium with
DAPI. Slides were observed using a fluorescence electronic microscope and
photographed. The green fluorescent signals represent the conjugated LPS and the blue
signals show the nuclei.

2.17 Luciferase assay
A375 CA-TLR4 and A375NC cells were seeded in 24 well plates and co-transfected with
STAT3 reporter plasmid 4×M67 pTATA TK-luc (0.2 μg/well, Addgene, USA ) and pRLCMV vectors (0.1 μg/well, promega, USA). Cells were lysed in 100 μl 1× passive lysis
buffer for 15 min at room temperature. 20µl of the cell lysate were added to 100µl of
LAR II buffer to examine the firefly luciferase luminescence by the En Vision Mutilabel
Reader (Perkin Elmer, USA). And then 100µl of Stop & Glo® Reagent were added to the
sample to measure the background signal of renilla luciferase luminescence. The
transcriptional activity of STAT3 was presented as the luminescence ratio of firefly
luc/renilla luc.

2.18 RNA-Sequencing (RNA-seq)
Total RNA from A375 cells treated with 40μM AT-II for 48h was extracted using
Trizol reagent following the manufacturer’s instruction. After confirming the quantity and
purity, the total RNA samples were sent to the Cenedenovo Company (Guangzhou) to
perform the RNA-seq.
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2.19 Statistical analysis
The data were expressed as mean ± SD or mean ± SE of the results obtained from
three independent experiments. For multiple group comparisons, one-way analysis of
variance (ANOVA) followed by Dunnett tests was used to assess the significance of the
differences among the treatment groups and the control group. ANOVA followed by
Tukey tests was used to compare every group with every other group. Student's t-test was
used to compare the difference between two groups. Statistical analyses were carried out
using GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA, USA). Twosided P value <0.05 was considered statistically significant.
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CHAPTER 3
Atractylenolide II exerted antimelanoma
effects in vitro and in vivo

Part results in this chapter are from the following published paper, for which the licence
for reuse in this thesis has been obtained.
Fu XQ, Chou GX, Kwan HY, Tse AK, Zhao LH, Yuen TK, Cao HH, Yu H, Chao XJ, Su
T, Cheng BC, Sun XG, Yu ZL. Inhibition of STAT3 signalling contributes to the
antimelanoma action of atractylenolide II. Exp Dermatol. 2014;23:855-7.
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3.1 Abstract
Atractylodis Macrocephalae Rhizoma is commonly prescribed by Chinese medicine
practitioners for treating melanoma.AT-II is one of the main bioactive components of
Atractylodis Macrocephalae Rhizoma. Our previous studies showed that AT-II had antimelanoma effects in cultured B16 murine melanoma cells. In this chapter, we
investigated the antimelanoma effects of AT-II in more cultured melanoma cell lines and
animal models. Results showed that AT-II dose- and time-dependently inhibited the cell
viability, induced the apoptosis and suppressed migration and invasion of melanoma cells
in the in vitro experiments. The results of in vivo experiments showed that daily
administration of AT-II (12.5, 25 mg/kg, i.g.) for 14 days significantly inhibited tumor
growth in a B16 melanoma-bearing mouse model, and intragastric administration of 12.5
mg/kg AT-II every day for 21 days reduced the melanoma lung metastasis in a B16F10
mouse melanoma lung metastasis model. These results indicated that AT-II exerted both
in vitro and in vivo anti-melanoma effects.
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3.2 Results
3.2.1 AT-II reduced the viability of melanoma cells
We examined the effects of AT-II on the cell viability in A375, IGR1, SK-mel-5,
SK-mel-2, MEWO and SK-mel 28 human melanoma cells, as well as B16 and B16F10
murine melanoma cells. The viabilities of human melanoma cells were examined by the
MTT assay, while the proliferation of murine melanoma cells were assessed by the
crystal violet staining assay. A375 cells were treated with 0, 40, 60, 80, 100 or 120 µM
AT-II for 24, 48 or 72 h. The MTT result showed that AT-II dose- and time dependently
decreased the viability of A375 cells (Figure 3.1-A). We also tested the effects of AT-II
on the proliferation of other human melanoma cell lines. The cells were treated with 0, 40,
60, 80, 100 or 120 µM AT-II for 48 h. As shown in Figure 3.1-B, AT-II dose-dependently
inhibited the viabilities of IGR1, SK-mel-5 and SK-mel-2 cells, but had no or less
inhibitory effects on the viabilities of MEWO and SK-mel 28 cells (Figure 3.1-B). As the
murine melanoma cells can produce melanin that might affect the absorption values of
MTT assay, we examined the effects of AT-II on the proliferation of B16 and B16F10
cells by using the crystal violet staining assay. Results showed that treatment with AT-II
for 48 h does-dependently reduced the cell numbers of B16 (Figure 3.2-A) and B16F10
(Figure 3.2-B) cell. The inhibitory effect of AT-II on B16 cells were more potent
comparing with that on B16F10 cells. Results from this part suggested that AT-II
exhibited the inhibitory effect on the cell viablity in cultured melanoma cells.
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Figure 3.1 AT-II reduced the viability of majority of the tested human melanoma
cells. (A) A375 cells were treated with the indicated concentration of AT-II for 24, 48 or
72 h. (B) Other human melanoma cells were treated with the indicated concentration of
AT-II for 48 h. Cell viability was measured by the MTT assay. Results are presented as
means ± SD. *P < 0.05, **P<0.01 vs the control group (AT-II 0 µM).
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Figure 3.2 AT-II inhibited the proliferation of murine melanoma cells. Cells were
treated with the indicated concentration of AT-II for 48 h. Cell proliferation of B16 (A)
and B16F10 (B) cells were examined by the crystal violet staining assay. Results shown
were the representatives of three independent experiments.
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3.2.2 AT-II induced apoptosis in melanoma cells
To examine the effects of AT-II on the apoptosis of melanoma cells, we treated the
cells with 0, 40 or 80 µM AT-II for 48 h and tested their apoptosis by using the Annexin
V/PI double staining assay. Translocation of membrane phosphatidylserine (PS) from the
inner side of the plasma membrane to the cell surface is one of the early events of
apoptosis. Annexin V-FITC has high affinity for PS, and can be used for the detection of
early apoptotic cells. Because the membranes of dead and damaged cells are permeable to
PI, PI can be used for the detection of late apoptotic/necrotic cells. After Annexin V/PI
double staining, cells were analyzed using flow cytometry. Results showed that treatment
with AT-II for 48 h induced apoptosis in A375 and IGR1 cells (Figure 3.3). The apoptotic
rate (Q2+Q3) of Control group (DMSO), 40 and 80 μM AT-II-treated groups in A375
cells were 7.11±1.15%, 28.45±2.95% and 33.14±2.75% while that in IGR1 cells were
7.18±0.33%, 12.50±1.08% and 12.85±0.68%, respectively. These results indicate that
AT-II has pro-apoptotic effect in cultured melanoma cells.
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Figure 3.3 AT-II induced apoptosis in human melanoma cells. Human A375 and
IGR1 melanoma cells were respectively double stained with Annexin V/PI after treatment
with AT-II 0, 40 or 80 μM for 48 h. The representative results were shown. Data from
three independent experiments were presented as means ± SD, **P < 0.01, vs the DMSO
control.
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3.2.3 AT-II inhibited migration and invasion of melanoma cells.
Migration and invasion of melanoma cells are early events of melanoma metastasis.
To investigate whether AT-II inhibited the migration of melanoma cells, the wound
healing assay was performed in A375, IGR1 and B16F10 cells. Cells were incubated with
AT-II in serum-free DMEM for 24 h. Migration of the cells into the wound was
photographed at 0 and 24 h, respectively. As shown in Figure 3.4, AT-II significantly
inhibited the migration of A375, IGR1 and B16F10 cells in a dose-dependent manner
(Figure 3.4). To evaluate the effects of AT-II on the invasion of melanoma cells,
transwell assays were performed. Cells treated with 0 or 20 μM AT-II for 24 h were
seeded in the matrigel chamber with FBS-free cultured medium. The lower chambers of
the transwell system were filled with full culture medium containing 10% FBS. After 24
h incubation, the invasive cells that cling to the button of the matrigel chamber were fixed,
stained and quantified. Results showed that AT-II significantly inhibited the invasion of
A375, IGR1 and B16F10 cells (Figure 3.5). These results suggest that AT-II has an antimetastasis potential.
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Figure 3.4 AT-II inhibited the migration of melanoma cells. A375, IGR1 and B16F10
cells were seeded in the 6 well plates and were made a straight scratch after the cells
attachment. Cells were photographed at 0 h and 24 h after treatment with AT-II 0, 20 or
40 μM. The representative results were shown. Data from three independent experiments
were presented as mean ± SD, *P<0.05, **P<0.01 vs control group.
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Figure 3.5 AT-II inhibited melanoma cell invasion. A375, IGR1 and B16F10 cells
respectively treated with 0 or 20 μM AT-II for 24 h were seeded in the matrigel chamber.
After 24 h incubation, the invasive cells that cling to the button of the matrigel chamber
were fixed, stained and quantified. The representative results were shown. Data from
three independent experimentss were presented as mean ± SD, **P<0.01 vs control group.
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3.2.4 AT-II inhibited the tumor growth in B16 melanoma-bearing mice
The in vitro experiments showed that AT-II inhibited the viability and induced
apoptosis of melanoma cells. To determine the in vivo effects of AT-II on tumor growth,
8-week old C57/BL6 mice were subcutaneously injected with B16 cells on the back and
intragastrically administered with CMC-Na (vehicle control), 12.5 or 25 mg/kg/d AT-II
every day for 14 days. There were 5 mice in each group. Tumor volumes were measured
using a vernier caliper on days 1, 7, 10 and 14 after cell injection. At the end of the
experiment period, tumors were dissected and weighted. Results showed that daily
administration of AT-II significantly inhibited melanoma tumor growth in mice (Figure
3.6-A). The tumor weight (Figure 3.6-B) and tumor size (Figure 3.6-C) were significantly
reduced in AT-II treated mice. These results indicated that AT-II inhibited melanoma
growth in mice.
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Figure 3.6 AT-II inhibited B16 tumor growth in mice. Mice were subcutaneously
injected with B16 cells on the back and intragastrically administered with CMC-Na
(vehicle control), 12.5 or 25 mg/kg/d of AT-II every day for 14 days. (A) The photo of
B16 tumors dissected from mice. (B) Weights of the dissected tumors. (C) Tumor
volumes on days 1, 7, 10 and 14 after cell injection. In (B) and (C), *P<0.05 vs vehicle
control group. Adopted from [Fu et al., 2014].
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3.2.5 AT-II inhibited the B16F10 melanoma cell lung metastasis in mice
The cellular experiments showed that AT-II suppressed migration and invasion of
melanoma cells. To investigate the in vivo anti-metastatic effects of AT-II, a B16F10
murine melanoma lung metastasis model was used. B16F10 cells (3×105), with high lung
metastasizing ability [Parhar et al., 1987], were injected into the tail vein of C57/BL6
mice. After mice received intragastric administration of AT-II at 12.5 mg/kg/d or 0.5%
CMC-Na as vehicle control for consecutive 3 weeks, lungs were dissected and visible
melanotic nodules were counted. As shown in Figure 3.7, the number of metastatic lung
nodules was significantly reduced by AT-II treatment compared with the vehicle
treatment. These data suggested that AT-II could inhibit the in vivo metastasis of
melanoma.
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Figure 3.7 AT-II inhibited the B16F10 murine melanoma cell lung metastasis in
mice. B16F10 cells (3×105) were injected into the tail vein of C57/BL6 mice. Mice were
received intragastric administration of AT-II at 12.5 mg/kg/d or 0.5% CMC-Na as vehicle
control for consecutive 3 weeks. The photograph is the lungs dissected from mice.
Evaluation of metastasis was based on the numbers of metastatic nodules in the lung.
*P<0.05 vs vehicle control group.

66

3.3 Discussion and conclusion
Atractylodis Macrocephalae Rhizoma is commonly used by the TCM doctor for
treating cancer including melanoma [Kuo et al., 2012;Liao et al., 2013; Ye et al., 2015;
Wang et al., 2008; He et al., 2013; You, 2005a,b; You, 2006; Liu et al., 2015; Cheng et
al., 2013]. AT-II is one of the main bioactive components of Atractylodis Macrocephalae
Rhizoma, and the anti-cancer effect of AT-II has been reported [Gao et al., 2013; Gao et
al., 2015; Ye et al., 2011a; Ye et al., 2011b]. Our previous studies demonstrated that ATII dose-dependently inhibited the cell viability and migration, and induced differentiation,
cell cycle arrest and apoptosis of B16 murine melanoma cells [Ye et al., 2011a; Ye et al.,
2011b]. Results from this study showed that AT-II inhibited the viability of A375, IGR1,
SK-mel-5 and SK-mel-2 human melanoma cells as well as B16 and B16F10 murine
melanoma cells. However, AT-II showed less inhibitory effects on the viabilities of
MEWO and SK-mel-28 cells, which might be attributed to their different genetic
background. In addition to inhibit the cell viability, AT-II induced apoptosis and inhibited
migration and invasion of melanoma cells Moreover, our study first demonstrated the in
vivo antimelanoma effects of AT-II, including inhibiting B16 melanoma growth and
B16F10 melanoma cell lung metastasis in mice.
In conclusion, AT-II exerted antimelanoma effects in vitro and in vivo, suggesting
that AT-II might be an effective agent for melanoma treatment.
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CHAPTER 4
Inhibition of STAT3 signaling contributes
to the antimelanoma effects of
atractylenolide II

Results in this chapter are mainly from the following published paper, for which the
licence for reuse in this thesis has been obtained.
Fu XQ, Chou GX, Kwan HY, Tse AK, Zhao LH, Yuen TK, Cao HH, Yu H, Chao XJ, Su
T, Cheng BC, Sun XG, Yu ZL. Inhibition of STAT3 signalling contributes to the
antimelanoma action of atractylenolide II. Exp Dermatol. 2014;23:855-7.
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4.1 Abstract
STAT3 is constitutively activated and promotes tumor growth, angiogenesis,
metastasis and immunosuppression in melanoma. In CHAPTER 3, we have demonstrated
that AT-II suppressed melanoma growth and lung metastasis in mice, and induced
apoptosis as well as inhibited the cell viability, migration and invasion in cultured
melanoma cells. Some sesquiterpenes have been shown to exhibit anticancer effects by
suppressing STAT3 signaling. In this chapter, we aimed to determine whether AT-II
inhibits STAT3 signaling in melanoma, and to investigate the role of STAT3 signaling in
the antimelanoma action of AT-II. Results showed that AT-II inhibited the
phosphorylation of STAT3 and Src (a STAT3 upstream tyrosine kinase) in B16 tumors
and in cultured melanoma cells, and inhibited the expression of STAT3 signalingregulated genes including Bcl-xL and Mcl-1 (involve in survival), VEGF, Twist, MMP-2
and MMP-9 (involve in metastasis and angiogenesis) in melanoma cells. Overexpression
of a constitutively active variant of STAT3 (STAT3C) in A375 cells diminished the antiproliferative, apoptotic and anti-invasive effects of AT-II. These data suggest that
inhibition of STAT3 signaling contributes to the antimelanoma effects of AT-II.
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4.2 Results
4.2.1 AT-II reduced STAT3 phosphorylation in B16 tumors and cultured melanoma
cells
We have shown, in CHAPTER 3, that AT-II (12.5, 25 mg/kg daily for 14 days; i.g.)
inhibited tumor growth in B16 melanoma bearing mice (Figure 3.6). Here, we examined
the expression levels of phosphorylated STAT3 and Src in tumors dissected from those
mice. As shown in Figure 4.1, AT-II potently decreased the expression levels of phosphoSTAT3 (Tyr705) and phospho-Src (Tyr416) in the B16 tumors. Src is a non-receptor
tyrosine kinase that can activate STAT3 to promote melanoma tumor growth [Niu and
Bowman, 2002]. These data suggest that STAT3 signaling might be involved in AT-II
exerted inhibitory effect on melanoma growth.
STAT3 is activated in over 70% of cancers including melanoma [Fagard et al.,
2013]. Results of Western blotting showed that the phosphorylated STAT3 was highly
expressed in most of human melanoma cell lines (Figure 4.2). Next, we evaluated the
effects of AT-II on STAT3 signaling in A375, IGR1, B16 and B16F10 melanoma cells.
Results showed that AT-II (20, 40 μM) treatment for 48 h dose-dependently decreased
the protein expression levels of phospho-STAT3 (Tyr705) and phospho-Src (Tyr416) in
these cell lines (Figure 4.3). These results indicate that AT-II may inhibit Src/STAT3
signaling in melanoma.

70

Figure 4.1 AT-II inhibited the phosphorylation of STAT3 and Src in B16 melanoma
tumors. The expression levels of p-Src, Src, p-STAT3 and STAT3 in B16 tumors were
examined by Western Blotting. Results shown were the representative of three
independent experiments. Relative protein levels were shown as mean ± SD from three
independent experiments. *P<0.05 vs control group. Adopted from [Fu et al., 2014].
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Figure 4.2 STAT3 is activated in most human melanoma cell lines tested. The
expression levels of phospho-STAT3 (Tyr705) in ten human melanoma cell lines were
examined by Western Blotting. GAPDH served as the loading control. Relative protein
levels were shown as mean ± SD from three independent experiments.
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Figure 4.3 AT-II inhibited the phosphorylation of STAT3 and Src in cultured
melanoma cells. Cells were treated with 0, 20 or 40 μM AT-II for 48 h. The expression
levels of p-Src, Src, p-STAT3 and STAT3 in melanoma cells were examined by Western
Blotting. Results shown were the representative of three independent experiments.
Relative protein levels were shown as mean ± SD from three independent experiments.
*P<0.05, **P<0.01 vs control (AT-II 0μM) group. Adopted from [Fu et al., 2014].
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4.2.2 AT-II downregulated the expression of STAT3 target genes in cultured
melanoma cells
STAT3 is a transcriptional factor that regulates various gene expressions to promote
melanoma progression [Yu et al., 2009]. Mcl-1 and Bcl-xL are the anti-apoptotic proteins
that up-regulated by STAT3 in melanoma [Zhuang et al., 2007]. Our results showed that
AT-II inhibited the protein expression of Mcl-1 and Bcl-xL in B16 and A375 melanoma
cells (Figure 4.4). Twist and VEGF are the STAT3 target genes that play active roles in
angiogenesis and metastasis in melanoma [Rajabi et al., 2012; Sanhueza et al., 2015; Na
et al., 2013]. Our results showed that AT-II dose-dependently inhibited the protein
expression of Twist and VEGF in cultured melanoma cells (Figure 4.5-A-D). MMP2 and
MMP9 are up-regulated by STAT3 and are correlated to the metastasis of melanoma [Ria
et al., 2010; Hofmann et al., 2000]. The results of q-PCR analyses showed that treatment
with 20 or 40 μM AT-II for 24 h reduced the mRNA expression of MMP2 and MMP9 in
B16F10 and A375 melanoma cells. (Figure 4.5-E-F). These results indicated that AT-II
downregulated the expression of STAT3 target genes that are responsible for melanoma
cell survival angiogenesis and metastasis. These data also suggest that AT-II inhibits
STAT3 signaling in melanoma cells.
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Figure 4.4 AT-II inhibited the expression of STAT3 target genes that are responsible
for cell survival in cultured melanoma cells. Cells were treated with 0, 20 or 40 μM
AT-II for 48 h. The expression levels of Mcl-1 and Bcl-xL in melanoma cells were
examined by Western Blotting. Results shown were the representative of three
independent experiments. Relative protein levels were shown as mean ± SD from three
independent experiments. *P<0.05, **P<0.01 vs control (AT-II 0 μM) group. Adopted
from [Fu et al., 2014].
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Figure 4.5 AT-II inhibited the expression of STAT3 target genes that are involved in
melanoma angiogenesis and metastasis. (A) B16F10 and (B) A375 cells were treated
with 0, 20 or 40 μM AT-II for 48 h. The expression levels of twist and VEGF in
melanoma cells were examined by Western Blotting. Results shown were the
representative of three independent experiments. (C) and (D) were the quantitative results
of (A) and (B). Data were shown as mean ± SD from three independent experiments.
*P<0.05, **P<0.01 vs control (AT-II 0 μM) group. (E and F) The relative mRNA
expression of MMP2 and MMP9 in B16F10 (E) and A374 (F) melanoma cells. In (E) and
(F), cells were treated with 0, 20 or 40 μM AT-II for 24 h followed by the q-PCR
analyses. Data were shown as mean ± SD from three independent experiments. *P<0.05,
**P<0.01 vs control group.
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4.2.3 Overexpression of STAT3C weakened the antimelanoma effects of AT-II
To determine whether inhibiting STAT3 signaling contributes to the antimelanoma
effects of AT-II, we overexpressed a constitutively active mutant of STAT3 (STAT3C) in
A375 cells and examined whether overactivated STAT3 can attenuate the antimelanoma
effects of AT-II. A375 cells were transiently transfected with empty vector or STAT3C
plasmid (Figure 4.6-A). 24 h post transfection, cells were treated with 0 or 40 μM AT-II
for 48 h. Cell viability was measured by the MTT assay, cell apoptosis was determined
by flow cytometric analysis of cells double stained with Annexin V/PI and the cell
invasion was examined by using the transwell assay. The MTT results showed that
overexpression of STAT3C diminished the inhibitory effects of AT-II on cell viability,
with the viable cell percentages being 85.14±3.74% in the STAT3C group and
65.44±4.28% in the empty vector group, respectively (Figure 4.6-B). The flow cytometry
results showed that overexpression of STAT3C reduced the number of AT-II-induced
apoptotic cells. The percentages of apoptotic cells in the AT-II-treated group transfected
with the empty vector and STAT3C were 23.03±0.98% and 15.23 ±2.44%, respectively
(Figure 4.6-C). Transwell assays showed that the inhibition rate of AT-II on cell invasion
in STAT3C group was significantly decreased as compared with that in empty vector
group (Figure 4.7). These data suggest that inhibition of STAT3 signaling contributes to
the antimelanoma effects of AT-II.
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Figure 4.6 Overexpression of STAT3C in A375 cells diminished the antiproliferative and apoptotic effects of AT-II. (A) Protein expression levels of STAT3, pSTAT3 and Flag in A375 cells after transiently transfected with empty vector or STAT3C.
(B) Effects of AT-II on the cell viability in transfected cells. At 24 h post-transfection,
cells were treated with 0 or 40 μM AT-II for 48 h. Cell viability was measured by the
MTT assay. (C) Effects of AT-II on the cell apoptosis in transfected cells. At 24 h posttransfection, cells were treated with 40 μM AT-II for 48 h and double stained with
Annexin V/PI. Cell apoptosis was determined by flow cytometric analyses. Data were
shown as mean ± SD from three independent experiments. *P<0.05. Adopted from [Fu et
al., 2014].
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Figure 4.7 Overexpression of STAT3C in A375 cells diminished the anti-invasive
effects of AT-II. At 24 h post-transfection, cells were treated with 0 or 20 μM AT-II for
24 h. Cell invasion was assessed by the transwell assay. Data were shown as mean ± SD
from three independent experiments. *P<0.05, ** P<0.01.
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4.3 Discussion and conclusion
Constitutive activation of STAT3 was found in melanoma and plays critical roles in
melanoma development [Bromberg et al., 2002; Kortylewski et al., 2005a; Yu and Jove,
2004; Xiong et al., 2014; Xie et al., 2004; Xie et al., 2006]. Our results showed that ATII inhibited the activation/phosphorylation of STAT3 and its non-receptor upstream
kinase Src in melanoma tumors and in cultured melanoma cells (Figure 4.1, Figure 4.3).
Phosphorylated STAT3 was highly expressed in most of human melanoma cell lines, but
relatively less expressed in G361, MEWO and Sk-mel-28 cells (Figure 4.2). It was shown
at CHAPTER 3 that AT-II exerted less inhibitory effects on the viability of MEWO and
SK-mel-28 cells while significantly inhibited the viability of other melanoma cells that
highly express phosphorylated STAT3 (Figure 3.1). These data suggest that STAT3
might be associated with the antimelanoma effects of AT-II. The STAT3 target genes,
Bcl-xL and Mcl-1 (responsible for cell proliferation and survival) as well as VEGF, Twist,
MMP2 and MMP9 (responsible for angiogenesis and metastasis), were dose-dependently
inhibited by AT-II in melanoma cells (Figure 4.4, Figure 4.5). Moreover, overexpression
of constitutively active STAT3C in A375 cells attenuated the anti-proliferative, apoptotic
and anti-invasive effects of AT-II (Figure 4.6, Figure 4.7). These results suggest that
inhibition of STAT3 signaling contributes to the antimelanoma effects of AT-II.
Besides the non-receptor kinase Src, receptor tyrosine kinases (RTKs) can activate
STAT3. To determine if AT-II inhibits STAT3 phosphorylation via RTKs, we next
performed Phospho-RTK array assays in AT-II-treated melanoma cells.
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CHAPTER 5
Involvement of the EGFR/STAT3 signaling in
the inhibitory effect of atractylenolide II on
melanoma cell invasion
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5.1 Abstract
Receptor tyrosine kinases (RTKs) and their downstream signalling pathways have
been demonstrated to play key roles in melanoma development. STAT3 can be activated
by a variety of RTKs. In the last chapter, we have demonstrated that AT-II potently
inhibited the activation of STAT3 in melanoma. To determine if AT-II inhibits STAT3
phosphorylation via RTKs, Phospho-RTK array assays was performed in AT-II-treated
melanoma cells. Results showed that 16 phospho-RTKs were downregulated by AT-II in
A375 cells. AT-II exerted the greatest inhibitory effect on EGFR phosphorylation among
the 16 RTKs affected by AT-II treatment. EGFR is an upstream regulator of STAT3 and
has an important role in melanoma metastasis. Our results showed that EGF, a ligand of
EGFR, increased STAT3 activation and induced invasion in melanoma cells. AT-II
suppressed the EGF-triggered activation of STAT3 signaling and inhibited the EGFinduced cell invasion in melanoma cells. These results suggest that inhibition of
EGFR/STAT3 signaling is involved in the anti-metastasis effect of AT-II in melanoma.
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5.2 Results
5.2.1 Human Phosphor-Receptor Tyrosine Kinase (Phospho-RTK) array analyses of
AT-II-treated A375 cells.
It is reported that overactivation of the RTK signaling correlates with melanoma
progression [Chin et al., 2006]. Phospho-RTK array assays were used as a screen tool for
evaluating the effects of AT-II on RTKs activities in A375 cells. Cells were treated with
DMSO or 40 μM AT-II for 24 h and then lysed for phospho-RTK array analyses
following the manufacturer’s instructions. Results showed that 16 phospho-RTKs were
downregulated by AT-II in A375 cells (Figure 5.1). The suppressed phospho-RTKs by
AT-II were EGFR, Mer, Tie-2, EphA6, EphA7, HGFR, ErbB3, ErbB4, MSPR, TrkB,
FGFR1, FGFR2α, PDGFRβ, FGFR3, EphA1 and EphA2. The relative protein expression
levels of these phosphorylated RTKs in AT-II-treated cells compared with DMSO-treated
cells were shown in Figure 5.2. The inhibitory effect of AT-II on EGFR activity was the
strongest among that of all RTKs in this array. Phosphorylated EGFR can activate
STAT3 and promote melanoma progression [Xiong et al., 2014; Boone et al., 2011]. We
next determined if EGFR is involved in the inhibitory effects of AT-II on STAT3
activation and melanoma cell invasion.
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Figure.5.1 Human Phospho-Receptor Tyrosine Kinase (Phospho-RTK) array
analyses in DMSO-treated and AT-II-treated A375 cells. Cells were treated with
DMSO or 40 μM AT-II for 24 h and then lysed for phospho-RTK array analyses. Each
array membrane contains 49 different phospho-RTK antibodies. Each phospho-RTK
antibody is spotted in duplicate. The images of the arrays were obtained by exposing the
array membranes to the X-ray film for 30 sec and 2 min. The phospho-RTKs inhibited by
AT-II were marked with a blue box.
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Figure.5.2 Relative protein expression levels of the phospho-RTKs downreguated by
AT-II in A375 cells. The expression level of each control was set as 1. The relative
protein expression levels of the phospho-RTKs were analysed by the Image J software.
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5.2.2 AT-II inhibited EGF-induced Src and STAT3 activation in melanoma cells
EGF is a ligand of EGFR that phosphorylates EGFR and consequently increases
STAT3 activation in human non-small cell carcinoma cells [Song et al., 2003]. AT-II
showed potent inhibitory effects on EGFR activation in melanoma cells and strongly
inhibited STAT3 signaling in both melanoma tissues and cultured cells. Here, we
investigated if EGFR is involved in the effects of AT-II on inhibiting STAT3 signaling in
melanoma cells. Human melanoma cells were pre-treated with 100 ng/ml EGF in serumfree DMEM for 1 h followed by 24 h of 0, 20, 40 μM AT-II treatment. Western blotting
results showed that EGF enhanced the phosphorylation of EGFR, Src and STAT3 in both
A375 (Figure 5.3) and IGR1 (Figure 5.4) cells. AT-II decreased the expression levels of
phosphorylated EGFR, Src and STAT3 in the EGF-treated cells (Figure 5.3, Figure 5.4).
These results suggest that EGFR is involved in the inhibitory effects of AT-II on
Src/STAT3 signaling in melanoma.
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Figure.5.3 AT-II inhibited the EGF-induced Src and STAT3 activation in A375
human melanoma cells. Cells were pre-treated with 100 ng/ml of EGF in serum-free
DMEM for 1 h followed by 24 h of 0, 20, 40 μM AT-II treatment. The expression levels
of phospho-EGFR (p-EGFR), EGFR, p-Src, Src, p-STAT3 and STAT3 in A375 cells
were examined by Western Blotting. Results shown were the representative of three
independent experiments. Relative protein levels were shown as mean ± SD from three
independent experiments. *P<0.05, **P<0.01.

87

Figure.5.4 AT-II inhibited the EGF-induced Src and STAT3 activation in IGR1
human melanoma cells. Cells were pre-treated with 100 ng/ml EGF in serum-free
DMEM for 1 h followed by 24 h of 0, 20, 40 μM AT-II treatment. The expression levels
of phospho-EGFR (p-EGFR), EGFR, p-Src, Src, p-STAT3 and STAT3 in IGR1 cells
were examined by Western Blotting. Results shown were the representative of three
independent experiments. Relative protein levels were shown as mean ± SD from three
independent experiments. *P<0.05, **P<0.01.
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5.2.3 AT-II inhibited the EGF-induced cell invasion in cultured melanoma cells
It is reported that EGF facilitates migration and invasion in cancer cells through
phosphorylating EGFR [Lu et al., 2001]. In CHAPTER 3, we have shown that AT-II
inhibited melanoma cell invasion. To determine whether EGFR was involved in that
effect of AT-II, A375 and IGR1 cells were pre-treated with 100 ng/ml EGF in serum-free
DMEM for 1 h followed by 0, 20 μM of AT-II treatment for 24 h, and transwell assays
were performed. Results showed that EGF enhanced the invasive ability of A375 and
IGR1 cells, and AT-II decreased the number of invasive cells in the EGF-treated cells
(Figure 5.5, Figure 5.6). These results suggest that EGFR is involved in the inhibitory
effects of AT-II on melanoma cell invasion.
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Figure.5.5 AT-II inhibited the EGF-induced cell invasion in A375 melanoma cells.
Cells were pre-treated with 100 ng/ml of EGF in serum-free DMEM for 1 h followed by
24 h of 0, 20 μM AT-II treatment. Cell invasion was assessed by the transwell assay. Data
were shown as mean ± SD from three independent experiments. *P<0.05, ** P<0.01.

90

Figure.5.6 AT-II inhibited the EGF-induced cell invasion in IGR1 melanoma cells.
Cells were pre-treated with 100 ng/ml of EGF in serum-free DMEM for 1 h followed by
24 h of 0, 20 μM AT-II treatment. Cell invasion was assessed by the transwell assay. Data
were shown as mean ± SD from three independent experiments. *P<0.05, ** P<0.01.
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5.2.4 Molecular docking for the binding of AT-II to EGFR
Molecular docking is a computer simulation procedure that can predict the
conformation of a receptor-ligand complex. Docking simulation of AT-II (CID:
14448070) was carried out using the program AutoDock4 (open source, Scripps Research
Institute) to determine if AT-II is a ligand of EGFR. The protein 3D structure of human
EGFR (4ZAU) was from Protein Data Bank. The molecular docking results showed that
the free binding energy of AT-II with EGFR is -6.53 (kcal/mol), which is not high. This
result indicates that EGFR might not be a direct target of AT-TT.

5.3 Discussion and conclusion
Phospho-RTK array was conducted in AT-II-treated and DMSO-treated A375 cells.
Results showed that AT-II reduced the expression levels of 16 phospho-RTKs, including
phospho-EGFR, -Mer, -Tie-2, -EphA6, -EphA7, -HGFR, -ErbB3, -ErbB4, -MSPR, -TrkB,
-FGFR1, -FGFR2α, -PDGFRβ, -FGFR3, -EphA1 and -EphA2 in A375 cells. It has been
reported that hyperactive EGFR, Mer, Tie-2, HGFR (Met/hepatocyte growth factor
receptor), FGFR (fibroblast growth factor receptor) and Eph recepors play important roles
in melanoma progression [Chin et al., 2006; Hurks et al., 2000; Boone et al., 2011;
Schlegel et al., 2013; Helfrich et al., 2009; Mosch et al., 2012; Molhoek et al., 2011;
Metzner et al., 2011]. These RTKs might be the potential targets of AT-II for exerting its
antimelanoma effects. While, further studies are needed to determine the roles of these
RTKs in the antimelanoma action of AT-II. In addition, STAT3 can be directly activated
by the RTKs, such as EGFR, FGFR, HGFR, and so on [Xiong et al., 2014]. Because the
phosphorylated EGFR, FGFR and HGFR were decreased by AT-II in the Phospho-RTK
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array analyses, we speculate that AT-II might inhibit STAT3 signaling via EGFR, FGFR
and HGFR in melanoma. To address this speculation, more studies are warranted.
Our RTK array results showed that the inhibitory effect of AT-II on the
phosphorylation/activation of EGFR was the strongest among that of all RTKs in the
array. EGFR activation is highly related to the development of melanoma metastasis
[Hurks et al., 2000; Boone et al., 2011] and could be a target for treating metastatic
melanoma. It is reported that EGF facilitates the migration and invasion of melanoma
cells through phosphorylation of EGFR [Lu et al., 2001]. The residue tyrosine1068 (Tyr
1068) is known to correlate with EGFR kinase activation, and relates to STAT3
activation [Rojas et al., 1996; Wang et al., 2013]. EGF-increased STAT3 DNA-binding
activity requires the activation of EGFR and Src [Song, et al., 2003]. Our results showed
that AT-II inhibited EGF-increased EGFR, Src and STAT3 phosphorylation, as well as
invasion in melanoma cells. These data suggest that inhibition of EGFR/Src/STAT3
signaling is involved in the anti-invasive effect of AT-II in melanoma cells. Molecular
docking study showed that the free binding energy of AT-II with EGFR is relatively low,
suggesting the inhibitory effect of AT-II on EGFR activation might be indirect. It has
been reported that TLR4 ligands and agonists can activate EGFR, suggesting an
interaction between TLR4 and EGFR [Basu et al., 2008; De et al., 2015; Chattopadhyay
and Sen; Bergin et al., 2014]. TLR4 signaling has been demonstrated to promote
melanoma growth, metastasis and angiogenesis [Takazawa et al., 2014; Yu et al., 2014b;
Bald et al., 2014; Otake et al., 2010]. Next, we examined if AT-II inhibits the
EGFR/Src/STAT3 signaling via TLR4.
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CHAPTER 6
Involvement of the TLR4/STAT3
signaling pathway in the antimelanoma
effects of atractylenolide II
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6.1 Abstract
In CHAPTERs 4, we have demonstrated that AT-II potently suppressed STAT3
activation in both melanoma tumors and cultured melanoma cells. The role of TLR4 in
STAT3 activation has recently been reported in liver cancer cells. However, whether
TLR4 is involved in the activation of STAT3 in melanoma is unclear. In this chapter, we
aimed to establish the TLR4/STAT3 pathway in melanoma and investigate the
involvement of TLR4/STAT3 signaling in the antimelanoma effects of AT-II. Results
showed that LPS (a TLR4 ligand) time- and dose-dependently increased the
phosphorylation of STAT3 in melanoma cells, promoted A375 melanoma growth in nude
mice, and increased tumor angiogenesis and Src/STAT3 activation in the tumors. EGFR
is a recognized STAT3 upstream kinase. In CHAPTER 5, we have shown that the
EGFR/Src/STAT3 pathway is involved in the anti-invasive effect of AT-II in melanoma
cells. Here, we found that LPS or overexpression a constitutively active form of TLR4
increased the activation of EGFR/Src/STAT3 signaling in A375 cells. Molecular docking
showed that AT-II could bind to the TLR4/MD-2 receptor complex; and in melanoma
cells, AT-II could reduce the binding of LPS to TLR4. Moreover, AT-II inhibited LPStriggered activation of EGFR/Src/STAT3 signaling as well as LPS or MPLAs (synthetic
monophosphoryl lipid A, a TLR4 agonist) induced invasion in melanoma cells.
Overexpression of the active form of TLR4 in A375 cells diminished AT-II-exerted antiinvasive effects in melanoma cells, and attenuated the inhibitory effects of AT-II on
tumor growth and angiogenesis in A375 melanoma-bearing mice. These data suggest that
the TLR4/ STAT3 pathway has been established in melanoma, and suppression of
TLR4/STAT3

signaling

contributes

to
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the

antimelanoma

effects
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AT-II.

6.2 Results
6.2.1 Establishment of the TLR4/STAT3 pathway in melanoma
It is reported that activation of TLR4 signaling promotes STAT3 activation, which
promotes liver cancer development [Lin et al., 2015; Uthaya et al., 2016]. However, the
TLR4/STAT3 pathway has not yet been established in melanoma. To determine if
STAT3 can be activated by TLR4 signaling in melanoma, we first investigated the timeand dose-dependent effects of LPS (a TLR4 ligand) on STAT3 activation in A375 and
IGR1 melanoma cells. Data showed that the phosphorylation levels of STAT3 were timeand dose-dependently increased by LPS in A375 and IGR1 cells (Figures 6.1, 6.2). The
phosphorylated STAT3 was also significantly increased by a TLR4 agonist MPLAs in a
dose-dependent manner in the two types of melanoma cells (Figure 6.3). These data
suggest that STAT3 can be activated by TLR4 signaling in melanoma cells.
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Figure.6.1 LPS time-dependently increased the phosphorylation of STAT3 in A375
and IGR1 melanoma cells. Cells were treated with 1 µg/ml LPS for 0, 3, 6, 12, 24, 48 h.
The expression levels of phospho-STAT3 (p-STAT3) and STAT3 were examined by
Western Blotting. Results shown were the representative of three independent
experiments. Relative protein levels were shown as mean ± SD from three independent
experiments. *P<0.05, **P<0.01 vs the control group.
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Figure.6.2 LPS dose-dependently increased the phosphorylation of STAT3 in A375
and IGR1 melanoma cells. Cells were respectively treated with 0, 0.125, 0.25, 0.5, 1
µg/ml of LPS for 48 h. The expression levels of phospho-STAT3 (p-STAT3) and STAT3
were examined by Western Blotting. Results shown were the representative of three
independent experiments. Relative protein levels were shown as mean ± SD from three
independent experiments. *P<0.05, **P<0.01 vs the control group.
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Figure.6.3 MPLAs dose-dependently increased the phosphorylation of STAT3 in
A375 and IGR1 melanoma cells. Cells were respectively treated with 0, 0.25, 0.5,
1µg/ml of MPLAs for 48 h. The expression levels of phospho-STAT3 (p-STAT3) and
STAT3 were examined by Western Blotting. Results shown were the representative of
three independent experiments. Relative protein levels were shown as mean ± SD from
three independent experiments. **P<0.01vs the control group.
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In CHAPTER 5, we have shown that inhibition of EGFR/Src/STAT3 signaling is
involved in the anti-invasive effect of AT-II in melanoma cells. It is reported that
activation of TLR4 signaling activates EGFR in lung cancer and ovarian carcinoma cells
[Basu et al., 2008]. To determine if EGFR and Src are involved in the TLR4/STAT3
signaling pathway in melanoma, A373 cells were treated with 1 µg/ml LPS or 100 ng/ml
EGF for 24 h, then the expression levels of phosphorylated and total EGFR, Src and
STAT3 were examined by Western blotting. Results showed that treatment with LPS or
EGF enhanced the phosphorylation of EGFR, Src and STAT3 (Figure 6.4). Next we
compared the expression levels of phospho-EGFR, phospho-Src and phospho-STAT3 in
A375CA-TLR4 and A375NC melanoma cells to determine if constitutive activation of TLR4
promotes EGFR/Src/STAT3 signaling in melanoma. The A375CA-TLR4 and A375NC stable
cell lines were established by transducing A375 cells with lentivirus-CA-TLR4 (GFP,
Myc & Flag tagged) that harbours a constitutively active form of TLR4, and the negative
control lentivirus, respectively (Figure 6.5-A). All transduced cells expressed the green
fluorescent proteins, which were detected by fluorescence microscopy, indicating the
100% purity of the two established stable cell lines. Western blotting showed that the
expression levels of phospho-EGFR, phospho-Src and phospho-STAT3 were higher in
A375CA-TLR4 cells than in A375NC cells (Figure 6.5-B). Luciferase assay results showed
that the transcriptional activity of STAT3 was increased in A375CA-TLR4 cells compared to
that in A375NC cells (Figure 6.5-C). These data indicate that activation of TLR4 signaling
activates the EGFR/Src/STAT3 signaling pathway in melanoma cells.
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Figure.6.4 LPS enhanced the activation of EGFR, Src and STAT3 in A375
melanoma cells. Cells were treated with serum-free DMEM containing PBS (Control), 1
µg/ml of LPS or 100 ng/ml of EGF, respectively, for 24 h. The expression levels of
phospho-EGFR (p-EGFR), EGFR, p-Src, Src, P-STAT3 and STAT3 were examined by
Western Blotting. GAPDH served as the loading control. Results shown were the
representative of three independent experiments. Relative protein levels were shown as
mean ± SD from three independent experiments. **P<0.01vs the control group.
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Figure.6.5 Constitutive activation of TLR4 enhanced STAT3 signaling in melanoma
cells. (A) Protein expression levels of TLR4, Flag and Myc in A375NC and A375CA-TLR4
cells were showed in the left panel. The green fluorescent images and the bright fields of
A375NC and A375CA-TLR4 cells were shown in the right panel. (B) Protein expression
levels of phospho-EGFR (p-EGFR), EGFR, p-Src, Src, P-STAT3 and STAT3 in A375NC
and A375CA-TLR4 cells. GAPDH served as the loading control. Results shown were the
representative of three independent experiments. (C) Relative transcriptional activity of
STAT3 in A375NC and A375CA-TLR4 cells. The result shown was the ratio of firefly
luc/renilla luc in A375CA-TLR4 cells relative to that in A375NC cells.
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To determine the role of TLR4/STAT3 signaling in melanoma development in vivo,
an A375 melanoma xenografts mouse model was used. A375 cells pre-treated with LPS
1μg/ml for 24 h were subcutaneously injected on the back of nude mice. These mice were
intraperitoneally injected with 100 μg LPS/mouse in 0.2 ml PBS or with vehicle 0.2 ml
PBS immediately after tumour cell injection. After 4 weeks, mice were sacrificed and
tumors were collected and weighted. It was found that tumor weight was significantly
increased in LPS treated mice (Figure 6.6). This result suggests that activation of TLR4
siganling promotes melanoma growth. Angiogenesis is critical for tumor growth. Next,
we investigated the effect of LPS on melanoma angiogenesis by examining the
endothelial marker CD31 using immunohistochemical staining in the A375 xenografts.
Result showed that the expression of CD31 was upregulated in LPS-treated group
compared to that in control group (Figure 6.7). CD31 is recognized as an angiogenesis
marker, which indicates the presence of blood vessels. This result suggests that activation
of TLR4 siganling promotes angiogenesis in melanoma. Next, Western blotting was used
to examine if LPS activates STAT3 signaling in A375 xenografts. Results showed that
LPS increased the expression levels of phospho-Src, phospho-STAT3 as well as VEGF (a
STAT3 target involved in melanoma metastasis and angiogenesis) in the xenografts
(Fiugre 6.8). These data indicate that activation of TLR4/STAT3 signaling promotes
melanoma growth and angiogenesis in vivo.
Results from this part (6.2.1) showed that the TLR4/STAT3 signaling pathway was
established in melanoma. Next, we examined if AT-II inhibits STAT3 signaling via
TLR4 in melanoma.
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Figure.6.6 LPS increased A375 human melanoma growth in nude mice. A375 (1×106)
cells pre-treated with LPS 1μg/ml for 24 h were subcutaneously injected on the back of
nu/nu BALB/c mice. Immediately after tumour cell injection, mice were randomly
assigned to 2 groups (n=4) and intraperitoneally injected with 100 μg LPS/mouse in 0.2
ml PBS or with vehicle 0.2 ml PBS. After 4 weeks, mice were sacrificed and tumors were
collected and weighted. Data of tumor weight was shown as mean ± SE.
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Figure.6.7 LPS enhanced the expression of CD31 in A375 tumors. Images shown
were the representative immunohistochemical staining of CD31 in A375 tumors. The
expression level of CD 31 was quantified by the integrated optical density (IOD) values.
*P<0.05 vs PBS group.
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Figure.6.8 LPS enhanced STAT3 signaling in A375 tumors. The expression levels of
phospho-STAT3 (p-STAT3), STAT3, p-Src, Src and VEGF were examined by Western
Blotting. Results shown were the representative of three independent experiments.
GAPDH served as the loading control. Relative protein levels were shown as mean ± SD
from three independent experiments. *P<0.05, **P<0.01 vs the control group.
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6.2.2 AT-II competed with LPS in binding to TLR4 and inhibited LPS-induced cell
invasion and STAT3 activation in melanoma cells
It is reported that AT-I, a homologous compound of AT-II, could fit into the
hydrophobic pocket of human MD-2 (a co-receptor of TLR4) and blocked TLR4
signaling in human ovarian cancer cells [Huang et al., 2014]. To determine if AT-II can
bind to TLR4, molecular docking was performed. Docking simulation of AT-II (CID:
14448070) was carried out using the AutoDock4 program. The protein 3D structure of
human TLR4/MD-2 (3FXI) was from the Protein Data Bank. The ligand-binding groove
on TLR4/MD-2 was kept rigid, whereas all torsible bonds of AT-II were set free to
perform flexible docking to produce more than 100 structures. Final docked
conformations were clustered within the tolerance of 1 Å root-mean-square deviation. As
shown in Figure 6.9, the receptor multimer is composed of two copies of the TLR4/MD-2
complex arranged in a symmetrical fashion. TLR4, which has a characteristic horseshoelike shape, combined with the β-cup fold structure of MD-2 and composed a large
hydrophobic pocket for ligand binding. AT-II (in green) could fit into the hydrophobic
pocket of TLR4/MD-2 complex, with a high free binding energy of -7.11 (kcal/mol) and
a predicted inhibition constant (Ki) of 10.08 μM. These data suggest a high binding
affinity of AT-II toward TLR4/MD-2 receptor complex. Next, LPS binding assay was
conducted to determine if AT-II competes with LPS in binding to TLR4 in A375 cells.
Cells were pre-treated with 0, 20 or 40 μM AT-II for 6 h followed by treatment with 1
μg/ml of LPS (conjugated with green fluorescence) for 1 h. Result showed that AT-II
dose-dependently blocked the LPS binding to TLR4 in A375 cells (Figure 6.10),
suggesting that AT-II might be an antagonist of TLR4 in melanoma cells.
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Figure 6.9 AT-II exhibited a high binding affinity toward TLR4/MD-2 receptor
complex in the molecular docking. (A) Side view of the symmetrical dimer of the AT-II
TLR4/MD-2 complex. (B) Top view of the AT-II-TLR4/MD-2 complex dimer. (C) AT-II
(in green) in TLR4/MD-2 docking pocket.
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Figure 6.10 AT-II competed with LPS in binding to TLR4 in A375 cells. Cells were
pre-treated with 0, 20 or 40 μM of AT-II for 6 h followed by treatment with 1 μg/ml of
LPS (conjugated with green fluorescence) for 1 h. After LPS treatment, cells were
washed using PBS and cell nucleus were stained with DAPI. The green fluorescent
signals represented the conjugated LPS and the blue signals showed the nuclei. Images
shown were the representative of three independent experiments. Data were shown as
mean ± SD from three independent experiments.
control group.
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**P<0.01 vs the AT-II untreated

To determine if AT-II can inhibit LPS-triggered STAT3 signaling, A375 cells were
pre-treated with 1 μg/ml LPS for 1 h followed by 48 h of 0, 20, 40 μM AT-II treatment.
Western blotting showed that LPS increased the phosphorylation of EGFR, Src and
STAT3 in A375 cells (Figure 6.11). It is reported that activation of TLR4 signaling
promotes the migration of human melanoma cells [Takazawa et al., 2014]. Transwell
assay results showed that LPS (Figure 6.12) and MPLAs (Figure 6.13) enhanced the
invasive ability of A375 cells, and AT-II decreased the number of invasive cells in LPSor MPLAs-treated cells. These results suggest that inhibition of TLR4/STAT3 signaling
contributes to the anti-invasive effect of AT-II in melanoma cells.
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Figure 6.11 AT-II inhibited LPS-triggered activation of STAT3 signaling in A375
melanoma cells. Cells were pre-treated with 1 μg/ml of LPS for 1 h followed by 48 h of
0, 20, 40 μM AT-II treatment. The expression levels of phospho-EGFR (p-EGFR), EGFR,
p-Src, Src, p-STAT3 and STAT3 were examined by Western Blotting. Results shown
were the representative of three independent experiments. Relative protein levels were
shown as mean ± SD from three independent experiments. *P<0.05, **P<0.01.
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Figure 6.12 AT-II inhibited LPS-induced cell invasion in A375 melanoma cells. Cells
were pre-treated with 1 μg/ml of LPS for 1 h followed by 24 h of 0, 20 μM AT-II
treatment. Cell invasion was assessed by the transwell assay. Data were shown as mean ±
SD from three independent experiments. ** P<0.01.
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Figure 6.13 AT-II inhibited MPLAs induced invasion of A375 melanoma cells. Cells
were pre-treated with 1 μg/ml of MPLAs for 1 h followed by 24 h of 0, 20 μM AT-II
treatment. Cell invasion was assessed by the transwell assay. Data were shown as mean ±
SD from three independent experiments. ** P<0.01.
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6.2.3

Constitutive

activation

of

TLR4/STAT3

signaling

diminished

the

antimelanoma effects of AT-II
In section 6.2.1, we have demonstrated the TLR4/STAT3 pathway in melanoma.
Activation of TLR4 increased the phosphorylation and transcriptional activity of STAT3
in melanoma cells (Figure 6.5). To determine if constitutive activation of TLR4
diminishes the inhibitory effects of AT-II on STAT3 activation in melanoma, A375CA-TLR4
and A375NC stable cells were treated with 0, 20, 40 μM of AT-II for 48 h, and Western
blotting was utilized to examine the phosphorylation level of STAT3 in these cells.
Results showed that the inhibitory effect of AT-II on STAT3 phosphorylation was
weakened in A375CA-TLR4 cells compared to that in A375NC cells (Figure 6.14). This result
suggests that AT-II inhibited STAT3 signaling partially through TLR4 in melanoma cells.
To determine the contribution of TLR4/STAT3 inhibition in the anti-invasive effect of
AT-II in melanoma cells, we compared the inhibitory effect of AT-II on cell invasion in
A375CA-TLR4 and A375NC cells using transwell assays. Result showed that the inhibition
rate of cell invasion in A375CA-TLR4 cells (19.1%) was significantly decreased as
compared with that in A375NC cells (42.7 %) (Figure 6.15). In CHAPTER 3, we have
found that AT-II inhibited murine melanoma growth (Figure 3.6). Here, we evaluated the
effects of AT-II on human melanoma growth and angiogenesis in a xenograft model and
examined if AT-II inhibit melanoma growth and angiogenesis via suppressing
TLR4/STAT3 signaling in mice. A375NC (1×106) and A375CA-TLR4 (1×106) cells were
respectively subcutaneously injected on the back of nu/nu BALB/c mice. One day later,
mice received AT-II 12.5 mg/kg/d or 0.5% CMC-Na as vehicle control for consecutive 25
days. Results showed that constitutive activation of TLR4 in A375 cells promoted
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melanoma growth in vivo. AT-II oral administration potently inhibited the A375NC
melanoma growth in mice. The inhibitory effect of AT-II on tumor growth was less
potent in A375CA-TLR4 than in A375NC baring mice (Figure 6.16). Next, we examined the
inhibitory effects of AT-II on angiogenesis using immunohistochemical staining of CD31
in A375CA-TLR4 and A375NC xenografts. Results showed that AT-II inhibited the
expression of the angiogenesis markerCD31 in A375NC xenografts. Constitutive
activation of TLR4 increased melanoma angiogenesis and diminished the antiangiogenesis effect of AT-II in the xenografts (Figure 6.17). These results suggest that
inhibition of TLR4/STAT3 signaling contributes to the antimelanoma effects of AT-II.
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Figure 6.14 Constitutive activation of TLR4 diminished the inhibitory effect of ATII on STAT3 activation in melanoma cells. A375CA-TLR4 and A375NC cells were treated
with 0, 20, 40 μM of AT-II for 48 h, respectively. The expression levels of phosphoSTAT3 (p-STAT3) and STAT3 were examined by Western Blotting. GAPDH served as
the loading control. Results shown were the representative of three independent
experiments. Relative protein levels were shown as mean ± SD from three independent
experiments. *P<0.05, **P<0.01.
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Figure 6.15 Constitutive activation of TLR4 diminished the inhibitory effect of ATII on melanoma cell invasion. A375CA-TLR4 and A375NC cells were treated with 0, 20 μM
of AT-II for 24 h, respectively. Cell invasion was assessed by the transwell assay. Data
were shown as mean ± SD from three independent experiments.
** P<0.01.
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Figure 6.16 Constitutive activation of TLR4 diminished the inhibitory effect of ATII on A375 human melanoma growth in nude mice. A375NC (1×106) and A375CA-TLR4
(1×106) stable cells were respectively subcutaneously injected on the back of nu/nu
BALB/c mice. One day later, mice received AT-II 12.5 mg/kg/d or 0.5% CMC-Na as
vehicle control for consecutive 25 days. Xenografts were collected and weighted at the
end of the experiment. *P<0.05.
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Figure 6.17 Constitutive activation of TLR4 diminished the inhibitory effect of ATII

on

A375

tumor

angiogenesis.

Images

shown

were

the

representative

immunohistochemical staining of CD31 in A375CA-TLR4 and A375NC xenografts. The
expression level of CD 31 was quantified by the integrated optical density (IOD) values.
*P<0.05.
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6.3 Discussion and conclusion
Accumulating evidence suggests that inflammation can induce melanoma initiation
and plays a major role in melanoma progression, angiogenesis and metastasis [Bald et al.,
2014; Maru et al., 2014; Haupt et al., 1984; Antonio et al., 2015; Jelcic et al., 2015]. It is
reported that UVR-induced inflammation promotes melanoma angiogenesis and
metastasis through activating TLR4 [Bald et al., 2014]. LPS enhances cell proliferation
and migration in TLR4(+) melanoma cells but not in TLR4(‒) melanoma cells [Takazawa
et al., 2014].These observations suggest that TLR4 is required for inflammation-induced
melanoma development. However, the detailed molecular mechanisms underlying how
TLR4 activation contributes to melanoma development is less understood. In this study,
we found that activation of TLR4 enhanced STAT3 signaling in melanoma in vitro and in
vivo and promoted melanoma growth and angiogenesis in nude mice, and induced
invasion in cultured melanoma cells. The critical role of STAT3 in melanoma
development has been well established [Bromberg et al., 2002; Kortylewski et al., 2005a;
Yu and Jove, 2004; Xiong et al., 2014; Xie et al., 2004; Xie et al., 2006]. In light of the
above, we speculate that the TLR4/STAT3 pathway may be a link between inflammation
and melanoma development.
EGFR activation can provoke Src/STAT3 signaling and promote melanoma
metastasis [Rojas et al., 1996; Hurks et al., 2000; Boone et al., 2011]. It has been
reported that TLR4 ligands and agonists can activate EGFR in macrophages, gastric
epithelial cells and bronchial epithelial cells [Lu et al., 2014; Basu et al., 2008; De et al.,
2015; Chattopadhyay and Sen; Bergin et al., 2014]. However, the relationship between
EGFR and TLR4 in melanoma is unknown. Our results showed that LPS treatment or
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overexpression of a constitutively active form of TLR4 enhanced EGFR/Src/STAT3
signaling in A375 cells. These data suggest that EGFR/Src is involved in the
TLR4/STAT3 pathway in melanoma. A previous report showed that TLR4 signaling
promotes a COX-2/PGE2/STAT3 positive feedback loop in hepatocellular carcinoma
cells, which contributes to cell proliferation and multidrug resistance [Lin et al., 2015].
COX-2 and PGE2 are two inflammatory mediators involved in cutaneous inflammation
[Tang and Wang, 2016]. Both COX-2 and PGE2 can be increased by UV radiation
through phosphorylation of EGFR in skin cells, which involves in the pathogenesis of
melanoma [Oi et al., 2012; Elmets et al., 2014; Prasad and Katiyar, 2013; Prasad and
Katiyar, 2014]. Based on these observations, we conjecture that TLR4 signaling might
promote the COX-2/PGE2/STAT3 positive feedback loop in melanoma as in liver cancer,
and EGFR might be involved in this loop in melanoma. In addition, IL-6, a proinflammatory cytokine that produces in response to the activation of TLR4 signaling and
STAT3 signaling [Palmer et al., 2015; Yu et al., 2009], activates the EGFR/STAT3
pathway in diverse tumors and promotes cancer progression [Wang et al., 2013; Yu et al.,
2014a; Klampfer, 2011]. This suggests that TLR4 might promote an IL-6/EGFR/STAT3
positive feedback loop in cancers, which contributes to the development of cancers
including melanoma. The above reports suggest that the TLR4-regulated inflammatory
factors COX-2, PGE2 and IL-6 can activate STAT3 signaling in cancers, and the
TLR4/STAT3 pathway might be a critical link between inflammation and cancer.
Blocking the TLR4/STAT3 pathway might be a strategy for the prevention and treatment
of inflammation-induced cancers including melanoma.
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LPS is a known TLR4 ligand that can bind to the hydrophobic pocket of TLR4/MD2
complex and then lead to the activation of several transcriptional factors that are
responsible for the production of pro-inflammatory cytokines [Park et al., 2013]. AT-I is
a homologous compound of AT-II and is a well-documented TLR4 inhibitor. It is
reported that AT-I could fit into the hydrophobic pocket of TLR4/MD2 complex and
inhibited TLR4 signaling in human ovarian cancer cells [Huang et al., 2014]. Both AT-I
and AT-II have a ketone functional group that can interact with proteins, indicating a
potential of AT-II can bind to the TLR4/MD2 complex. Our molecular docking results
showed that AT-II could fit into the hydrophobic pocket of TLR4/MD-2 complex,
suggesting AT-II might be able to compete with LPS in binding to the TLR4/MD-2
complex. In the cellular experiments, AT-II indeed reduced the binding of LPS to TLR4,
and inhibited LPS-triggered activation of EGFR/Src/STAT3 signaling as well as LPSinduced invasion in melanoma cells. Moreover, constitutive activation of TLR4
diminished the inhibitory effects of AT-II on STAT3 phosphorylation and cell invasion in
A375 melanoma cells, as well as on tumor growth and angiogenesis in A375 melanomabearing mice. These data suggested that AT-II could block TLR4/STAT3 signaling in
melanoma, and the inhibition of TLR4/STAT3 signaling contributed to the antimelanoma
effects of AT-II. As an inhibitor of the TLR4/STAT3 pathway, AT-II may also exert anticancer effects in inflammation-induced cancers other than melanoma. Further studies are
warranted to confirm this speculation.
In conclusion, this part of studies showed that 1) activation of TLR4 enhanced
STAT3 signaling in melanoma in vivo and in vitro; 2) AT-II competed with LPS in
binding to TLR4 and inhibited LPS-induced cell invasion and STAT3 activation in
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melanoma cells; 3) constitutive activation of TLR4/STAT3 signaling diminished the
antimelanoma effects of AT-II. These results suggested that the TLR4/STAT3 pathwy
was tentatively established in melanoma, and that inhibition of TLR4/STAT3 signaling
contributed to the antimelanoma effects of AT-II.
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CHAPTER 7
General discussion, Conclusion,
Significance of this study
and Future plans
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7.1 General discussion and conclusion
Atractylodis Macrocephalae Rhizoma is commonly used by TCM doctors for
treating cancer including melanoma [Kuo et al., 2012;Liao et al., 2013; Ye et al., 2015;
Wang et al., 2008; He et al., 2013; You, 2005a,b; You, 2006; Liu et al., 2015; Cheng et
al., 2013]. AT-II is one of the main bioactive compounds present in Atractylodis
Macrocephalae Rhizoma [Cao et al., 2014]. The antimelanoma effects of AT-II on B16
mouse melanoma cells have been previously reported [Ye et al., 2011a; Ye et al., 2011b].
This study first demonstrated the antimelanoma effects of AT-II on multiple human
melanoma cells and a mouse melanoma model, providing a better understanding of the
antimelanoma properties of AT-II.

AT-II is a sesquiterpene lactone. Sesquiterpene lactones are the active constituents
of many medicinal plants that possess anti-inflammatory and anti-cancer effects [Kreuger
et al., 2012; Zhang et al., 2005]. Studies have shown that a variety of sesquiterpene
compounds strongly inhibit STAT3 activation as well as STAT3-mediated transcription
of oncogenic and pro-inflammatory genes [Mathema et al., 2012; Formisano et al., 2017;
Song et al., 2014]. In this study, we found that AT-II potently suppressed STAT3
activation in both mouse melanoma tissues and cultured melanoma cells, and the
inhibition of STAT3 signaling contributed to the antimelanoma effects of AT-II. These
results suggest that STAT3 is a target of AT-II for its antimelanoma effects. Besides in
melanoma, STAT3 is constitutively activated in a wide range of cancers such as liver
cancer, colon cancer, breast cancer and prostate cancer, and has been proposed as a drug
target for treating these cancers [Banerjee and Resat, 2016; Lin et al., 2005; Mora et al.,
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2002; Wang et al., 2011]. AT-II might also serve as an effective agent for treating all
these cancers through inhibiting STAT3 signaling.

STAT3 is a transcription factor that regulates genes responsible for melanoma
growth, angiogenesis, metastasis and immune evasion [Bromberg et al., 2002;
Kortylewski et al., 2005a; Yu and Jove, 2004; Xiong et al., 2014; Xie et al., 2004; Xie et
al., 2006]. In this study, we have found that AT-II suppressed STAT3 signaling and
inhibited melanoma growth, angiogenesis and metastasis. AT-II may also be able to
reprogram melanoma immune microenvironment by targeting STAT3 signaling. More
studies are needed to verify this speculation. In addition, it is reported that BRAF and
MEK inhibitors can increase the activation of STAT3 signaling, which contributes to the
acquired drug resistance in melanoma [Liu et al., 2013a; Vultur et al., 2014; Girotti et al.,
2013; Feng et al., 2016]. Targeting STAT3 signaling has been shown to sensitize the
resistant melanoma cells to BRAF and/or MEK inhibitors [Vultur et al., 2014; Dai et al.,
2011; Liu et al., 2013a]. According to these observations, it would be interesting to
investigate if AT-II and BRAF/MEK inhibitors have synergistic antimelanoma effects
and if AT-II can overcome acquired resistance to BRAF and MEK inhibitors in
melanoma cells.

Several RTKs, such as EGFR, FGFR and HGFR, have been demonstrated to play
key roles in melanoma development through activating STAT3 signaling [Xiong et al.,
2014]. In A375 melanoma cells, we found that AT-II inhibited the phosphorylation of 16
RTKs, including EGFR, FGFR and HGFR, and the inhibitory effect of AT-II on the
phosphorylation of EGFR was the strongest in the Phospho-RTK array. Our data showed
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that inhibition of the EGFR/Src/STAT3 pathway is indeed involved in the anti-invasive
effects of AT-II in melanoma cells. Further studies are needed to determine the roles of
FGFR, HGFR as well as other AT-II-suppressed RTKs in the antimelanoma action of
AT-II. Our molecular docking data showed that the free binding energy of AT-II with
EGFR is relatively low, suggesting AT-II might exert inhibitory effect on EGFR
activation via other molecules.

It has been shown that TLR4 signaling activates EGFR in lung cancer and ovarian
carcinoma cells [Basu et al., 2008]. TLR4 is a key regulator of inflammatory responses
and functionally expressed in melanoma cells [Oblak and Jerala, 2011; Burns and Yusuf,
2014]. Studies indicate that TLR4 is required for inflammation-induced melanoma
development [Bald et al., 2014; Takazawa et al., 2014]. However, signaling pathways
involved in TLR4-mediated melanoma development are less understood. It has been
reported that TLR4 signaling promotes STAT3 signaling in hepatocellular carcinoma [Lin
et al., 2015]. But the crosstalk between TLR4 signaling and STAT3 signaling in
melanoma has not been reported yet. In this study, we found that activation of TLR4
enhanced EGFR/Src/STAT3 signaling in melanoma, and activation of the TLR4/STAT3
pathway contributed to melanoma progression. The TLR4/STAT3 pathway may be a link
between inflammation and melanoma development. These findings shed novel insight
into the pathophysiology of melanoma.

The TLR4/STAT3 pathway in melanoma is an important observation of our study.
Delineation of the molecular events in the TLR4/STAT3 signalling pathway showed that
EGFR and Src link TLR4 and STAT3 in melanoma. While, how dose TLR4 signaling
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activate EGFR/Src/STAT3 signaling is not clear. The TLR4/COX-2/PGE2/STAT3
pahtway has been established in liver cancer cells [Lin et al., 2015]. It is reported that
production of PGE2 catalized by COX-2 induces cell proliferation and migration via
activating EGFR in colon cancer cells [Buchanan et al., 2003; Pai et al., 2002]. Whether
COX-2/PGE2 is involved in the TLR4/EGFR/Src/STAT3 pathway in melanoma needs to
be determined. In addition, IL-6-indcued EGFR/STAT3 signaling has been implicated in
the progression of several cancers including lung cancer, colon cancer and liver cancer
[Grivennikov and Karin, 2008; Wang et al., 2013]. Both COX-2 and IL-6 are
inflammatory factors that can be produced in response to the activation of TLR4
signailng [Guo et al., 2015] and STAT3 signaling [Yu et al., 2009]; and production of
COX-2 or IL-6 is able to activate STAT3 signaling in cancers [Lin et al., 2015;
Grivennikov and Karin, 2008; Wang et al., 2013]. These reports suggest the key role of
inflammatory factors in the TLR4/STAT3 signaling, and the potential feedforward loops
in continuously activating STAT3 in cancer. In the future, we will examine if COX-2 or
IL-6, or other inflammatory factor plays a role in the TLR4/STAT3 pathway in melanoma.
JAK2, an upstream tyrosin kinase of STAT3, can be phosphorylated by activation of
TLR4 signaling in macrophages [Lee et al., 2013]. We will also investigate the role of
JAK2 in TLR4/STAT3 signaling in melanoma.

Inflammation has been recognized as an important inducer of several other cancers
besides melanoma [Fukata et al., 2007; Bald et al., 2014; Soares et al., 2010]. Our
discovered inhibitory effect of AT-II on TLR4/STAT3 signaling in melanoma may also
occur in other cancers. Thus, AT-II may also be an effective agent for preventing and
treating inflammation-induced cancers other than melanoma. We plan to address this in
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the future. In addition, it has been well established that TLR4 plays an essential role in
inflammation [Roy et al., 2016] and thrombosis [Sun, 2014]. Inhibition of TLR4
signaling may be the possible mechanisms involved in the anti-inflammatory and antithrombotic effects of AT-II. We also want to study this speculation in the future.

Our findings from this study are summarized in Figrue 7.1. In conclusion, we
tentatively established the TLR4/STAT3 pathway in melanoma and demonstrated that
AT-II exerted antimelanoma effects in vivo and in vitro, and inhibition of TLR4/STAT3
signaling contributed to these effects.

Figure 7.1 A proposed model for the mechanism of the action of AT-II in melanoma.
Dashed arrow and semi-transparent parts are to be determined.
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7.2 Significance of this study
Results of this study provide a chemical and pharmacological basis for the clinical
application of Atractylodis Macrocephalae Rhizoma in managing melanoma. This might
bring Atractylodis Macrocephalae Rhizoma into the mainstream medicine and contribute
to the internationalization of TCM. This study is a step in a continuum of research that is
expected to lead to clinical trials of AT-II as an effective, safe, inexpensive and orally
deliverable agent for melanoma prevention and/or treatment. Establishment of the
TLR4/STAT3 signaling pathway in melanoma cells sheds novel insight into the
pathophysiology of melanoma.
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7.3 Future plans
To further understand the antimelanoma properties of AT-II, we are going to:

7.3.1

Determine

if

AT-II

inhibits

melanoma

metastasis

via

suppressing

TLR4/STAT3 signaling in mice
In CHAPTER 6, we have demonstrated that inhibition of TLR4/STAT3 signaling
contributed to the inhibitory effects of AT-II on cell invasion in cultured melanoma cells
and melanoma growth as well as angiogenesis in mice. However, whether AT-II inhibits
melanoma metastasis via suppressing TLR4/STAT3 signaling in vivo is unknown. To
address this question, we will firstly establish A375-lucCA-TLR4 and A375-lucNC stable cell
lines, and then compare the inhibitory effect of AT-II on A375-lucCA-TLR4 and A375-lucNC
melanoma metastasis in a hematogenous and lymphatic metastasis mouse model.
Melanoma metastasis will be assessed by detecting the luciferase/fluorescence signal
using a small animal imaging system (IVIS Lumina XR).
A375-lucCA-TLR4 and A375-lucNC stable cell lines will be created by transfecting
firefly luciferase gene (luc) plasmid pCAG-luciferase (addgene: 55764) into A375CA-TLR4
and A375NC cells and selecting 2 weeks for neomycin resistance. Then A375-lucCA-TLR4
and A375-lucNC stable cells will be separately injected between the skin and cartilage on
the dorsal side of the ear of individual nude mice. This model enables both lymphatic and
hematogenous metastatic spread, which faithfully represents clinical metastatic melanoma
[Bobek et al., 2010]. Immediately after cell injection, mice will respectively receive i.g.
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administration of AT-II at 12.5, 25 mg/kg/day or 0.1ml/10g/day 0.5% CMC-Na as
vehicle control for 4 consecutive weeks. Luciferase activity will be detected every 4 days
to monitor metastasis progression.
In this part, we expect to find that AT-II inhibits melanoma metastasis in mice, and
the inhibitory effects of AT-II are less potent in A375-lucCA-TLR4 model than in A375lucNC model.

7.3.2 Determine if AT-II overcomes the acquired resistance of melanoma cells to
BRAF and MEK inhibitors
Although clinical applications of vemurafenib and dabrafenib, the selective
BRAFV600 inhibitors, have shown remarkable results in patients with BRAF-mutated
melanomas, the acquired drug resistance frequently appear after using for several months
of these targeted therapies [Poulikakos and Rosen, 2011; Liu et al., 2013a]. Combination
of BRAF and MEK inhibitors can weaken the acquired resistance to BRAF inhibitors
[Foletto and Haas, 2014]. However, resistance occurrence following this treatment
strategy has been reported [Ascierto et al., 2016; Russo et al., 2014]. It has been reported
that MEK and BRAF inhibitors can enhance STAT3 signaling, causing potential adverse
effects such as increased invasion in melanoma [Vultur et al., 2014]. Inhibition of EGFR,
Src or STAT3 activation can overcome the BRAF and MEK inhibitor resistance in
melanoma [Girotti et al., 2013; Vultur et al., 2014].
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In CHAPTERs 4 & 5, we have shown that AT-II potently inhibited the
phosphorylation/activation of EGFR, Src and STAT3 in melanoma in vitro and in vivo.
Here, we plan to investigate if AT-II can enhance the sensitivity of BRAF and MEK
inhibitors in acquired drug resistant melanoma cells. A375 and G361 human melanoma
cells, harbouring BRAFV600E mutation, will be used to establish the BRAF or MEK
inhibitor resistant cells. The BRAF inhibitor resistant A375 and G361 melanoma cells
have been previously established in our laboratory, and the MEK inhibitor resistant cells
will be established as described [Tse et al., 2014]. The drug resistant cells will be treated
with AT-II and selective BRAF/MEK kinase inhibitors simultaneously, and cell viability,
apoptosis, migration and invasion will be examined.
In this part, we expect to find that AT-II overcomes BRAF/MEK inhibitor resistance
in melanoma cells. If the in vitro study results are as expected, effects of AT-II on
overcoming melanoma resistance to these inhibitors will be further validated in vivo.
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7.3.3 Comprehensively explore molecular signaling pathways involved in the
antimelanoma effects of AT-II
Phospho-RTK array and RNA-Sequencing (RNA-seq) have been performed by us to
comprehensively explore molecular signaling pathways involved in the antimelanoma
effects of AT-II in A375 cells. Further studies are needed to determine the roles of those
RTKs and genes affected by AT-II treatment.

7.3.3.1 Verify the results obtained from the Phospho-RTK array assays and
determine the roles of the altered RTKs in AT-II-exerted antimelanoma effects
In CHAPTER 5, Phospho-RTK array assays showed that AT-II reduced the
expression levels of 16 phospho-RTKs, including phospho-EGFR, -Mer, -Tie-2, -EphA6,
-EphA7, -HGFR, -ErbB3, -ErbB4, -MSPR, -TrkB, -FGFR1, -FGFR2α, -PDGFRβ, FGFR3, -EphA1 and -EphA2 in A375 cells. The roles of EGFR, Mer, Tie-2, HGFR,
FGFR, PDGFRβ, EphA2 and ErbB receptors in melanoma progression have been
reported (Table 7.1). We will verify the effects of AT-II on the expression levels of these
phospho-RTKs in multiple melanoma cells using Western blotting and investigate their
roles in AT-II-exerted antimelanoma effects.
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Table 7.1 Roles of the AT-II- affected RTKs in melanoma progression
RTKs

Roles in melanoma progression

Reference
Boone et al., 2011;

Promotes melanoma metastasis;
EGFR

Girotti et al., 2013;

Drives melanoma resistant to BRAF inhibitor
Hurks et al., 2000

Promotes melanoma metastasis

Schlegel et al., 2013;

and melanoma cell survival

Tworkoski et al., 2013

Promotes melanoma angiogenesis

Corrie et al., 2010

Promotes melanoma growth

Shih and Herlyn, 1993;

and angiogenesis

Meier et al., 2000

Promotes melanoma growth

Molhoek et al., 2011;

and metastasis

Nambiar et al., 2005

Promotes melanoma metastasis

Tandon et al., 2011

Promotes melanoma cell proliferation

Djerf et al., 2009

Mer

Tie-2

FGFR

HGFR

EphA2
ErbB
receptors

Shi et al., 2011;

Promotes melanoma cell migration;
PDGFRβ

Nazarian et al., 2010;

Drives melanoma resistant to BRAF inhibitor
Campbell et al., 2013
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7.3.3.2 Verify the results obtained from RNA-sequencing (RNA-Seq) and determine
the roles of the altered genes in AT-II-exerted antimelanoma effects
We have used RNA-Seq to compare the gene expression profiles of AT-II-treated
(40 µM, 48 h) A375 cells and DMSO-treated A375 cells. The RNA-seq data showed
that expressions of 258 genes were affected by AT-II treatment in A375 cells, among
them, 155 were down-regulated and 103 were up-regulated. The differentially expressed
genes (DEGs) were then analysed using Gene Ontology (GO) enrichment analyses
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses.
GO enrichment analyses (Figure 7.2) showed that cell growth-related genes
NUPR1 and KRT17 were downregulated by AT-II treatment in A375 cells, which is in
line with the inhibitory effect of AT-II on melanoma cell proliferation and tumor growth
shown in CHAPTER 3. q-PCR will be conducted to verify the inhibitory effect of AT-II
on the expression of NUPR1 and KRT17. If verified, we will then study if NUPR1 and
KRT17 play roles in the anti-proliferative effects of AT-II in melanoma cells. RNA-seq
data also showed that 5 genes related to immune response were affected by AT-II in
A375 cells. Among them, LYL1, NLRC3 and SIRPB were up-regulated while INHA and
PADI4 were down-regulated by AT-II in A375 cells, which indicates an immuneregulatory potential of AT-II in melanoma. To address this, we will assess the immuneregulatory effects of AT-II in a melanoma-bearing mouse model and examine the roles of
these immune-related genes in AT-II-exerted immune regulatory effects in melanoma.
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Figure 7.2 Gene Ontology classifications of the differentially-expressed genes.

Pathway analyses showed that TICAM2 (also known as TRAM) and TLR9 were
downregulated by AT-II in A375 cells (Figure 7.3). TRAM is an adaptor molecule of
TLR4. This result indicated that in addition to blocking LPS binding, AT-II might inhibit
TLR4 signaling via inhibiting the downstream adaptor molecules. Answering this
question will provide us a better understanding of the molecular mechanisms involved in
the inhibitory effects of AT-II on TLR4 signaling. It is reported that TLR9 activates
STAT3, which leads to the STAT3-mediated tumour immunosuppression [Kortylewski et
al., 2009]. Previous studies have mainly focused on the role of TLR9 in anti-tumour
immune responses [Hofmann et al., 2008; Pashenkov et al., 2006]. We will investigate
the effect of AT-II on TLR9 expression in melanoma cells, and determine if TLR9 is
involved in the antimelnaoma effects of AT-II.
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downregulated in AT-II-treated samples.

Figure 7.3 The KEGG pathways of toll like receptor signaling. The molecules in green color (TRAM and TLR9) were

7.3.4 Further studies on the TLR4/STAT3 signaling pathway in melanoma
In this study, we tentatively established the TLR4/STAT3 pathway in melanoma. In
the future, we will examine if activation of TLR4 activates EGFR/STAT3 signaling
through MyD88-dependent and/or MyD88-independent pathways in LPS-treated
melanoma cell models. If results are positive, we will next determine which molecules
produced upon LPS-induced TLR4 signaling are involved in the TLR4/EGFR/STAT3
pathway. In addition, JAK2 is an upstream tyrosin kinase of STAT3 and can be activated
by TLR4 in macrophages. JAK2 might be involved in the TLR4/STAT3 pathway. We
will address this speculation in the future as well. To further understand the detailed
molecular events in the TLR4/STAT3 signaling pathway, we plan to perform
phosphoproteomics analysis and RNA-seq in LPS-treated melanoma cells.

Figure 7.4 A proposed model for the TLR4/STAT3 pathway in melanoma.
Dashed arrow and semi-transparent parts are to be determined.
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7.3.5 Further conduct preclinical studies toward developing AT-II as an
antimelanoma agent
The antimelanoma effects of AT-II in vivo and in vitro have been shown in this
study. Our ultimate goal is to develop AT-II as an antimelanoma agent. For this purpose,
we will further conduct pharmaceutical, pharmacodynamic, pharmacokinetic and toxicity
studies.
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