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ABSTRACT
A herbal formula (SL) comprising edible Sophorae Flos and Lonicerae
Japonicae Flos was used to treat melanoma in ancient China. In current Chinese
medicine practice, the two ingredient herbs of SL are commonly prescribed by
Traditional Chinese medicine (TCM) doctors for treating melanoma. However,
there is no modern clinical or experimental evidence about the anti-melanoma
actions of this formula. Signal transducer and activator of the transcription
(STAT3), which is constitutively activated in melanoma, has been proposed as
one of the anti-melanoma targets. Some natural compounds in SL have been
shown to assault cancers including melanoma via inhibiting STAT3 signaling. In
this study, we investigated the anti-melanoma effects and explored STAT3
signaling-related mechanism of action of SL. We also identified bioactive
components responsible for SL's anti-melanoma effects.
Our in vitro and in vivo studies showed that SLE, an ethanolic extract of SL,
induced apoptosis, inhibited proliferation, migration and invasion in melanoma
cells, inhibited melanoma growth, angiogenesis and prolonged host survival in
melanoma-bearing mice. SLE significantly suppressed the activation of STAT3
and its upstream kinase Src in both mouse melanoma tissues and cultured
melanoma cells. In melanoma cells, we also found that SLE restrained STAT3
nuclear localization and inhibited the expression of STAT3-regulated genes
related to melanoma growth, metastasis and angiogenesis. Overactivation of
STAT3 in A375 human melanoma cells diminished the anti-proliferative, proapoptotic and anti-invasive effects of SLE. RNA-seq and small RNA sequencing
analyses showed that SLE altered both the gene expression profile and miRNA
signature in B16F10 melanoma tissues. Based on the RNA-seq data, we further
validated that SLE inhibited the IL-17-IL-6-STAT3 axis in melanoma.
Verification assays for the candidate miRNAs suggested that the significantly
upregulated miR-205-5p is a possible target of SLE. Enforced miR-205
expression has been shown to suppress EMT in melanoma cells. In this study, we
demonstrated that SLE inhibited melanoma cell EMT, and miR-205-5p
knockdown diminished this effect of SLE. In addition, we computationally
ii

demonstrated that luteolin, a naturally occurring edible flavone abundant in
Lonicerae Japonicae Flos, could directly bind to Src kinase domain.
Experimentally, we verified that luteolin inhibited the Src/STAT3 signaling in
both melanoma cells and tissues. In addition to inhibit STAT3 activation, luteolin
promoted ubiquitin-proteasome pathway-mediated degradation of STAT3.
Luteolin also exerted evident in vitro and in vivo anti-melanoma effects, and
overactivation of STAT3 diminished its anti-melanoma effects.
In conclusion, we demonstrated that SLE exerted in vivo and in vitro antimelanoma effects, and inhibition of Src/STAT3 signaling and elevation of miR205-5p expression contributed to these effects. Luteolin was identified to be one
of the active components responsible for the inhibitory effects of SLE on STAT3
signaling and the anti-melanoma effects of SLE. This study provides a
pharmacological and chemical basis for the traditional use of the formula SL in
treating melanoma, and suggests that SLE and SLE-derived compounds have the
potential to be developed as modern alternative and/or complimentary agents for
melanoma management.

Key words: Sophorae Flos; Lonicerae Japonicae Flos; Sophora japonica;
Lonicera japonica; Melanoma; STAT3; miR-205-5p; Luteolin;
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Chapter I
Introduction
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1.1 Cutaneous melanoma
1.1.1 Overview
Melanoma is a highly malignant tumor that develops from melanocytes, the
pigment-producing cells. It typically occurs in the skin but rarely in the mouth,
intestines, or eyes. Melanoma of the skin is called cutaneous melanoma (Figure
1.1), which together with basal-cell and squamous-cell carcinomas are the three
major types of skin cancer. Cutaneous melanoma is not the most common but the
most aggressive form of skin cancer. It only accounts for less than 5% of all skin
cancer cases, but the vast majority (80%) of skin cancer related-deaths
[Bertolotto, 2013]. Cutaneous melanoma is an etiologically heterogeneous disease
with various interactions among host (age, sex, nevi and pigmentation), genetic
factors (mutations in the genes CDKN2A and CDK4) and environmental factors
(ultraviolet radiation) [Liang et al., 2012]. Ultraviolet (UV) radiation is
considered as the primary initiating event in the development of most melanomas
that contributes to malignant transformation and proliferation through direct DNA
damage, reactive oxygen species induction and immune responses modulation
[Lao, et al., 2006]. Despite the efforts to educate public about the dangers of
excess UV radiation exposure, melanoma incidence continues to increase
[Grimaldi, et al., 2014].

2

Figure 1.1 Cutaneous melanoma
(Source: Skin Melanoma Test, available at
http://skinmelanoma.com/understanding-skin-melanoma/overview/)

1.1.2 Epidemiology
Globally, cutaneous malignant melanoma has been rising steadily in incidence in
predominantly fair-skinned populations over the past 50 years, with New Zealand
and Australia occupying the highest rates of melanoma in the world [Erdmann, et
al., 2013]. Fortunately, the data for the past 5 years show that melanoma incidence
rates in the US are declining or plateauing among people younger than 50 [Cancer
Facts & Figures. 2016]. For instance, from 2008 to 2012, the average incidence
rate declined by about 3% per year in both men and women aged 20-29. However,
the incidence rate among individuals aged 50 and older has increased by 2.6% per
year since 1996 [Cancer Facts & Figures. 2016]. Although melanoma is more
common in Caucasian and those with fair complexions, the incidence in Asia is
increasing rapidly. It was estimated that the annual diagnosed cases of melanoma
in 2015 were 255,949 and 1,350 in the mainland of China and Hong Kong,
respectively [Health Grades Inc., 2015].
Unlike many other cancers, melanoma, which is the second most common
cancer among women of ages 15-29, affects a relatively younger population
3

[Grimaldi, et al., 2014; NAACCR Fast Stats, 2016]. Before age 50, the probability
of developing invasive melanoma is higher in women than in men, but after age
60, the risk in men is twice as high as in women (Table 1.1) [Cancer Facts &
Figures. 2017]. Besides, melanoma is notorious for its great propensity to
metastasize to other parts of the body. For localized melanoma, the 5-year survival
rate is 98%, but for regional and distant metastatic melanoma, survival declines to
62% and 18%, respectively [Cancer Facts & Figures, 2017]. The prognosis of
metastatic melanoma is extremely poor with a median overall survival (OS) time
of 5.3 months [Sandru, et al., 2014].

Table 1.1 Probability (%) of developing invasive cancer during selected age
intervals by sex in US during 2011-2013 [Cancer Facts & Figures, 2017]

1.1.3 Melanoma treatment
There are currently five types of treatment options available for patients with
4

melanoma, including surgery, immunotherapy, targeted therapy, chemotherapy
and radiation therapy [Heo, et al., 2016]. The best treatment option for each
patient depends on many factors, such as the thickness and stage of melanoma, the
presence of specific genetic changes, patient’s medical conditions and personal
preferences.
Surgery is the most common treatment approach for melanoma. Early-stage
melanoma can be surgically healed with relatively limited associated morbidity
[Heo, et al., 2016]. However, melanoma disseminated to distant sites and visceral
organs is, almost invariably incurable with the exception of rare cases of surgery
for oligometastatic disease [Eggermont, 2010]. Surgical resection concomitant
with systemic therapies are required for advanced melanoma.
Radiation therapy uses high-energy X-rays or other particles to kill cancer
cells. It may be recommended after surgery to prevent recurrence. Sometimes, it is
used to relieve symptoms of melanoma that has spread to other areas of the body.
In particular, radiation therapy is often used in patients with brain or bone
metastases as adjunct palliative therapy. Radiation therapy, which can damage
normal cells as well as cancer cells, may cause side effects such as skin irritation,
changes in skin color, hair loss in the radiation-treated area, fatigue or nausea (if
radiation is aimed at the abdomen).
Chemotherapy is the use of chemical drugs to kill cancer cells or prevent
them from growing or dividing. Current chemotherapeutic agents for cutaneous
melanoma

include

alkylating

agents

(dacarbazine,

temozolomide

and

nitrosoureas), platinum analogs (cisplatin, carboplatin and zeniplatin) and
microtubular toxins (taxanes and vinca alkaloids) [Hsan, et al., 2010].
5

Dacarbazine (DTIC), an alkylating agent, is the first and only Food and Drug
Administration (FDA)-approved chemotherapy agent for metastatic melanoma
[Kim, et al., 2014]. However, the overall response rate of DTIC is only 15% to 20%
with the median response duration of only 4 to 6 months, and the complete
response is less than 5% [Hsan, et al., 2010; Philip, et al., 1994; Hill, et al., 1979].
An orally administered analog of DTIC, temozolamide (TMZ), showed similar
efficacy and toxicity profiles to DTIC [Middleton, et al., 2000]. Considering the
added ability to cross the blood-brain barrier, TMZ is usually used to treat
melanoma with brain metastases [Middleton, et al., 2000]. However,
chemotherapy might also targets rapidly growing normal cells (blood-producing
cells in the bone marrow, cells lining the gastrointestinal tract and hair follicles),
thereby producing a variety of side effects such as bone marrow suppression,
nausea, vomiting and hair loss.
Immunotherapy is a type of systemic therapy designed to activate the
patient's immune system to recognize and attack cancer cells. Currently, there are
several immunological approaches in treating melanoma including cytokines
(interferon[IFN]-α and interleukin[IL]-2), immune checkpoint inhibitors (PD-1
and CTLA-4 inhibitors), and autologous and allogeneic cellular vaccines
(Oncolytic virus and Bacille Calmette-Guerin [BCG] vaccine) [Nikolaou, et al.,
2012]. Ipilimumab, a human antibody against cytotoxic T-lymphocyte antigen
(CTLA)-4, is the first drug in the history of melanoma treatment approved on the
basis of a demonstrated survival benefit in patients with advanced metastatic
melanoma [Eggermont & Robert, 2011]. A trial of ipilimumab and DTIC showed
that the combination therapy exhibited improved median OS (11.2 vs. 9.1 months)
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and higher survival rates (47.3 vs. 36.3% for 1 year, 28.5 vs. 17.9% for 2 year,
20.8 vs. 12.2% for 3 year) than DTIC alone [Robert, et al., 2011]. Pembrolizumab
and nivolumab, the antagonist mAbs to PD-1, are also FDA-approved drugs
showed impressive clinical responses and positive impacts on OS in patients with
advanced melanoma [Heo, et al., 2016]. T-VEC, a genetically modified live
oncolytic virus that can replicate in cancer cells and produce the
immunostimulatory protein granulocyte-macrophage colony-stimulating factor,
was approved in 2015 for the local treatment of unresectable cutaneous,
subcutaneous and nodal lesions in patients whose melanoma has recurred after
initial surgery.
Targeted therapy, acting on specific molecular targets that are associated
with cancer, is a type of treatment designed to selectively destroying cancer cells
while leaving normal cells intact. Melanoma is a complex genetic disease. Several
signaling

pathways

(e.g.

Ras/Raf/MEK/ERK,

PI3K/AKT,

PI3K/mTOR,

PTEN/AKT3 and JAK/STAT pathways) and oncogenic mutations (e.g. BRAF, cKIT, MEK, NRAS, PI3K, AKT, mTOR, ERBB4, CDK4 and MITF), which have
been demonstrated to be essential for melanoma initiation and metastatic
progression, have provided potential therapeutic targets for melanoma [Orgaz &
Sanz-Moreno, 2012; Nikolaou, et al., 2012; Gray-Schopfer, et al., 2007; Flaherty,
et al., 2012; Eggermont & Robert, 2011]. BRAF inhibitors vemurafenib and
dabrafenib, MEK inhibitor trametinib, dabrafenib + trametinib, and vemurafenib +
cobimetinib (MEK inhibitor), approved by FDA to treat melanoma patients with
BRAF V600E or V600K mutations, showed OS improvement in clinical trials
[Shih, et al., 2015; Flaherty, et al., 2012]. However, the clinical benefits of these
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targeted therapies are critically limited by the rapid development of drug
resistance [Gowrishankar, et al., 2012].
Taken together, the representative drugs available for treating melanoma are
listed in Table 1.2. However, the clinical use of these drugs is challenged by the
high cost, toxicity and emerging resistance [Ledford, 2013; Aris & Barrio, 2015].
Therefore, novel therapeutic approaches for melanoma are urgently needed.
Table 1.2 Currently available therapeutic drugs for melanoma
Systemic
therapy

Chemotherapy

Immunotherapy

Targeted
therapy

Category

Available drugs

FDA-approved
drugs

Alkylating
agents

DTIC,
TMZ,
Nitrosoureas

DTIC

Platinum
analogs

Cisplatin,
Carboplatin,
Zeniplatin

Microtubular
toxins

Taxanes,
Vinca alkaloids

Cytokines

IFN-α, IL-2

IFN-α, IL-2

CTLA-4
inhibitors

Ipilimumab,
Tremelimumab

Ipilimumab

PD-1
inhibitors

Pembrolizumab,
Nivolumab

Pembrolizumab
Nivolumab

Vaccines

T-VEC,
BCG vaccine

T-VEC

BRAF
inhibitors

Vemurafenib,
Dabrafenib

Vemurafenib
Dabrafenib

MEK
inhibitors

Trametinib,
Cobimetinib

Trametinib

c-KIT
inhibitors

Imatinib,
Nilotinib
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1.2 STAT3 is a therapeutic target in melanoma
1.2.1 General information of STAT3
Signal transducer and activator of the transcription (STAT) 3, a member of the
STAT seven-member protein family, is a cytoplasmic transcription factor that
regulates a broad range of essential biological processes in human normal and
malignant tissues, including cell differentiation, proliferation, survival, migration,
angiogenesis and immune function [Srivastava & DiGiovanni, 2016; Wang, et al.,
2012]. STAT3 protein, like other STAT family proteins, comprises 6 conserved
functional domains: an N-terminal domain, a coiled-coil domain, a DNA binding
domain, a linker domain, an SH2 domain and a C-terminal transactivation domain
(Figure 1.2) [Xiong, et al., 2014]. The N-terminal domain regulates proteinprotein interactions, promoter binding and nuclear translocation [Hu, et al., 2015].
The coiled-coil domain mediates interactions with regulatory proteins and
transcription factors [Chai, et al., 2016]. The DNA-binding domain facilitates
direct binding of STAT proteins to their target gene promoters [Chai, et al., 2016].
The linker domain may be involved in nuclear export of STATs [Bhattacharya &
Schindler, 2003]. The SH2 domain, responsible for the recruitment of STATs to
phosphorylated receptors and dimerization of active STATs, is necessary for
STATs activation and function [Chai, et al., 2016; Kisseleva, et al., 2002]. The Cterminal transactivation domain is poorly conserved and varies significantly in
length and sequence among STAT family proteins that modulates the
transcriptional activation of their target genes [Xiong, et al., 2014; Chai, et al.,
2016]. Phosphorylation of residues tyrosine 705 (Tyr705) and serine 727 (Ser727),
which locate in the C-terminal transactivation domain of STAT3, plays critical
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roles in its promoter binding and transcriptional activity [Hazan-Halevy, et al.,
2010; Lau, et al., 2012]. The variability in transactivation domain sequences of
different STAT proteins contributes to the specificity in their target genes and
functions [Kisseleva, et al., 2002].

Figure 1.2 Structures and functional domains of STAT family proteins
[Chai, et al., 2016]

1.2.2 Aberrant activation of STAT3 in malignant tumor cells
In response to different stimuli, STAT3 is activated and regulates the transcription
of a variety of target genes, thereby mediating a bewildering complexity of
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biological

processes

during

both

normal

development

and

malignant

transformation [Levy & Lee, 2002; Wang, et al., 2012]. It has been reported that
genetic ablation of STAT3 leads to embryonic lethality at 6.5 to 7.5 days of
embryogenesis in mice and also causes death in embryonic stem cells, indicating
the essential role of STAT3 in early stages of embryo development [Akira, 2000;
Takeda, et al., 1997; Raz, et al., 1999; Matsuda, et al., 1999]. Previous studies on
tissue-specific STAT3-deficient mice showed that ablation of STAT3 in adult
tissues (nervous system, liver, T cells, granulocytes, skin, mammary gland, thymic
epithelium and bone marrow) resulted in surprisingly mild phenotypes, suggesting
that STAT3 might play a dispensable physiological role at late stages of
embryogenesis and beyond [Akira, 2000; Levy & Lee, 2002]. In normal cells,
STAT3 activation is strictly regulated to prevent unscheduled gene regulation
[Siveen, et al., 2014]. It can be negatively controlled by several modulators
including protein inhibitor of activated STATs (PIAS) family, suppressor of
cytokine signaling (SOCS) family, protein tyrosine phosphatases (SHP1, SHP2,
PTPRT, CD45, TC45, PTP1B) and ubiquitin-dependent degradation system
[Siveen, et al., 2014; Yuan, et al., 2015]. However, STAT3 is reported to be
constitutively activated at high frequency in diverse malignant cell lines and
human tumors [Wang, et al., 2012; Turkson & Jove, 2000; Yu & Jove, 2004]. Up
to now, only several cases with hepatocellular adenomas and hematopoietic
malignancies (chronic lymphoproliferative disorders of natural killer cells, T-cell
large granular lymphocytic leukemia, CD30+ T-cell lymphomas and diffuse large
B-cell lymphoma) have been discovered to carry hyperactive STAT3 mutants
[Zhang & Lai, 2014; Pilati, et al., 2011; Jerez, et al., 2012; Koskela, et al., 2012;
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Ohgami, et al., 2013; Hu, et al., 2013]. There are several other mechanisms
contributing to persistent activation of STAT3 in tumor including excessive
stimulation of STAT3, loss of negative regulation of STAT3 and positive feedback
loops that maintain constitutive STAT3 activation (Figure 1.3) [Zhang & Lai,
2014]. Cumulative evidence forcefully suggests that aberrant STAT3 activation
plays a critical role in malignant transformation and tumorigenesis [Siveen, et al.,
2014].

Figure 1.3 Upstream and downstream mechanisms underlying the
pathobiological function of constitutively active STAT3 in cancer
[Zhang & Lai, 2014]
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1.2.3 STAT3 signaling
Generally, STAT3 exists as an inactive form in the cytoplasm [Chai, et al., 2016].
After stimulation, STAT3 is activated and transmits signals to the nucleus,
thereby regulating target gene transcription [Johnston & Grandis, 2011]. In the
canonical STAT3 signaling pathway, stimuli such as extrinsic cytokines (e.g. IL-6,
IL-10, IFN-γ and tumor necrosis factor [TNF]-α) and growth factors (e.g. EGF,
PDGF, IGF-1 and HGF) trigger subsequent STAT3 signal transduction cascade
[Johnston & Grandis, 2011; Siveen, et al., 2014]. Upon stimulation, the
corresponding cytokine or growth factor receptors phosphorylate at their receptor
tyrosine residues and create docking sites for the SH2 domain of latent STAT3
protein [Johnston & Grandis, 2011; Heinrich, et al., 1998]. After recruited to the
activated receptors, STAT3 becomes activated by phosphorylation of the specific
tyrosine residue in the C-terminus [Johnston & Grandis, 2011; Heinrich, et al.,
1998]. Receptor tyrosine kinases (RTK) such as IGFR, EGFR, FGFR and PDGFR,
receptor-associated kinases such as JAK, and non-receptor kinases such as Src
and Abl can regulate the canonical activation of STAT3 through Tyr705
phosphorylation [Srivastava & DiGiovanni, 2016; Chai, et al., 2016].
Phosphorylated STAT3 is then subjected to homo- or hetero-dimerization, and the
dimers translocate into the nucleus and bind to the promoter elements of
responsive target genes to regulate their transcriptions [Johnston & Grandis, 2011;
Siveen, et al., 2014; Aittomaki & Pesu, 2014]. Recently, several studies
demonstrated that IL-17 could amplify IL-6 production in melanoma, bladder
carcinoma and hepatocellular carcinoma, thereby activating STAT3 signaling
pathway [Wang, et al., 2009; Tang, et al., 2013; Gu, et al., 2011]. Besides Tyr705,
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there is another phosphorylation site Ser727 lying within the C-terminal
transactivation domain of STAT3 [Yuan, et al., 2015; Sakaguchi, et al., 2012].
Phosphorylation of STAT3 at Ser727, which is required for the maximal
transcriptional activity of STAT3, can be induced by various serine kinases such
as mTOR, MAPK (p38MAPK, ERK, and JNK), protein kinase C delta (PKC-ε)
and CDK5 [Busch, et al., 2009; Decker & Kovarik, 2000; Jain, et al., 1999; Fu, et
al., 2004; Yokogami, et al., 2000]. During cytokine-mediated transcriptional
activation of STAT3, besides phosphorylation on the tyrosine and serine sites
within the C-terminal domain, STAT3 also can be acetylated on a single lysine
residue Lys685, which is reported to be crucial for stable dimer formation [Yuan,
et al., 2005].
In addition to the canonical cytokines and growth factors, several other
regulators, such as Toll-like receptors (TLRs), G-protein-coupled receptors
(GPCRs), Rho GTPase family, cadherin engagement, tyrosine phosphatases and
microRNA, have been newly identified for STAT3 (Figure 1.4) [Yuan, et al.,
2015; Yu, et al., 2014; Liu, et al., 2014; Tonozuka, et al., 2004; Raptis, et al.,
2011; Cai, et al., 2015; Patel, et al., 2014].
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Figure 1.4 Multiple regulatory pathways of STAT3

1.2.4 Role of STAT3 in melanoma
STAT3 has been demonstrated to be constitutively activated in multiple melanoma
cell lines, primary melanoma specimens and metastatic melanomas [Niu, et al.,
2002; Wang, et al., 2008; Messina, et al., 2008]. Activated STAT3 is considered as
a potential biomarker of melanoma risk and progression [Wang, et al., 2008].
Studies using STAT3-deficient mice revealed that STAT3 is required for tumor
development during both the initiation and promotion stages of chemical/UVBinduced skin tumorigenesis [Chan, et al., 2004; Kataoka, et al., 2008; Kim, et al.,
2009]. STAT3 promotes melanoma cell proliferation and survival by upregulating
the expressions of pro-proliferative factors (c-Myc, cyclin D1) and anti-apoptotic
genes (Bcl-xL, Mcl-1 and survivin), and repressing tumor suppressor p53
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[Kortylewski, et al., 2005]. Activated STAT3 also increases the expression of
vascular endothelial growth factor (VEGF), hypoxia-inducible factor-1α (HIF1α), matrix metalloproteinase (MMP)-1, MMP-2 and MMP-9 in melanoma cells,
thereby promoting tumor angiogenesis and metastasis [Kortylewski, et al., 2005;
Orgaz & Sanz-Moreno, 2012; Niu, et al., 2002; Xu, et al., 2005; Xie, et al., 2004].
In addition, accumulating studies suggest that STAT3 functions in inducing and
maintaining a pro-carcinogenic inflammatory microenvironment both at the initial
stage of malignant transformation and during cancer progression [Mantovani, et
al., 2008; Shain, et al., 2009; Yu, et al., 2009]. STAT3 contributes to tumor
immune evasion by inhibiting the production of proinflammatory mediators (e.g.
IFN-β, TNF-ɑ, RANTES, IP-10, IL-12, MHC-II, CD80, CD86) and promoting the
release of immune-suppressing factors (e.g. IL-10, VEGF, TGF-β) [Kortylewski,
et al., 2005; Yu & Jove, 2004; Wang, et al., 2004; Yu, et al., 2009]. These events
in turn activate STAT3 signaling in dendritic cells, thereby inducing immune
tolerance [Kortylewski, et al., 2005; Yu & Jove, 2004]. Collectively, persistently
activated STAT3 in melanoma cells manipulates cell proliferation, survival,
angiogenesis, metastasis and immune responses by regulating the transcriptions of
a myriad of target genes (Figure 1.5) [Kortylewski, et al., 2005]. The pleiotropic
functions of STAT3 in both melanoma development and progression highlight
STAT3 as a promising target for melanoma prevention and therapy [Chai, et al.,
2016; Xiong, et al., 2014].
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Figure1.5 STAT3 participates in regulation of key processes of malignant
progression [Kortylewski, et al., 2005]

1.2.5 Targeting STAT3 for cancer prevention and treatment
As mentioned above, targeting STAT3 provides a rational strategy to prevent both
tumor development and progression [Xiong, et al., 2014]. Although STAT3
knockout in mice leads to embryonic lethality, studies with conditional knockout
mice suggest that STAT3 may be dispensable for normal development [Akira,
2000; Johnston & Grandis, 2011]. The ability of non-transformed cells to
withstand STAT3 inhibition indicates that anticancer drugs targeting STAT3 might
be well tolerated [Leeman, et al., 2006; Johnston & Grandis, 2011]. There are two
approaches commonly used for STAT3 inhibition, namely direct and indirect
inhibition. Direct inhibition is the usage of STAT3 inhibitors that directly target
the SH2 domain, DNA binding domain or N-terminal domain of STAT3 protein,
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thereby blocking its phosphorylation, dimerization, nuclear translocation and
DNA binding [Debnath, et al., 2012; Deng, et al., 2007]. Indirect inhibition is
blocking the STAT3 signaling via targeting upstream regulators of STAT3
[Debnath, et al., 2012; Deng, et al., 2007]. Table 1.3 lists a portion of
general/specific STAT3 inhibitors that exhibit anticancer activity.

Table 1.3 List of selected STAT3 inhibitors with anticancer activity
[Xiong, et al., 2014]
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Table1.3 (Continued)

An oral JAK1/2 inhibitor Ruxolitinib, which exhibited outstanding clinical
benefits for subjects with myelofibrosis in Phase II (NCT00509899 and
NCT00952289) [Verstovsek, et al., 2010] and Phase III studies (NCT00934544)
[Verstovsek, et al., 2012], have been approved by FDA for myelofibrosis
treatment in 2011. In addition, several small-molecule STAT3 inhibitors, such as
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WP1066, IONIS-STAT3Rx, AZD9150, STAT3 DECOY, OPB-31121, C188-9 and
OPB-51602, are currently tested in clinical trials to treat melanoma and other
tumors (https://clinicaltrials.gov/). OPB-31121, an oral STAT3 inhibitor directly
targeting SH2 domain of STAT3, has been applied in five Phase I/II trials to fight
against various types of tumors, such as leukemia, hepatocellular carcinoma and
other solid tumors (https://clinicaltrials.gov/). However, it caused peripheral
nervous system-related toxicities in patients with advanced hepatocellular
carcinoma (Phase I study, NCT01406574) [Okusaka, et al., 2015]. OPB-51602,
another oral STAT3 phosphorylation inhibitor, showed promising antitumor
effects in patients with non-small cell lung cancer in a Phase I study
(NCT01184807) [Wong, et al., 2015]. However, continuous dosing of OPB-51602
caused higher incidence of peripheral neuropathy [Wong, et al., 2015]. So far no
encouraging results have been reported. One of the hurdles hindering the clinical
development of STAT3 inhibitors is the severe adverse events occurring along
with systemic STAT3 inhibition. More studies should be conducted to explore
novel, effective and safe STAT3 inhibitors.

1.3 miR-205 as a promising therapeutic target for melanoma
1.3.1 Overview of microRNA
MicroRNAs (miRNA, miR) are a class of highly conserved, short, noncoding
RNAs with approximately 20-22 nucleotides in length that are abundant in
animals, plants and some viruses. miRNAs, which are expressed in a tissuespecific manner, function through regulating target gene expression at the posttranscriptional level [Dar, et al., 2011]. The gene-regulatory role of miRNAs is
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achieved by complementary base pairing with the 3'-UTR of target mRNAs,
thereby causing cleavage of target mRNAs, or directly inducing mRNA
degradation, or inhibiting mRNA translation in the event of imperfect basepairing with the target genes [Ambros & Chen, 2007; He & Hannon, 2004]. The
human genome is estimated to encode over 1000 miRNAs, which are believed to
constitute a large gene regulatory network [Berezikov, et al., 2005; Noguchi, et al.,
2013]. Although the targets and biological functions of most miRNAs are largely
unknown, computational predictions of miRNA target genes indicate that
approximately one-third of all human protein-encoding genes may be subjected to
miRNA regulation [Lewis, Burge & Bartel, 2005]. Accumulative evidence
supports

that

miRNAs

pathophysiological

play

responses,

key

roles

including

in
cell

various

physiological

proliferation,

or

apoptosis,

differentiation and development [Kaddar, et al., 2009; Lynam-Lennon, et al.,
2009; Zhang, et al., 2009; Harfe, 2005]. Actually, numerous studies have
demonstrated that some miRNAs are dysregulated in various solid tumors and
function as key pathogenic factors affecting cancer cell survival and metastasis
[Fabbri & Calin, 2010; Ferdin, et al., 2010; Le, et al., 2011]. Several genomewide miRNA profiling studies have shown that each type of tumor exhibited
different miRNA profiles corresponding to the normal cells of the same tissue
[Calin & Croce, 2006; Volinia, et al., 2006; Iorio, et al., 2005; Ciafre, et al., 2005;
Murakami, et al., 2006; Yanaihara, et al., 2006; Roldo, et al., 2006]. Specifically,
based on a large-scale microarray analysis with 540 samples (363 from six solid
cancers and 177 from normal controls), Volinia et al. have found that tumor cells
hold distinct miRNA-expression profiles comparing to the matched normal cells
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(Figure 1.6) [Volinia, et al., 2006; Calin & Croce, 2006]. Therefore, miRNAs has
been considered to be attractive candidates as predictive, diagnostic and
prognostic biomarkers for carcinomas [Iorio & Croce, 2012].

Figure 1.6 The common microRNA expression signature in six solid cancers
contrast to the corresponding normal tissues
[Calin & Croce, 2006]
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1.3.2 Expression status and gene targets of miR-205 in cancers
miR-205, a highly conserved miRNA among different species, is one of the most
frequently studied miRNAs. There are two mature forms of miR-205, miR-205-5p
and miR-205-3p, which are originated from the 5' and 3' arms of the miR-205
precursor, respectively. The expression of miR-205 is tissue and cell type specific.
It is reported that miR-205 is expressed in epidermis in zebrafish, and in breast,
prostate and thymus in humans, suggesting the possible role of miR-205 in the
development of these organs [Ason, et al., 2006; Shingara, et al., 2005].
Depending on tissue types and specific targets, miR-205, which is aberrantly
expressed in multiple human malignancies compared with the non-malignant
counterparts, has been reported to play a dual role (oncogene or tumor suppressor)
in tumorigenicity [Hanna, et al., 2012; Hou, et al., 2013; Wu, et al., 2009].
Specifically, miRNA profiling of different cancers showed that miR-205 was
downregulated in breast cancer, prostate cancer and melanoma, whereas
upregulated in ovarian cancer, bladder cancer, head and neck cancer, lung cancer
and endometrioid adenocarcinoma, and no changes in miR-205 expression were
detected in colon cancer [Volinia, et al., 2006; Iorio, et al., 2005; Liu, et al., 2012;
Iorio, et al., 2007; Gottardo, et al., 2007; Tran, et al., 2007; Wu, et al., 2009].
miR-205 locates at chromosome 1q32.2 locus and is functionally involved in
cellular proliferation, migration and invasion [Liu, et al., 2012]. It functions by
regulating the expression of its target genes by several mechanisms. To date, a
series of direct targets have been identified for miR-205. miR-205 has previously
been shown to directly target Src, E2F1, E2F5, ZEB1, ZEB2, HER3, VEGF-A,
SHIP2, LRP1, MED1, PTEN and SMAD4 to inhibit their expression [Majid, et al.,
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2011; Dar, et al., 2011; Gregory, et al., 2008; Wu, et al., 2009; Yu, et al., 2010;
Song & Bu, 2009; Mouillet, et al., 2010; Li, et al., 2017], and to target the specific
sites on the promoters of IL-24 and IL-32 to activate their expression [Majid, et
al., 2010]. In squamous cell carcinoma tissues, ten genes including RUNX1,
FOXO3, TBL1XR1, STK3, AXIN2, CACNA2D2, PRKAG3, PPP1R3A, SMAD4
and ACSL1 were downregulated and negatively correlated with the expression of
miR-205, while CDH3 was upregulated and positively correlated with miR-205
expression, suggesting their potential as targets of miR-205 [Huang, et al., 2014].
The regulatory effects of miR-205 on massive oncogenes imply its multiple roles
in cancer. Experimental identification of miR-205 targets is still in their infancy.

1.3.3 Roles of miR-205 in melanoma
1.3.3.1 Aberrant expression of miR-205 in melanoma
It has previously been reported that miR-205 is downregulated in melanoma
specimens compared to benign nevi (Figure 1.7) [Xu, et al., 2012]. The
downregulation of miR-205 in melanoma has been confirmed by several different
techniques including microarray analysis, quantitative real-time polymerase chain
reaction (qRT-PCR) assay, quantitative in situ hybridization and in-depth analysis
of miRNA transcriptome [Xu, et al., 2012; Liu, et al., 2012; Hanna, et al., 2012;
Kozubek, et al., 2013]. By using miRNA microarray analysis, Liu et al. found a
sequential downregulation of miR-205 during the transformation from benign
nevus to primary melanoma and further to metastatic melanoma, with a 12-fold
reduction in primary melanomas versus nevi and 97-fold reduction in metastatic
melanomas versus nevi [Liu, et al., 2012]. These findings were further supported
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by Xu et al. [Xu, et al., 2012] who validated utilizing qRT-PCR that a 10-fold
drop from benign nevi to primary melanomas and a 100-fold drop from primary
to metastatic melanomas were observed in the expression level of miR-205.
Besides, a most recent study found that miR-205-5p expression in thick (2.7 mm)
invasive melanomas was significantly reduced relative to thin (0.75 mm) invasive
melanomas, defining the association of miR-205 with the invasive and aggressive
phenotype of cutaneous melanoma [Babapoor, et al., 2017]. However, as reported
in large-scale comparative genomic hybridization studies on miscellaneous
subtypes of melanoma, the gene encoding locus of miR-205, 1q32, is not a
frequently deleted region in melanoma [Curtin, et al., 2005]. Further studies are
necessary to reveal the mechanism of miR-205 loss expression in melanoma.
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Figure 1.7 Top differentially expressed miRNAs between benign nevi,
primary melanoma and metastatic melanoma in a miRNA microarray
analysis [Xu, Brenn, Brown, Doherty & Melton, 2012].

Bulk evidence supports that miR-205 acts as a tumor suppressor in
melanoma where it is downregulated. However, there is limited information about
the specific functional and mechanistic role of miR-205 in melanoma. Up to now,
only several mechanistic studies have reported the suppressive mode for miR-205
in melanoma.
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1.3.3.2 miR-205 inhibits melanoma cell survival
Dar et al. [Dar, et al., 2011] showed that miR-205 suppressed cell proliferation,
colony formation, and induced the G2-M phase cell cycle arrest, apoptosis and
senescence in melanoma cells via downregulating E2F1 protein. They
demonstrate that 3'-UTR of E2F1 and E2F5 are direct targets of miR-205, which
negatively regulates E2F1 and E2F5 expression at protein level rather than at
mRNA level in melanoma cells. And miR-205-induced apoptosis is achieved
through E2F1-regulated suppression of AKT phosphorylation. Moreover,
overexpression of E2F1 in melanoma cells rescued the phenotypes induced by
miR-205. These findings provide mechanistic insights into the function of miR205 in melanoma cell survival. The inhibition of miR-205 on melanoma cell
survival was further confirmed by Xu et al. [Xu, et al., 2012] who reported that
miR-205 overexpression in A375 melanoma cells reduced anchorage-independent
colony formation.

1.3.3.3 miR-205 suppresses melanoma cell migration
Another experimental study, which provided in vitro and in vivo evidence for
miR-205 as a suppressor of melanoma cell migration, identified the direct role of
miR-205 in malignant melanoma progression. It reveals that miR-205, which is
progressively diminished from nevi to primary melanomas to metastatic
melanomas, is hijacked to promote epithelial-mesenchymal transition (EMT)
during melanoma progression [Liu, et al., 2012].
EMT is a biological process whereby epithelial cells undergo a series of
morphological and phenotypic alterations from a polarized, differentiated and
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non-motile phenotype with numerous cell-cell junctions to a mesenchymal cell
phenotype (loss of polarization, increased motility, decreased cell-cell junctions
and chemotherapeutic resistance) [Gulhati, et al., 2011]. It normally occurs during
embryonic development. It is also proposed as a crucial mechanism for the initial
steps in tumor metastatic progression [Thiery, 2002]. During tumor progression,
the occurrence of EMT enables benign tumor cells (non-invasive and nonmetastatic) to attain the capability to migrate, infiltrate surrounding tissues and
ultimately metastasize to distant sites [Lee, et al., 2006]. It has been demonstrated
by Liu, et al. [Liu, et al., 2012] that miR-205 overexpression in melanoma cells
(WM35, WM793, WM115A, and 1205Lu) impedes cell migration, attenuates cell
motility, and caused a more rounded shape, a decrease in cellular protrusion and a
reduction in F-actin polymerization, suggesting the suppressive effect of miR-205
on melanoma cell EMT. Enforced expression of miR-205 also reduced the
migratory capacity of melanoma cells in a xenograft melanoma model.
Mechanistically, re-expression of miR-205 in melanoma cells decreased the
mRNA and protein expression of the ZEB2, accompanied by increased mRNA
and protein expression of E-cadherin, an important regulator of EMT.
Furthermore, ZEB2 overexpression rescued miR-205-induced phenotypic changes
and simultaneously restored miR-205-mediated E-cadherin elevation in melanoma
cells overexpressing miR-205. Taken together, this study established the miR205/ZEB2 axis in melanoma cells, and verified that miR-205 exerted suppressive
effect on melanoma metastasis with EMT inhibition by targeting ZEB2. Indeed,
ZEB2 has been identified as a direct target of miR-205 by luciferase reporter
assays [Matsushima, et al., 2011; Chen, et al., 2014].
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In summary, miR-205, downregulated during melanoma development and
progression, has been demonstrated to play a crucial role in melanoma cell
proliferation, senescence, EMT, migration and invasion. Considering that miR205 may regulate melanoma development and progression through multiple
mechanisms, more experimental studies are needed to explore the particular role
of miR-205 in melanoma. Defining the molecular components in the pathogenesis
of melanoma will offer new opportunities for rational design of novel targeted
therapies against melanoma [Raskin, et al., 2013]. The existing findings about
miR-205 together suggest that miR-205 is a promising target for melanoma
treatment.

1.4 A formula consisting of Sophorae Flos and Lonicerae Japonicae Flos
In Yi Xue Qi Meng (醫學啟蒙), a Chinese medicine classic issued 600 years ago,
a formula Huai-Hua-Jin-Yin-Jiu (槐花金銀酒) consisting of Sophorae Flos (the
dried flower and flower-bud of Sophora japonica L.) and Lonicerae Japonicae
Flos (the dried flower-bud or newly bloomed flower of Lonicera japonica Thunb.)
was documented as a remedy for Yongjufabei and Chuangdu (癰疽發背及一切瘡
毒，不問已成未成但焮痛者), which may be diagnosed as melanoma in modern
medicine. Based on the names of the two single herbs of the formula, we name it
SL for short. Traditional Chinese Medicine (TCM) clinical experience has
demonstrated that “heat clearance and detoxification” is one of the therapeutic
principles of cancers including melanoma [Duan, 1986; Liu, et al., 2015]. SL is a
heat-clearing and detoxifying formula. However, no pharmacological effect of SL
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against melanoma has been reported. Studies should be conducted to explore the
anti-melanoma mode and mechanism of action for this formula.

1.4.1 Sophorae Flos (SF)
SF, with a bitter taste and a slightly cold property, was firstly recorded in Ben Cao
Shi Yi (本草拾遺). It has the functions of cooling blood, stopping bleeding,
clearing liver and reducing internal heat [He, et al., 2016]. SF was traditionally
used in China, Korea and Japan as a haemostatic agent to treat bleeding-related
disorders such as pyoderma, diarrhea, metrorrhagia, hemorrhoidal bleeding,
hematochezia and dysfunctional uterine bleeding [He, et al., 2016; Chen & Hsieh,
2010; Lo, et al., 2009; Qi, et al., 2007]. Pharmacological studies have
demonstrated that SF possesses various bioactivities including hemostatic [Ishida,
et al., 1989; Zhao, et al., 2010], anti-inflammatory [Zhang, et al., 2011],
antibacterial [Kimura & Yamada, 1984], hypoglycemic [Jung, et al., 2006; Miao
et al., 2011], and anti-tumor activities [Chen, et al., 2014]. It was reported that SF
could induce proteasomal degradation of cyclin D1, and inhibit cell survival via
ERK1/2- and p38-dependent activation of activating transcription factor 3 (ATF3)
in human colorectal cancer cells [Lee, et al., 2015a,b]. An ethanolic extract of SF
significantly inhibited sarcoma cell survival in both cultured cells and tumorbearing mice [Chen, et al., 2014]. In addition, SF, which has been shown to
possess ultraviolet protective properties, is usually used to make skin-whitening
and skin-care products [Wang, 2009; Lo, et al., 2009; Dong & Ling, 2005]. In
TCM practice, SF is used as an herbal ingredient in prescriptions for melanoma
treatment [Huang, 2009; Yu, 2004].
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1.4.2 Lonicerae Japonicae Flos (LJF)
LJF was firstly recorded in Su Shen Liang Fang (蘇沈良方). It is native to eastern
Asian countries [Rahman & Kang. 2009]. As recorded in Chinese Pharmacopoeia
(2015 edition), LJF is sweet in flavor and cold in nature with heat-clearing,
detoxifying and wind-heat dispelling functions [Chinese Pharmacopoeia
Commission, 2015]. LJF has been used for several millennia to treat carbuncles,
sores, furuncles, dysentery, swelling, exopathogenic wind-heat and febrile
diseases [Wu, et al., 2007; Ren, et al., 2008]. The varied use of LJF has triggered
many modern pharmacological and clinical studies. It has been demonstrated that
LJF has a wide spectrum of biological functions including anti-inflammatory,
antibacterial, antiallergic, antiviral, antiplatelet, antioxidative, antipyretic,
antiatherosclerotic,

hepatoprotective,

neuroprotective,

immunoregulatory,

antiultraviolet radiation and antitumor activities [Li, et al., 2015a]. The
polyphenolic extract of LJF has been reported to induce G2/M cell cycle arrest by
affecting the expression of cell cycle related proteins, and induce apoptosis by
inhibiting PI3K/Akt signaling and activating MAPK signaling in HepG2 cells
[Park, et al., 2012]. Furthermore, LJF is commonly prescribed by Chinese
medicine doctors for melanoma management [Liu, et al., 2015; Zhang & Liang,
1985].

1.4.3 Safety of SF and LJF
SF and LJF are considered to be nontoxic. Both of them have been approved by
the Ministry of Public Health of the People's Republic of China as raw materials
for food and herbal medicines, indicating their edibility and safe nature. Due to
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their well-known health-beneficial effects, SF is braised with flour, macerated in
wine, or decocted with water for oral consumption to prevent cardiovascular
diseases [He, et al., 2016]. LJF is widely used to make healthy beverage including
tea, botanical nutritional beverage, acidophilus milk, wine and oral liquid [Shang,
et al., 2011]. Zhang, et al. [Zhang, et al., 2003] conducted a safety evaluation
study of LJF in mice. The acute oral toxicity testing showed that the LD50 value of
LJF in mice is 15g/kg, indicating its innocuous [Zhang, et al., 2003]. Assays for
micronuclei formation, Salmonella mutation and sperm abnormality in mice
revealed that LJF did not exhibit mutagenicity and teratogenicity [Zhang, et al.,
2003]. Anti-early pregnancy experiment showed that LJF had no adverse effects
on the reproductive function of adult female SD rats [Zhang, et al., 2003].

1.4.4 Bioactive components of SF and LJF
Medicinal herbs contain multiple constituents, and their curative or toxic effects
are the results of complex interactions among mass constituents [Xie & Roy, 2003;
Chan, 1995; Li, et al., 2006]. Previous phytochemical investigations have shown
that SF contains varying constituents including flavonoids, isoflavonoids and
triterpenoids, among which the flavonoids and isoflavonoids are considered to be
the main active constituents of SF [Chen, et al., 2010; He, et al., 2016]. To date, a
large number of flavonoids and isoflavonoids with diverse bioactivities, such as
rutin, quercetin, isorhamnetin, genistein, kaempferol, narcissin, tamarixetin,
cajanin, orobol and pratensein, have been isolated from SL [Chen, et al., 2010;
Chen & Hsieh, 2010; He, et al., 2016]. Numerous chemical and pharmacological
investigations revealed that four types of plant secondary metabolites including
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phenolic acids, flavonoids, iridoids and saponins were responsible for the various
biological activities of LJF [Chen, et al., 2007]. Previous chemical analyses
showed that the polyphenolic compounds chlorogenic acid, rutin, luteolin,
quercetin, lonicerin and hyperoside were abundant in LJF [Chen, et al., 2007ab].
Our previous study has demonstrated that quercetin, a bioflavonoid occurring
in both SF and LJF, exhibited anti-melanoma action partially by inhibiting STAT3
signaling [Cao, et al., 2014]. Other researches have shown that rutin, genistein,
kaempferol, chlorogenic acid and luteolin also possess anti-melanoma activities
[Martínez, et al., 2005; Danciu, et al., 2013; Cui, et al., 2017; Casagrande &
Darbon. 2001; Li, et al., 2014; George, et al., 2013]. Luteolin, isorhamnetin,
genistein and kaempferol have been verified to inhibit STAT3 signaling in human
tumor cell models [Aneknan, et al., 2014; Yang, et al., 2014; Selvendiran, et al.,
2006; Li, et al., 2015b; Lian, et al., 2004; Sonoki, et al., 2017]. In addition, rutin
and chlorogenic acid have been shown to exert inhibitory effects on STAT3
signaling in various other disease models [Hafez, et al., 2015; Tan, et al., 2016].

1.5 Hypothesis and objectives
 Clinical outcome of current therapeutic regimens against advanced melanoma
is not satisfactory, and the prognosis of metastatic melanoma is still extremely
poor. Novel effective targeted therapies are urgently needed.
 STAT3, which is constitutively activated in melanoma, has been proposed as a
therapeutic target in melanoma.
 A heat-clearing and detoxifying formula SL was traditionally used to treat
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melanoma. “Heat clearance and detoxification” is a TCM therapeutic principle for
melanoma. Moreover, the two edible ingredient herbs of SL are commonly used in
treating melanoma in TCM practice.
 Various natural constituents in SL have been shown to exhibit anti-melanoma
effects. Some active compounds have been shown to inhibit STAT3 signaling.
Furthermore, quercetin, abundant in the two individual herbs of SL, has been
demonstrated to exhibit anti-melanoma effects partially by inhibiting STAT3
signaling.
We hypothesize that SL exerts anti-melanoma effects by inhibiting STAT3
signaling.
The goals of this study are to provide a pharmacological basis for the
traditional use of this formula in treating melanoma and promote the development
of the formula-based, safe, effective, and inexpensive agents against melanoma.
To achieve these goals, in this study we set the following objectives:
1)

To investigate the in vitro and in vivo anti-melanoma effects of SL.

2)

To determine the contribution of STAT3 signaling in the anti-melanoma
effects of SL.

3)

To explore how SL and what compounds in SL regulate STAT3 signaling.
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Chapter II
Materials and methods
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2.1 Materials
2.1.1 Herbal materials
Sophorae Flos (SF) and Lonicerae Japonicae Flos (LJF) were purchased from the
Mr. & Mrs. Chan Hon Yin Chinese Medicine Specialty Clinic and Good Clinical
Practice Centre in Hong Kong Baptist University. Both of them were
authenticated by the principal supervisor Prof. Zhi-ling YU. Voucher specimens
were deposited at the Centre for Cancer and Inflammation Research, School of
Chinese Medicine, Hong Kong Baptist University.

2.1.2 Other materials
Table 2.1 Other materials used in this study
Chemical markers

Source
Shanghai yuanye BioTechnology, China
Shanghai yuanye BioTechnology, China

Rutin
Chlorigenic acid
Luteolin

Santa Cruz, CA

HPLC

Source

Methanol

Lab-Scan, Ireland

Formic acid (FA)

Sigma-Aldrich, USA

C18 column

Agilent Technologies, USA

Cell culture

Source

Dulbecco’s modiﬁed Eagle’s medium (DMEM)

GIBCO, USA

RPMI 1640

GIBCO, USA

Fetal bovine serum (FBS)

GIBCO, USA

penicillin-streptomycin-neomycin (PSN) antibiotic
mixture

GIBCO, USA

phosphate buffered saline (PBS)

GIBCO, USA

Trypsin-EDTA

GIBCO, USA
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Table 2.1 (Continued)
Antibodies

Source

phospho-STAT3 (Tyr 705)

Cell Signaling Technology

STAT3

Cell Signaling Technology

phospho-Src (Tyr 416)

Cell Signaling Technology

Src

Cell Signaling Technology

PARP

Cell Signaling Technology

Cleaved-PARP

Cell Signaling Technology

Mcl-1

Cell Signaling Technology

Bcl-xL

Cell Signaling Technology

MMP-2

Cell Signaling Technology

MMP-9

Cell Signaling Technology

Anti-FLAG

Sigma-Aldrich, USA

GAPDH

Santa Cruz, CA

Ki-67

Cell Signaling Technology

CD31

Cell Signaling Technology

Cleaved-caspase 3

Cell Signaling Technology

Snail

Cell Signaling Technology

N-cadherin

Cell Signaling Technology

Vimentin

Cell Signaling Technology

Ubiquitin

Cell Signaling Technology

Goat anti-rabbit IgG

Bio-Rad, CA

Goat anti-mouse IgG

Bio-Rad, CA

RNA extraction

Source

Trizol reagent

Invitrogen, USA

Chloroform

Sigma-Aldrich, USA

2-propanol

Sigma-Aldrich, USA

Ethanol

Analar Normapur, Germany

RNAse free water

Invitrogen, USA
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Table 2.1 (Continued)
Reverse transcription

Source

PrimeScriptTM RT Reagent kit

TaKaRa, Japan

Quantitative real-time PCR (qRT-PCR)

Source

Universal SYBR® Green Supermix

Bio-Rad, CA

Protein extraction

Source

Protease inhibitor cocktail

Sigma-Aldrich, USA

Western blot analysis

Source

protein assay kit

Bio-Rad, CA

protein ladders

Bio-Rad, CA

Transfection reagents

Source

Lipofectamin 2000

Invitrogen, USA

Opti-MEM

GIBCO, USA

Others

Source

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylterazolium
bromide (MTT)

Affymetrix, USA

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich, USA

Carboxymethyl cellulose-Na (CMC-Na)

Sigma-Aldrich, USA

polyethylene glycol 400 (PEG400)

Sigma-Aldrich, USA

Tween 80

Sigma-Aldrich, USA

2.2 Preparation of herbal extracts
It is documented in Yi Xue Qi Meng that SF and LJF (at a ratio of 5:1) are mixed
and decocted with rice wine (about 30% alcohol) for treating skin disorders [Zhai,
et al., 1666], suggesting that some active constituents are lipophilic. Therefore, we
extracted the mixture of SF and LJF (at a 5/1 ratio) with 30% (v/v) ethanol
aqueous by heat refluxing. Briefly, the mixture of SF and LJF was extracted under
reflux with 30% ethanol (1:10 w/v) at 55°C for 3 h. The supernatant was decanted,
and the residue was re-extracted under the same conditions for 2 times, each time
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for 1 h. The combined extracts were filtered and then evaporated using a rotary
evaporator under reduced pressure to remove the ethanol. Subsequently, the
extract was loaded on a D101 macroporous resins column and eluted with H2O,
30% ethanol, 50% ethanol, 75% ethanol and 95% ethanol. The eluates were then
lyophilized with a Virtis Freeze Dryer (The Virtis Company, New York, USA).
Figure 2.1 shows the extraction procedure of herbal extracts.

Figure 2.1 Extraction procedure
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2.3 HPLC analysis
HPLC analysis was performed on an Agilent 1200 system coupled with a C18
column (2.1 mm × 100 mm I. D., 2.6 μm) maintained at 35°C. Elution was
performed with a mobile phase of A (0.1% FA in water) and B (methanol) under a
gradient programme of 95-70% A at 0-5 min, 70%-70% A at 5-30 min, followed
by 70%-68% A at 30-50 min. The flow rate was 0.2 mL/min, and the injection
volume was 5 μL. The contents of rutin and chlorogenic acid in the extract that
showed most potent cytotoxicity in melanoma cells were quantified by preparing
calibration curves of the corresponding standard solutions.

2.4 Cell culture
The human melanoma cell lines A375, A2058, COLO-829, G361, HS294T, SKMEL-2, SK-MEL-5, SK-MEL-28, MeWo and murine melanoma cell line B16F10
were obtained from American Type Culture Collection (Manassas, VA, USA).
Human melanoma cell line IGR-1 was purchased from CLS Cell Lines Service
(Eppelheim, Germany). Human keratinocyte cell line HaCaT and human adult
dermal fibroblasts HDFa were obtained from Invitrogen (Casecade Biologics,
Invitrogen cell culture, CA). The general information and culture conditions of
these cell lines were shown in Table 2.2.
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Table 2.2 General information of the cell lines used in this study
Cell line

Organism

Cell Type

Culture Medium

Culture
Condition

A375

Homo
sapiens

Skin
melanoma

DMEM with 10% FBS

37°C
5% CO2

A2058

Homo
sapiens

Skin
melanoma

DMEM with 10% FBS

37°C
5% CO2

COLO-829

Homo
sapiens

Skin
melanoma

RPMI-1640 medium with
10% FBS

37°C
5% CO2

G361

Homo
sapiens

Skin
melanoma

McCoy's 5A Medium
with 10% FBS

37°C
5% CO2

HS294T

Homo
sapiens

Skin
melanoma

DMEM with 10% FBS

37°C
5% CO2

IGR1

Homo
sapiens

Skin
melanoma

DMEM with 4.5 g/L
glucose, 2 mM Lglutamine, and 10% FBS

37°C
5% CO2

SK-MEL-2

Homo
sapiens

Skin
melanoma

Eagle's Minimum
Essential Medium
(EMEM) with 10% FBS

37°C
5% CO2

SK-MEL-5

Homo
sapiens

Skin
melanoma

EMEM with 10% FBS

37°C
5% CO2

SK-MEL-28

Homo
sapiens

Skin
melanoma

EMEM with 10% FBS

37°C
5% CO2

MEWO

Homo
sapiens

Skin
melanoma

EMEM with 10% FBS

37°C
5% CO2

B16F10

Mus
musculus

Skin
melanoma

DMEM with 10% FBS

37°C
5% CO2

HaCaT

Homo
sapiens

Primary
keratinocyte

DMEM with 10% FBS

37°C
5% CO2

HDFa

Homo
sapiens

Primary
dermal
fibroblasts

Medium 106 (GIBCO)
supplemented with LSSG
kit (GIBCO)

37°C
5% CO2
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2.5 Cell viability assays
MTT assay [Wu, et al., 2016; Li, et al., 2017] was performed to detect the
viabilities of A375, A2058, COLO-829, G361, HS294T, IGR-1, MeWo, SK-MEL2, SK-MEL-5, SK-MEL-28, HaCaT and HDFa cells. Briefly, cells (5,000
cell/well) were seeded in 96-well plates. After treatment, 20 µL of MTT solution
(5 mg/mL) was added to each well and incubated for additional 4 h. The medium
was then aspirated, and 100 µL of DMSO was added to dissolve the formed
formazan crystals. The absorbance was measured at 570 nm by a microplate
spectrophotometer (BD Biosciences, USA).
B16F10 murine melanoma cells can produce melanin which may interfere
with the absorbance readings in MTT assays. Therefore, the viability of B16F10
cells was determined by trypan blue exclusion assay [Elbaz, et al., 2012; Li, et al.,
2017]. Cells (1 × 105 cell/well) were seeded overnight in 6-well plates. After
treatment, cells were collected, stained with 0.4% trypan blue, and counted using
a Countess Automated Cell Counter (Invitrogen Japan K.K.). Crystal violet
staining assay [Wu, et al., 2016] was also employed to visualize the proliferative
ability of B16F10 cells. Treated cells were fixed with 10% formalin for 5 min,
followed by staining with 0.05% crystal violet solution in distilled water for 30
min. Cells were then washed and photographed.

2.6 Animal studies
Male C57BL/6 mice (6-week old) and male nu/nu BALB/c mice (6-week old)
were obtained from the Laboratory Animal Services Centre, the Chinese
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University of Hong Kong. All nu/nu BALB/c mice animals 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 Department of Health, Hong Kong. All procedures were approved
by the Committee on the Use of Human & Animal Subjects of the Hong Kong
Baptist University.

2.6.1 B16F10 and A375 melanoma mouse models
For the B16F10 allograft model, C57/BL6 mice were inoculated subcutaneously
in the backs with B16F10 cells (1 × 106/mice) [Fu, et al., 2014]. Immediately after
cell injection, the mice were randomly divided into several groups of seven each
followed by different treatments. For the A375 xenograft model, male nu/nu
BALB/c mice were inoculated subcutaneously in the flanks with A375 cells (5 ×
106/mice) [Cao, et al., 2014]. Immediately after cell injection, mice were
randomly assigned to 2 groups of 5 each and subjected to treatments. Tumor
volumes were determined using a vernier caliper throughout the experimental
period. At the end of the experiment, the tumor of each mouse was dissected and
weighed.

2.6.2 Treatment schedules for melanoma-bearing mice
1) Experiment 1 (B16F10 melanoma, SL extract)
Treatment with SL extract (1.2 g/kg) was started immediately after tumor cell
injection. SL extract was dissolved in 0.5% CMC-Na and intragastrically (i.g.)
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administered for 15 consecutive days. Control mice received only CMC-Na.

2) Experiment 2 (B16F10 melanoma, SL extract and DTIC)
Treatment of SL extract (0.6, 1.2, 2.4 g/kg) was the same as that in Experiment 1.
DTIC treatment was started when the tumor volume reached about 50 mm 3. DTIC
(50 mg/kg) was dissolved in citrate buffer (pH5.5) and intraperitoneally (i.p.)
administered for 5 days [Szende, et al., 2003]. Control mice were treated with
0.5% CMC-Na and citrate buffer.

3) Experiment 3 (B16F10 melanoma, luteolin)
Treatment with luteolin (10 mg/kg and 20 mg/kg) was started immediately after
tumor cell injection. Luteolin was dissolved in PBS solution containing 5%
PEG400 and 5% Tween 80, and i.p. injected for 14 consecutive days. The solvent
was used as the vehicle control.

4) Experiment 4 (A375 melanoma, luteolin treatment)
Luteolin (10 mg/kg) treatment was started immediately after tumor cell injection
and maintained for 21 consecutive days. Dissolution and application were the
same as that in Experiment 3. Control mice received the solvent only.

2.6.3 Survival analysis
B16F10 cells (5 × 105) were resuspended in 0.1 mL of PBS and inoculated
subcutaneously into the backs of male C57/BL6 mice. Immediately after cell
injection, the mice were randomly divided into three groups of 15 each. SL extract
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(1.2 g/kg) dissolved in 0.5% CMC-Na was then i.g. administered for 6 days per
week. DTIC (50 mg/kg) dissolved in citrate buffer was i.p. administered for 3
days per week after tumor volume reached 50 mm3 [Lee, et al., 2006b]. Control
mice were treated with 0.5% CMC-Na and citrate buffer. The length and width of
tumor were measured using a vernier caliper and tumor volume was calculated as:
0.523×length×width2 [Lee, et al., 2006b]. Mice were either allowed to die
naturally or sacrificed when the tumor volume 3,000 mm3. The number of days
each mouse survived after tumor cell inoculation was recorded. Overall survival
was assessed with the Kaplan-Meier method using the SPSS software.

2.6.4 Toxicity monitoring
To monitor the toxicity of treatments, general clinical observations were made
once a day [Li, et al., 2017]. Clinical signs, which included, but were not limited
to, changes in skin, fur, eyes, mucous membranes, occurrence of secretions and
excretions and autonomic activity (e.g., lacrimation, piloerection, pupil size,
unusual respiratory pattern) were recorded. Changes in gait, posture and response
to handling as well as the presence of colonic or tonic movements, stereotypes
(e.g., excessive grooming, repetitive circling) or bizarre behavior (e.g., selfmutilation, walking backwards) were also recorded. Food and water consumption,
and body weight of mice were measured once every 3 days. At the end of the
experimental period, the organs including liver, kidneys, adrenals, testes,
epididymides, spleen, brain and heart of each mouse were trimmed of any
adherent tissue and weighed. Gross necropsy was performed for all the dissected
organs and tissues.
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2.7 Apoptosis assay
Apoptosis was determined by Annexin V/7-AAD double staining assay [Tse, et
al., 2014] with the Apoptosis Detection Kit (BD Biosciences, San Jose, CA,
USA). After treatment, both detached and adherent cells were harvested and then
incubated in 100 µL labeling solution (5 µL of AnnexinV-PE, 5 µL of 7-AAD, 10
µL of 10X binding buffer and 80 µL of H2O) in darkness for 15 min. 400 µL of
1X binding buffer was added to stop the staining reaction. Flow cytometric
analysis was performed on a FACSCaliburTM (BD, San Jose, CA).

2.8 In vitro cell migration assay
Cell migration was evaluated by wound healing assay [Cao, et al., 2016; Li, et al.,
2017]. Cells were allowed to grow to 80-90% confluence in 6-well plates. Cell
monolayers were scratched with a sterile 10 µL pipette tip across the center of the
well to generate a clean, straight wound area. Cells were then washed with PBS to
remove the detached cells and cultured in serum-free DMEM with or without
treatments. Cell migration was photographed at the 0 and 24 h time points with a
digital camera installed on the microscope (Leica, Germany). Five images were
taken of each well.

2.9 In vitro cell invasion assay
Cell invasion was determined using BD BioCoatTMMatrigelTM invasion chamber
(24 well plate, 8 mm pore size) according to the manufacturer's instructions [Cao,
et al., 2015; Cao, et al., 2016]. Invasion chambers were pre-hydrated for 1 h. 0.75
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mL of DMEM with 10% FBS was added into the lower chamber. 1.5 × 10 5 cells
in 500 µL of DMEM-0.1% BSA with or without treatments were placed in the
upper chamber. After incubation at 37°C for 24 h, chambers were washed with
PBS. The matrigel and cells remaining in the upper chamber were discarded by
scrubbing with a cotton swab. Afterward, cells on the lower surface of the
membrane were fixed with 4% paraformaldehyde and stained with crystal violet.
Each chamber was washed 3 times with distilled water. Invaded cells (cells on the
lower surface of the membrane) in five microscope areas (200× magnification)
were counted and imaged by a microscope (Leica, Germany).

2.10 Western blot analysis
Collected cells and tumor samples (grinding to powder under liquid nitrogen)
were lysed with RIPA lysis buffer (50 mM Tris-HCl, 1% NP-40, 0.35% sodiumdeoxycholate, 150 mM NaCl, 1 mM EDTA [pH7.4], 1 mM phenylmethylsulfonyl
fluoride, 1 mM NaF, 1 mM Na3VO4 and 10 µg/mL of aprotinin, leupetin and
pepstatin A for each) on ice for 30 min. Then the lysates were centrifuged at
16,400g at 4°C for 20 min, and the cell debris was removed. The protein
concentrations were determined using Bio-Rad protein assay reagent (Bio-Rad
Laboratories, Hercules, CA, USA) according to the manufacturer's protocol.
Equal amounts of proteins mixed with 5-times loading dye (Laemmli Buffer) and
2-mercaptoethanol were heated at 95°C for 5 min and then separated on 8%, 10%
or 12% SDS-PAGEs along with protein markers. Proteins were then electrotransferred from the gel onto a nitrocellulose membrane (Amersham, Arlington
Heights, IL, USA) under 350 mA for 120 min. The membranes were blocked with
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5% nonfat milk in TBST buffer (0.05% Tween-20/TBS) for 1 h at room
temperature and incubated with corresponding primary antibodies at 4°C
overnight. Membranes were then washed with TBST solution, and incubated with
corresponding HRP-conjugated secondary antibodies for 1 h. Immunoreactive
bands were visualized using the Enhanced chemiluminescence (ECL) detection
system (Invitrogen, Carlsbad, CA, USA) [Wu, et al., 2016].

2.11 Immunofluorescence assay
Cells were seeded on glass coverslips in 24-well plates. After treatment, cells
were fixed with 4% formaldehyde in PBS for 15 min, permeabilized with ice-cold
100% methanol for 10 min and blocked in blocking buffer. Then the coverslips
were incubated overnight with specific primary antibody against STAT3 (1:1600)
at 4°C. After washing with PBS, coverslips were incubated with fluorescein
isothiocyanate

(FITC)-conjugated

secondary

antibody

(1:500)

at

room

temperature in darkness for 1 h. Coverslips were then mounted on glass slides
using Fluoroshield™ with 4',6-Diamidino-2-Phenylindole (DAPI) (Sigma-Aldrich,
USA). Images were viewed and photographed using a fluorescence microscopy
(DMI 3000B, Leica, Wetzlar, Germany) [Wu, et al., 2016; Li, et al., 2017].

2.12 Subcellular fractionation
Cells were washed once with cold PBS and scraped into 400 μL of hypotonic lysis
buffer (20 mM Tris-HCl [pH 7.9], 1.5 mM MgCl2 and 10 mM KCl). After
incubation on ice for 15 min, 12 μL of Nonidet P-40 (NP-40) (10%, v/v) was
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added and cells were kept on ice for another 10 min. The supernatants were
collected as the cytoplasmic extracts after centrifugation at 14,000 rpm at 4°C for
1 min [Cao, et al., 2014]. The nuclei pellets were then washed once with
hypotonic buffer and incubated on ice in high salt buffer (20 mM Tris-HCl [pH
7.9], 25% glycerol, 0.42 M NaCl, 1.5 mM MgCl2 and 0.2 mM EDTA) for 30 min.
After centrifuging at 14,000 rpm at 4°C for 10 min, the lysates were taken as
nuclear fractions [Cao, et al., 2014; Li, et al., 2017].

2.13 qRT-PCR analysis
Total RNA was extracted using Trizol reagent (Invitrogen, USA). For mRNA
analysis, 500 ng of total RNA for each sample was used for reverse transcription
(RT) by PrimeScriptTM RT reagent Kit (Takara, Japan). qRT-PCR analysis was
performed in triplicate in a total volume of 10 µL consisting 5 µL of 2× SYBR
green PCR Master Mix, 1 µL of forward primer (10 µM), 1 µL of reverse primer
(10 µM) and 3 µL of template in sterile distilled water using the ViiA 7 Real Time
PCR System (Applied Biosystems, USA). The PCR parameters were 95°C for 10
min followed by 95°C for 15 s with 40 cycles and 60°C for 1 min. Quantification
analysis was performed by the comparative CT method [Wu, et al., 2016; Du, et
al., 2016]. GAPDH was used as the endogenous control gene.
For microRNA analysis, All-in-One™ miRNA qRT-PCR Reagent Kit
(GeneCopoiea Inc, Rockville, MD, USA) was applied. 2 µg of total RNA was
reverse transcribed to cDNA according to the manufacturer's protocol. PCR
procedures were accomplished in triplicate with 20 µl of reaction solution [10 µl
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of 2x All-in-One™ qPCR Mix, 2 µl of Universal Adaptor PCR Primer (2 µM), 2
µl of All-in-One™ qPCR Primer (2 µM), 2 µl of First-Strand cDNA, 0.4 µl of 50x
ROX Reference Dye and 3.6 µl of double-distilled water] using the ViiA 7 Real
Time PCR System. The PCR reaction was performed using standard 3-step
method as follows: (1) an initial denaturation step at 95°C for 10 min; (2) 50
cycles with 1 cycle containing 10 s of denaturation (95°C), 20 s of annealing
(60°C) and 20 s of extension (72°C) time; (3) a melting curve analysis. RUN6
(GeneCopoiea) was used as the endogenous control. ΔCT was calculated as
CTmiRNA - CTRUN6. The absolute expression level of miR-205-5p (GeneCopoiea)
was calculated as 2-ΔCT. Relative expression fold changes were calculated using
2−ΔΔCT [Schmittgen, et al., 2008]. The primer sequences for genes and miRNAs
used in this study were shown in Table 2.3.

Table 2.3 Gene/miRNA-specific primer sequences used in qRT-PCR
Genes

Forward primer (5’-3’)

Reverse primer (5’-3’)

GAPDH
(human)

CTGCACCACCAACTGCTTAGC CTTCACCACCTTCTTGATGTC

MMP-2
(human)

AAGTGGTCCGTGTGAAGTAT
G

GGTATCAGTGCAGCTGTTGTA

MMP-9
(human)

GAACTTTGACAGCGACAAGA
AG

CGGCACTGAGGAATGATCTA
A

Mcl-1
(human)

AAGCCAATGGGCAGGTCT

TGTCCAGTTTCCGAAGCAT

Bcl-xl
(human)

ATGAACTCTTCCGGGATGG

TGCAATCCGACTCACCAATA

E2F1
(human)

GGGGAGAAGTCACGCTATGA

CTCAGGGCACAGGAAAACAT

ZEB1
(human)

GCCAATAAGCAAACGATTCT
G

TTTGGCTGGATCACTTTCAAG
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Table 2.3 (Continued)
ZEB2
(human)

CGGTGCAAGAGGCGCAAACA

GGAGGACTCATGGTTGGGCA

E-cadherin
(human)

GCAGGATTGCAAATTCCTGC
C

CCTTCATAGTCAAACACGAG
C

N-cadherin
(human)

CATCCCTCCAATCAACTTGC

ATGTGCCCTCAAATGAAACC

Snail
(human)

CCGTGGTACTTCTTGACATC

TATGCTGCCTTCCCAGGCTT

Vimentin
(human)

CCAGTGCGTGAAATGGAAG

TCAAGGTCATCGTGATGCTG

CCGTGGGCAACTCTGTC

TGCGGCAGTTGTCACAG

STAT3
(human)

ACCTGCAGCAATACCATTGA
C

AAGGTGAGGGACTCAAACTG
C

GAPDH
(mouse)

CCATGGAGAAGGCCGGGG

CAAAGTTGTCATGGATGACC

MMP-2
(mouse)

CTGGAATGCCATCCCTGATA
A

GGTTCTCCAGCTTCAGGTAAT
AA

MMP-9
(mouse)

CTGGAACTCACACGACATCTT TCCACCTTGTTCACCTCATTT

Mcl-1
(mouse)

TGTAAGGACGAAACGGGACT

AAAGCCAGCAGCACATTTCT

Bcl-xl
(mouse)

TTCGGGATGGAGTAAACTGG

TGTCCAGTTTCCGAAGCAT

MHCII
(mouse)

AGCCCCATCACTGTGGAGT

GATGCCGCTCAACATCTTGC

CD45
(mouse)

ATGGTCCTCTGAATAAAGCC
CA

TCAGCACTATTGGTAGGCTCC

IL17F
(mouse)

CTGTTGATGTTGGGACTTGCC

TCACAGTGTTATCCTCCAGG

IL17
(mouse)

GCTCCAGAAGGCCCTCAGA

AGCTTTCCCTCCGCATTGA

IL6
(mouse)

CTTGGGACTGATGCTGGTGA
CA

GCCTCCGACTTGTGAAGTGGT
A

E2F1
(mouse)

GACTGTGACTTTGGGACC

TGTTCACCTTCATTCCC

ZEB1
(mouse)

ACCCCTTCAAGAACCGCTTT

CAATTGGCCACCACTGCTAA

ZEB2
(mouse)

GAGCTTGACCACCGACTC

TTGCAGGACTGCCTTGAT

Fibronectin
(human)
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Table 2.3 (Continued)
E-cadherin
(mouse)

CACCTGGAGAGAGGCCATGT

TGGGAAACATGAGCAGCTCT

N-cadherin
(mouse)

ATGTGCCGGATAGCGGGAGC

TACACCGTGCCGTCCTCGTC

Snail
(mouse)

AAGATGCACATCCGAAGCCA

CTCTTGGTGCTTGTGGAGCA

Vimentin
(mouse)

CTTGAACGGAAAGTGGAATC
CT

GTCAGGCTTGGAAACGTCC

Fibronectin
(mouse)

ATGTGGACCCCTCCTGATAGT

GCCCAGTGATTTCAGCAAAG
G

miRNAs

Mature sequence

hsa-miR205-5P

UCCUUCAUUCCACCGGAGUCUG

hsa-miR205-3p

GAUUUCAGUGGAGUGAAGUUC

mmu-miR205-5P

UCCUUCAUUCCACCGGAGUCUG

mmu-miR205-3p

GAUUUCAGUGGAGUGAAGCUCA

mmu-let7a-5p

UGAGGUAGUAGGUUGUAUAGUU

mmu-let7c-2-3p

CUGUACAGCCUCCUAGCUUUC

2.14 Stable transfection
A375 cells were transfected with Stat3-C Flag pRc/CMV plasmid or empty vector
using Lipofectamine 2000 (Life Technologies, Inc., Rockville, MD) following the
manufacturer's instructions [Fu, et al., 2014; Li, et al., 2017]. 72 h after
transfection, cells were selected with 1 mg/mL of G418 in DMEM with 10% FBS
for 14 days. G418-resistant colonies were pooled and regarded as STAT3Cexpressing stable cells.
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2.15 RNA-Sequencing (RNA-seq) and small RNA sequencing
B16F10 melanoma tumors were frozen in liquid-nitrogen immediately after
dissected from mice. Total RNA from tumor tissues were extracted using Trizol
reagent. After confirming the quality of RNA samples, RNA-seq and small RNA
sequencing were performed by the BGI Company (HONG KONG).

2.16 Immunohistochemistry (IHC) staining
Freshly dissected tissue blocks were fixed in 10% neutral buffered formalin,
embedded in paraffin, sectioned at a thickness of 4 mm, and affixed on the slide.
IHC staining was then carried out according to standard protocols [Liu, et al.,
2010]. Tumor sections were blocked and incubated with primary antibodies
overnight at 4°C, followed by incubation with goat anti-rat/anti-mouse secondary
antibodies. Subsequently, the bound primary antibodies were visualized with the
streptavidin-biotin complex method. Cell nuclei were counterstained with DAPI.
The sections were then scanned using Panoramic Scanner 250 (Perkin Elmer) at
40× magnification and images were analyzed by CaseViewer 2.1 (3DHISTECH).
Quantitative analysis was performed with the Image-Pro Plus 6.0 software.

2.17 Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) staining
Cellular apoptosis in melanoma tissues was analyzed with TUNEL Apo-Green
Detection Kit (Roche, Basel, Switzerland) following the manufacturer's
instructions [Sasi, et al., 2012]. Briefly, the tumor sections were fixed with 4%
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paraformaldehyde for 25 min and permeabilized with 0.2% Triton X-100 for
5 min followed by PBS washing for 5 min. After incubating with the TUNEL
reaction mixture in the dark at 37 °C for 1 h, the sections were counterstained with
DAPI for nucleus staining. One drop of anti-fluorescence quencher was added as
an anti-fading agent. Finally, the stained sections were scanned with Pannoramic
250 Flash-scanner and images were analyzed using CaseViewer 2.1 software.

2.18 Transfection of microRNA inhibitors.
Cells (2 × 105 per well) were seeded in 6-well plates and transfected with 30 nM
of hsa-miR-205-5p mirVana® miRNA inhibitor or negative control inhibitor
(Ambion) using Lipofectamine RNAi Max (Invitrogen) [Hanna, et al., 2012].
Total RNA from transfected cells was then obtained for subsequent qRT-PCR
analyses.

2.19 Molecular modeling
Molecular docking was performed using Autodock Vina (Scripps Research
Institute, USA) with the crystal structure of Src kinase domain in complex with
Cgp77675 (PDB ID: 1YOL) [Sathishkumar, et al., 2012]. The Src protein for
molecular docking simulation was prepared by removing the original ligands and
all water molecules, and adding the hydrogen atoms and charges where
appropriate. YASARA was used for energy minimization of the ligands. The best
conformation with the lowest energy was selected and then subjected to molecular
dynamics (MD) simulation to check its stability using YASARA [Sathishkumar,
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et al., 2012]. All MD simulations were run with the AMBER ff99SB force field.
The receptor-ligand complex was put in a dodecahedron box and solvated with
0.9% NaCl with a distance of 5 Å between the solute and the box. Simulations
were run at 298 K following by simulated annealing minimizations and velocities
were scaled down with 0.9 every ten steps for a total time of 5 ps in 500 steps.
The temperature of the system was adjusted using a Berendsen thermostat based
on the time-averaged temperature. After that, 50 ns MD simulations were
performed with a time step of 2 fs and the simulation snapshots were saved every
100 ps. All structure figures were generated using PyMol v.1.3 and the interaction
plot was generated by Ligplot+.

2.20 Immunoprecipitation.
Cultured cells were incubated on ice with 800 μL of lysis buffer [25 mM Tris-HCl
(pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 5% glycerol and
protease inhibitors] for 30 min. The lysates were collected and centrifuged at
13,000 g and 4°C for 20 min. The supernatants were then pre-cleared with 20 μL
of Protein A/G PLUS Agarose (Santa Cruz Biotechnology) for 1 h at 4°C. The
pre-cleared lysates were incubated with 1 μg of anti-STAT3 antibody overnight
followed by incubation with 20 μL of Protein A/G PLUS Agarose for additional 2
h. The beads were then collected and washed three times with lysis buffer. The
proteins bound to the beads were eluted by boiling with SDS sample buffer and
subjected to immunoblotting assay with anti-ubiquitin antibody [Wang, et al.,
2012].
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2.21 Statistical Analysis
The data were expressed as mean ± SD. Statistical analysis was performed by
one-way analysis of variance (ANOVA) followed by Fisher's Least Significant
Difference (LSD) Test using IBM SPSS Statistics Version 20.0 (IBM Corp.,
Armonk, New York). The difference was considered significant if P < 0.05.
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Chapter III
Inhibiting STAT3 signaling is one of
the mechanisms underlying the antimelanoma effects of SLE

Results in this chapter are from the following published paper, the formal reuse license of
which has been obtained.
Li T, Fu XQ, Tse AK, Guo H, Lee KW, Liu B, Su T, Wang XY, Yu ZL. Inhibiting
STAT3 signaling is involved in the anti-melanoma effects of a herbal formula comprising
Sophorae Flos and Lonicerae Japonicae Flos. Sci. Rep. 2017;7(1):3097.
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3.1 Experimental design
The herbal formula SL was documented in ancient TCM books to be able to treat
melanoma. Some active constituents in SL have been demonstrated to inhibit
STAT3 signaling to exert anti-melanoma effects [Cao, et al., 2014; Yang, et al.,
2014; Sonoki, et al., 2017]. However, there is no experimental evidence about the
anti-melanoma mode and mechanism of action of this formula. Therefore, we here
evaluated the in vivo and in vitro anti-melanoma effects of SL. The B16F10
melanoma allograft model in C57/BL6 mice was utilized to investigate the in vivo
effects of SL on melanoma growth. Both human and murine melanoma cells were
employed to evaluate the effects of SL on cell proliferation, apoptosis, migration
and invasion. Besides, we investigated the effects of SL on the phosphorylation,
nuclear translocation and transcriptional activity of STAT3 in melanoma cells. The
contribution of STAT3 signaling in the anti-melanoma effects of SL was also
determined.
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3.2 Results
3.2.1 Cytotoxic effects of SL extracts
It is recorded that SF and LJF were mixed at a ratio of 5:1 and then decocted with
rice wine (about 30% alcohol) for medical use. Therefore, in this study, we
extracted the mixture of SF and LJF (at a 5/1 ratio) with 30% (v/v) ethanol
aqueous by heat refluxing and obtained the crude extract. To find out an optimal
extract with enriched active components, the crude extract was loaded on a D101
macroporous resins column and eluted with different concentrations of ethanol.
The yields of crude extract and eluates of 95% ethanol, 75% ethanol, 50% ethanol,
30% ethanol and water were 29.87%, 8.49%, 9.95%, 8.48%, 7.21% and 11.80%,
respectively. The cytotoxic effects of these extracts on A375 cells were then
determined by MTT assay. As shown in Figure 3.1, the six extracts of SL all dosedependently reduced the viability of A375 cells. Noteworthy, the eluate of 95%
ethanol exhibited the most potent inhibitory effects. Accordingly, this extract of
SL, which was called SLE thereafter, was selected for subsequent experiments.
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Figure 3.1 Cytotoxic effects of SL extracts in A375 melanoma cells. Cells were
treated with different SL extracts at the concentrations of 0, 100, 200 and 400
µg/mL for 48 h. Cell viability was assessed by the MTT assay. The viability of
cells treated with vehicle control was set at 100%. Results were the means ± SD
(n=3).
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3.2.2 Quality control of SLE
According to the Chinese Pharmacopoeia (2015 edition), rutin and chlorogenic
acid are used as the chemical makers of SF and LJF, respectively. To control the
quality of SLE, an HPLC method was developed for simultaneous qualitative and
quantitative determination of rutin and chlorogenic acid in SLE. Elution was
performed with a mobile phase of A (0.1% FA in water) and B (methanol) under a
gradient program of 95-70% A at 0-5 min, 70%-70% A at 5-30 min, followed by
70%-68% A at 30-50 min. Figure 3.2A shows the chromatograms of SLE, two
peaks of which have been identified as chlorogenic acid and rutin. The linear
regression equations for chlorogenic acid (y=50.759x-56.937, r2=0.9985) and
rutin (y=22.041x-158.75, r2=0.9979) were individually derived from the analyte
concentrations and corresponding peak areas. The mean contents of chlorogenic
acid and rutin in SLE were 14.06 μg/mg and 97.53 μg/mg, respectively (Figure
3.2B).
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Figure 3.2 An HPLC method developed for quality control of SLE. (A) HPLC
chromatograms of SLE (upper panel) and chemical markers chlorogenic acid and
rutin (lower panel). HPLC analysis was performed on an Agilent 1200 system
coupled with a C18 column (2.1 mm × 100 mm I. D., 2.6 μm) maintained at 35°C.
Elution was performed with a mobile phase of A (0.1% FA in water) and B
(methanol) under a gradient program of 95-70% A at 0-5 min, 70%-70% A at 530 min, followed by 70%-68% A at 30-50 min. The flow rate was 0.2 mL/min,
and the injection volume was 5 μL. (B) Contents of chlorogenic acid and rutin in
SLE.
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3.2.3 SLE restrained melanoma growth in a B16F10 allograft model
The in vivo anti-melanoma effect of SLE was evaluated using a B16F10
melanoma allograft C57/BL6 mouse model. The dose of 1.2 g/kg is the human
equivalent dose calculated according to the ancient record and yield of SLE. At
the end of the experimental period, each mouse only had one tumor. As shown in
Figure 3.3A, daily intragastric administration of 1.2 g/kg SLE for 15 days
significantly inhibited tumor growth in mice. In comparison with the control
group, the average tumor size and tumor weight in SLE-treated group were
remarkably reduced by 54.1% and 55.3% after SLE intervention, respectively
(Figures 3.3B and C). No animal death occurred during the experimental period.
No abnormalities were found in all mice at necropsy on day 15. No significant
differences were observed in the food and water consumptions (Data not shown),
and body weight (Figure 3.3D) between the two groups.
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Figure 3.3 Anti-melanoma effects of SLE in mice. (A) The photo of B16F10
tumors dissected from mice. (B) Mean weights of the dissected tumors. (C) Timedependent effect of SLE on melanoma growth in a B16F10 allograft mouse model.
(D) Body weights at different time points. In (B), (C) and (D), data were means ±
SD of 7 mice. *P < 0.05, **P < 0.01 versus vehicle control group.
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3.2.4 SLE exhibited higher cytotoxicity in melanoma cells than in normal
skin cells
SLE treatment (50, 100, 200, 300, 400, 600, 800 and 1000 µg/mL, 24 and 48 h)
decreased the viabilities of A375 and B16F10 cells in time- and dose- dependent
manners (Figures 3.4A and B). The IC50 values of SLE were 321.60 ± 3.45 µg/mL
against A375 cells and 281.29 ± 5.15 µg/mL against B16F10 cells at 48 h. The
crystal violet staining assay visually validated the inhibitory effects of SLE on
B16F10 cell proliferation (Figure 3.4C). Moreover, the growth inhibition rates of
100, 200, 300 and 400 µg/mL of SLE on human HDFa and HaCaT normal skin
cells were much lower than that on A375 and B16F10 melanoma cells (Figure
3.5).
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Figure 3.4 Time- and dose-dependent cytotoxic effects of SLE in melanoma
cells. Cells were treated with the indicated concentrations of SLE for 24 or 48 h.
Effects of SLE on the viabilities of A375 cells (A) and B16F10 cells (B) were
determined by the MTT assay and trypan blue exclusion assay, respectively. Data
were presented as means ± SD of three independent experiments. (C) Proliferation
inhibitory effects of SLE on B16F10 cells measured by the crystal violet staining
assay.
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Figure 3.5 Comparison of inhibitory effects of SLE on the viability of
melanoma cells and normal skin cells. Cells were treated with the indicated
concentrations of SLE for 48 h. Data were presented as means ± SD of three
independent experiments.
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3.2.5 SLE induced apoptosis of A375 human melanoma cells.
Annexin V/7-AAD double staining assay was performed to quantify the apoptotic
effects of SLE in A375 cells. SLE treatment for 48 h dose-dependently induced
apoptosis in A375 cells. SLE at the doses of 100, 200, 300 and 400 µg/mL
significantly increased the rate of Annexin V positive cells to 14.2 ± 4.7%, 16.9 ±
4.0%, 20.4 ± 4.3% and 31.2 ± 4.0%, respectively, as compared with the untreated
cells (5.7 ± 1.3%) (Figures 3.6A and B). To further validate the pro-apoptotic
effects of SLE, we determined the impact of SLE on the cleavage of PARP, which
is considered as a hallmark of apoptosis. SLE (100, 200 and 300 µg/mL) dosedependently increased the protein levels of cleaved-PARP in A375 cells (Figure
3.6C).
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Figure 3.6 Pro-apoptotic effects of SLE in A375 melanoma cells. Cells were
treated with the indicated concentrations of SLE for 48 h. (A) Representative flow
cytometry plots of cell apoptosis. Apoptosis was analyzed using the Annexin V/7AAD double staining assay. (B) The percentage of apoptotic cells after SLE
treatment. Data were shown as means ± SD of three independent experiments. *P
< 0.05, **P < 0.01 versus control. (C) Effects of SLE on PARP cleavage in A375
cells. Protein levels were examined by immunoblotting. GAPDH was included as
a loading control.
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3.2.6 SLE suppressed migratory and invasive abilities of melanoma cells
Wound healing assay and matrigel invasion assay were performed to determine
the effects of SLE on melanoma cell migration and invasion, respectively. As
shown in Figures 3.7A and B, SLE (50 µg/mL) treatment for 24 h significantly
inhibited the migration of A375 and B16F10 cells. For the cell invasion assay,
A375 and B16F10 cells with or without SLE treatment were allowed to invade for
24 h. 50 µg/mL of SLE markedly reduced the cell invasiveness by 32.9% for
A375 cells and 55.4% for B16F10 cells (Figures 3.8A and B). As shown in cell
viability assays, SLE at 50 µg/mL did not significantly affect the viabilities of
A375 and B16F10 cells (Figures 3.4A and B).
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Figure 3.7 Inhibitory effects of SLE on melanoma cell migration.
Representative photographs of A375 (A) and B16F10 (B) cell migration after SLE
(50 µg/mL) treatment. Cells seeded in 6-well plates were grown to 80-90%
confluence. A single scratch was made in the cell monolayer, and followed by
vehicle control or SLE treatment for 24 h. Pictures were taken at 0 and 24 h after
treatment.

71

Figure 3.8 Inhibitory effects of SLE on melanoma cell invasion. Effects of
SLE on A375 (A) and B16F10 (B) cell invasion were examined using the matrigel
invasion assay. Representative photographs of invaded cells (left) and
quantification of invasiveness (right) were shown. Cells (1.5 × 105) in DMEM-0.1%
BSA with SLE (50 µg/mL) or vehicle control were allowed to pass through
matrigel coated membrane for 24 h. Cells on the lower surface of the membrane
were considered as invaded cells. Number of invading cells was determined as the
average cell number in 5 random microscope areas for each condition for each
separate replicate experiment. Data were shown as mean ± SD from three
independent experiments, **P < 0.01.
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3.2.7 SLE inhibited STAT3 activation in both melanoma tissues and
melanoma cells
It is well recognized that constitutive activation of STAT3 plays a critical role in
melanoma development [Kortylewski, et al., 2005]. To determine whether SLE
has impacts on STAT3 activation, we examined the expression of phosphorylated
STAT3 in both B16F10 melanoma tissues and cultured melanoma cells by
immunoblotting. As shown in Figure 3.9, SLE potently decreased the protein
levels of phospho-STAT3 (Tyr705) and phospho-Src (Tyr416) in melanoma
tissues. The non-receptor tyrosine kinase Src is an upstream kinase of STAT3.
SLE did not affect the expressions of total STAT3 and total Src in B16F10
allograft tumors (Figure 3.9). In cultured A375 and B16F10 melanoma cells, SLE
(100, 200 and 300 µg/mL) treatment for 48 h apparently suppressed the
phosphorylation of STAT3 and Src, but did not affect total STAT3 and total Src
expressions (Figures 3.10A and B).
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Figure 3.9 SLE inhibited STAT3 and Src phosphorylation in melanoma
tissues. Protein expression levels of phospho-STAT3 (Tyr705), STAT3, phosphoSrc (Tyr416), Src and GAPDH in B16F10 tumors collected from 3 individual
mice in each group were examined by immunoblotting (upper panel), and the
relative band intensity was analyzed by Image J software (lower panel). Data were
shown as mean ± SD from three individual mice, **P < 0.01 versus vehicle
control group.

74

Figure 3.10 SLE suppressed STAT3 and Src phosphorylation in melanoma
cells. The expression levels of phospho-STAT3 (Tyr705), STAT3, phospho-Src
(Tyr416) and Src in A375 (A) and B16F10 (B) cells. Cells were treated with the
indicated concentrations of SLE for 48 h. Protein levels were examined by
immunoblotting. GAPDH was used as a loading control. Relative protein levels
were analyzed by Image J software (right panel). Results were shown as mean ±
SD from three independent experiments, **P < 0.01.
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3.2.8 SLE inhibited STAT3 nuclear localization in melanoma cells
STAT3 is a transcription factor transmitting signals to the nucleus. Upon
phosphorylation, STAT3 homo- or hetero-dimerizes and translocates into the
nucleus where it binds to promoter elements of responsive target genes to regulate
their transcriptions [Johnston & Grandis, 2011]. Hence, we examined whether
SLE could affect STAT3 nuclear localization in melanoma cells. The
representative immunofluorescence images illustrated that A375 control cells
displayed clear nuclear STAT3 staining (green), while SLE treatment apparently
reduced STAT3 staining in nucleus (Figure 3.11). Immunoblotting results further
demonstrated that SLE at 100, 200 and 300 µg/mL evidently decreased the
nuclear STAT3 protein levels in A375 cells (Figure 3.12).

76

Figure 3.11 SLE reduced nuclear STAT3 staining in melanoma cells. A375
cells were treated with 100, 200 and 300 µg/mL of SLE for 48 h, and then
subjected to immunofluorescence staining of STAT3. Cells were fixed and
labeled with STAT3 antibody (green), followed by counterstaining with DAPI
(blue).
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Figure 3.12 SLE lowered nuclear STAT3 protein levels in melanoma cells.
Immunoblot analysis of STAT3 levels in cytoplasmic and nuclear fractions of
A375 cells treated with SLE for 48 h (upper panel). GAPDH represents a loading
control for the cytoplasmic fraction, and PCNA represents a loading control for
the nuclear fraction. Relative protein levels were analyzed by Image J software
(lower panel). Results were shown as mean ± SD from three independent
experiments, **P < 0.01.
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3.2.9 SLE reduced the expression of STAT3 target genes in melanoma cells.
Mcl-1 and Bcl-xL are STAT3 target genes involved in cell survival, and MMP-2
and MMP-9 are STAT3 target genes involved in cell migration and invasion
[Kortylewski, et al., 2005]. As shown in Figure 3.13A and Figure 3.14, SLE
effectively decreased the mRNA and protein levels of Mcl-1, Bcl-xL, MMP-2 and
MMP-9 in A375 cells. SLE also dose-dependently inhibited mRNA and protein
expressions of Mcl-1, Bcl-xL, MMP-2 and MMP-9 in B16F10 cells (Figure 3.13B
and Figure 3.14). These data further suggested that STAT3 signaling may be
involved in the anti-melanoma action of SLE.
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Figure 3.13 SLE decreased the expression levels of proteins encoded by
STAT3 target genes in melanoma cells. Cells were treated with indicated
concentrations of SLE for 48 h. Protein levels of Mcl-1, Bcl-xL, MMP-2 and
MMP-9 in A375 (A) and B16F10 (B) cells were examined by immunoblotting
(left panel). Relative protein levels were analyzed by Image J software (right
panel). Data were shown as mean ±SD of three independent experiments.
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Figure 3.14 SLE downregulated mRNA expression levels of STAT3 target
genes in melanoma cells. A375 and B16F10 cells were treated with indicated
concentrations of SLE for 24 h. Total RNA was extracted with Trizol. Gene
expression levels of Mcl-1, Bcl-xL, MMP-2 and MMP-9 were detected using RTPCR analysis. Data were shown as fold change ± SD of three independent
experiments, *P < 0.05, **P < 0.01 versus vehicle control.
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3.2.10 Cytotoxic potency of SLE in melanoma cells was phospho-STAT3
basal level dependent
To explore the correlation between the anti-melanoma effects of SLE and STAT3,
we evaluated the cytotoxicity of SLE in various human melanoma cell lines with
different basal levels of phosphorylated STAT3. Results showed that SLE
effectively and dose-dependently decreased the viabilities of A375, COLO-829,
SK-MEL-5, SK-MEL-2, HS294T and IGR-1 cells, all of which expressed high
levels of phosphorylated STAT3 (Figure 3.15). While in the p-STAT3-negative
cells MeWo and SK-MEL-28, SLE exhibited quite moderate cytotoxic effects
(Figure 3.15). The relatively stronger cytotoxic activity of SLE against p-STAT3positive cells than against p-STAT3-negative cells further suggested that the antimelanoma effects of SLE might be closely related to STAT3 signaling.

82

Figure 3.15 Cytotoxicity of SLE in different human melanoma cell lines. (A)
Protein expression levels of phosphorylated STAT3 (Tyr705) in different
melanoma cells. Cell lysates were extracted with RIPA lysis buffer and examined
by immunoblotting. GAPDH was included as a loading control. (B) Cells were
treated with 0, 100, 200 and 400 µg/mL of SLE for 48 h. Cell viabilities were
measured by MTT assays. Data were presented as means ± SD of three
independent experiments.
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3.2.11 Overexpression of STAT3C in A375 cells diminished the effects of SLE
on cell proliferation, apoptosis and invasion
To confirm the involvement of STAT3 signaling in SLE's anti-melanoma effects,
A375 cells were stably transfected with a vector containing STAT3C (STAT3C
cell), a constitutively active variant of STAT3, or empty vector (EV cell).
Immunoblotting results showed that transfection of STAT3C induced remarkable
increases in both total STAT3 and phospho-STAT3 (Tyr705) levels, in contrast to
transfection with an empty vector (Figure 3.16A). The effects of SLE on the
viability, apoptosis and invasion of STAT3C and EV cells were compared. When
treated with 100, 200 and 300 µg/mL of SLE for 48 h, the growth inhibition rate
was significantly decreased from 10.78 ± 3.64 %, 30.88 ± 2.86 %, 41.54 ±2.43 %
in EV cells to 1.38 ± 2.76 %, 7.28 ± 2.04 %, 15.24 ± 2.75 % in STAT3C cells,
respectively (Figure 3.16B). Overexpression of STAT3C evidently diminished the
apoptotic effects of SLE on A375 cells (Figure 3.16C). STAT3C overexpression
in A375 cells also remarkably attenuated 50 µg/mL of SLE-induced cell invasion
inhibition rate from 36.8% to 16.7% (Figure 3.16D).
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Figure 3.16 Overexpression of STAT3C in A375 cells diminished the effects
of SLE on cell viability, apoptosis and invasion. (A) Expression levels of
phospho-STAT3 (Tyr705), STAT3 and Flag in A375 cells stably expressing Flagtagged STAT3C (STAT3C cell) or empty vector (EV cell). GAPDH was included
as a loading control. Results shown were the representatives of three independent
experiments. (B) Effects of STAT3C overexpression on SLE-mediated cytotoxic
activity. (C) Effects of STAT3C overexpression on SLE-mediated apoptotic
effects. In (B) and (C), cells were treated with indicated concentrations of SLE for
48 h. Cell viability and apoptosis were determined by MTT assay and flow
cytometry, respectively. Data were presented as mean ± SD of three independent
experiments, *P < 0.05, **P < 0.01. (D) Effects of STAT3C overexpression on
SLE-mediated inhibitory effects on cell invasion. Cells were treated with SLE (50
µg/mL) or vehicle for 24 h. Cell invasion was determined by matrigel invasion
assay. **P < 0.01, SLE treatment versus vehicle treatment.

##

P < 0.01, SLE-

mediated cell invasion inhibition in STAT3C cells versus that in EV cells.
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3.3 Summary
In this chapter, we first found that among different SL extracts, SLE exerted the
most potent inhibitory effects on A375 cell viability. By using a melanoma mouse
model, we demonstrated that a clinically relevant dose of SLE potently suppressed
melanoma growth in tumor-bearing mice. SLE also inhibited cell viability,
induced cell apoptosis, restrained cell migration and invasion in melanoma cells.
Mechanistic studies showed that SLE inhibited phosphorylation of STAT3 and
Src in both melanoma tissues and melanoma cells, and also suppressed STAT3
nuclear localization and downregulated STAT3-targeted genes (Mcl-1, Bcl-xL,
MMP-2, MMP-9) expression in melanoma cells. Overactivation of STAT3 in
A375 cells diminished the anti-proliferative, apoptotic and anti-invasive effects of
SLE. To sum up, SLE exerts in vivo and in vitro anti-melanoma effects, and these
effects are partially due to the inhibition of STAT3 signaling. Next, we explored
how the STAT3 signaling was inhibited by SLE.
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Chapter IV
Exploring the involvement of the IL17-IL-6-STAT3 axis in the antimelanoma effects of SLE
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4.1 Experimental design
In Chapter III, we have demonstrated that inhibiting STAT3 signaling contributes
to the anti-melanoma effects of SLE. To further explore the mechanism of action
of SLE and gain insight into how STAT3 signaling was inhibited by SLE, we
analyzed the differentially expressed genes (DEGs) in B16F10 tumors collected
from mice with or without SLE treatment using RNA-seq. RNA-seq data showed
that SLE altered the expression of a large number of genes in B16F10 tumors with
IL-17 and IL-6 significantly downregulated. Recently, several studies have
demonstrated that IL-17 could amplify IL-6 production and then activate STAT3,
thereby promoting melanoma growth [Wang, et al., 2009; Tang, et al., 2013; Fang,
et al., 2014]. Blocking IL-17-IL-6-STAT3 axis assaults melanoma on multiple
fronts and represents a strategy for melanoma management [Wang, et al., 2009;
Tang, et al., 2013; Fang, et al., 2014]. Therefore, we sought to characterize the
role of the IL-17-IL-6-STAT3 axis in the anti-melanoma effects of SLE. We have
verified some results obtained from RNA-seq and further evaluated the dosedependent anti-melanoma effects of SLE in mice.
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4.2 Results
4.2.1 RNA-seq data analysis
By performing RNA-seq, we compared the gene expression profiles of B16F10
tumors collected from SLE-treated and untreated mice. Data showed that out of a
total of 20,081 murine genes analyzed, 5089 genes were differentially expressed
(more than 2-fold changes) in melanoma tissues after SLE treatment. The DEGs
were then subjected to Gene Ontology (GO) analysis and pathway enrichment
analysis. The GO mapping (Figure 4.1) showed that SLE treatment affected
massive genes related to various biological processes including immune system
process. The pathway enrichment analysis showed that several cytokine and
chemokine-related signaling pathways were affected by SLE treatment. Figure 4.2
was the cytokine-cytokine receptor interaction signaling pathway in KEGG (the
major public pathway-related database), which indicated that IL-17 was
downregulated and IL-10RA was upregulated in melanoma tissues after SLE
treatment.

89

Figure 4.1 Gene Ontology classification of differentially expressed genes in
SLE-treated and untreated samples
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Figure 4.2 The cytokine-cytokine receptor interaction pathway in KEGG. Upregulated and downregulated genes in SLE-treated samples are
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marked in red and green, respectively.

4.2.2 SLE suppressed the IL-17-IL-6-STAT3 axis in melanoma
To find clues about how SLE inhibited STAT3 signaling, we analyzed SLEmediated DEGs in melanoma tissues obtained from RNA-seq. We found that SLE
treatment induced sharp decreases in IL-17 and IL-17F expression in melanoma
tissues (Figure 4.3A). SLE also regulated the expression of some STAT3 target
genes related to tumor proliferation/survival (e.g. STAT1, IFN-α), metastasis and
angiogenesis (e.g. STAT1, MMP9, VEGF, IL-12), and immunosuppression (e.g.
IL-6, TNF-α, VEGF, MHCII) (Figure 4.3A). To verify these predicted candidate
genes experimentally, we conducted qRT-PCR assays. Results showed that SLE
significantly decreased the mRNA levels of IL-17, IL-17F, IL-6 and MMP9, and
increased the mRNA level of MHCII in melanoma tissues (Figure 4.3B). These
results indicated that SLE suppressed the IL-17-IL-6-STAT3 axis in B16F10
melanoma allografts.
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Figure 4.3 SLE suppressed the IL-17-IL-6-STAT3 axis in B16F10 melanoma
tissues. (A) Representative DEGs in B16F10 tumors predicted by RNA-seq.
B16F10 tumors collected from SLE-treated and untreated mice were subjected to
RNA-seq analyses. Fold changes in gene expression were calculated as log2 (SLE
over control). (B) qRT-PCR verification of predicted genes. B16F10 tumors from
3 individual mice were collected for total RNA extraction. Relative gene
expression levels were detected using qRT-PCR. Data were shown as the mean
fold changes ± SD of three individual mice, *P < 0.05, **P < 0.01 versus vehicle
control mice.
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4.2.3 Dose-dependent in vivo effects of SLE on melanoma growth in mice
To determine whether SLE has dose-dependent inhibitory effects on melanoma
growth in mice, 0.6, 1.2 and 2.4 g/kg of SLE were i.g. administered to mice
bearing B16F10 melanomas. Simultaneously, the anti-melanoma effect of SLE
was compared with that of DTIC (50 mg/kg), a first-line drug for metastatic
melanoma. As shown in Figures 4.4A, B and C, daily administration of 0.6, 1.2
and 2.4 g/kg SLE for 14 days all inhibited melanoma growth in mice. SLE at 1.2
g/kg exhibited the strongest anti-melanoma effects which caused a significant
reduction (47.2%, **P < 0.01) in average tumor weight relative to solvent control
treatment (Figure 4.4B). It was noteworthy that the anti-melanoma effects of SLE
at 1.2 g/kg were comparable to that of DTIC which resulted in a reduction of
41.1% in average tumor weight compared to the vehicle control (Figure 4.4B).
Daily toxicity monitoring records showed that no animal death, no
abnormalities at necropsy, and no significant differences in food and water
consumptions were observed in all mice. Body weight results showed that DTIC
caused evident weight loss in mice, while SLE exhibited no obvious impacts on
body weight gain.
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Figure 4.4 Inhibitory effects of SLE and DTIC on melanoma growth in
B16F10 melanoma-bearing mice. (A) The photo of B16F10 tumors dissected
from mice. (B) Mean weights of the dissected tumors. (C) Time-dependent effect
of SLE or DTIC on melanoma growth. (D) Body weights at different time points.
In (B), (C) and (D), data were means ± SE of 5 mice. *P < 0.05, **P < 0.01
versus vehicle control group.
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4.2.4 SLE suppressed melanoma cell proliferation in vivo
Ki-67 protein, which expresses during active phases of cell cycle (G1, S, G2 and
mitosis) but is absent in G0 phase, is a cellular marker for proliferation [Scholzen
& Gerdes, 2000]. We have observed the inhibitory effects of SLE on B16F10 cell
proliferation in vitro in Chapter III, here we examined the in vivo antiproliferative effects of SLE using Ki-67 staining. As shown in Figure 4.5, SLE at
the dose of 1.2 g/kg and DTIC significantly decreased the Ki-67 positive cells in
melanoma tissues. The percentages of Ki-67 positive cells in B16F10 melanomas
dissected from mice treated with 0.6 g/kg SLE (27.6%), 1.2 g/kg SLE (18.4%, P <
0.01), 2.4 g/kg SLE (23.7%), or DTIC (22.1%, P < 0.05) were all lower than that
from the control mice (31.0%) (Figure 4.5F). These results demonstrated that SLE
exerted prominent anti-proliferative activity against melanoma cells in B16F10
melanoma-grafted mice.
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Figure 4.5 Ki-67 staining for cell proliferation analysis in melanoma tissues.
Representative B16F10 melanoma sections immunostained with Ki-67 antibody
were obtained from mice treated with (A) vehicle control, (B) 0.6 g/kg SLE, (C)
1.2 g/kg SLE, (D) 2.4 g/kg SLE or (E) DTIC. Images shown were at 200
magnification. (F) Quantification of Ki-67 positive cells (dark brown) was
performed with Image-Pro Plus 6.0. Results were presented as mean ± SD of 3
tumor sections from 3 individual mice, *P < 0.05, **P < 0.01 versus vehicle
control.
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4.2.5 SLE induced melanoma cell apoptosis in vivo
TUNEL is a common method for detecting DNA fragmentation resulted from
apoptotic signaling cascades [Singh, et al., 2008]. To investigate whether SLE
induced melanoma cell apoptosis in vivo, in situ labeling of apoptosis-induced
DNA strand breaks in melanoma tissues were detected by immunofluorescent
TUNEL assay. As shown in Figure 4.6, mice treated with SLE (1.2 g/kg or 2.4
g/kg) or DTIC displayed larger areas of apoptotic cells (with bright green nuclei)
in melanoma tissues when compared to solvent control treated mice. More
apoptotic cells were found in melanoma tissues dissected from mice receiving 0.6
g/kg SLE (4.1%), 1.2 g/kg SLE (5.7%, P < 0.01), 2.4 g/kg SLE (4.6%, P < 0.05),
or DTIC (4.3%, P < 0.05), as compared with the control mice (2.7%) (Figure
4.6F). In addition, administration of SLE (1.2 g/kg) and DTIC significantly
elevated the expression levels of cleaved-caspase 3 in melanoma tissues (Figure
4.7). These results together indicated that SLE had in vivo pro-apoptotic effects in
B16F10 melanoma allografts.
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Figure 4.6 TUNEL assays for apoptosis in melanoma tissues. Representative
melanoma tumor sections with TUNEL staining were collected from mice treated
with (A) vehicle control, (B) 0.6 g/kg SLE, (C) 1.2 g/kg SLE, (D) 2.4 g/kg SLE or
(E) DTIC. A1-H1 (200 magnification) were magnified images of selected areas
(red squares) in A-E (20 magnification). (F) Quantification of TUNEL positive
cells (green) was performed with Image-Pro Plus 6.0. Results were presented as
mean ± SD of 3 tumor sections from 3 individual mice, *P < 0.05, **P < 0.01
versus vehicle control.
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Figure 4.7 Cleaved-caspase 3 staining in melanoma tissues. Representative
melanoma tumor sections immunostained with cleaved-caspase 3 antibody were
from mice treated with (A) vehicle control, (B) 0.6 g/kg SLE, (C) 1.2 g/kg SLE,
(D) 2.4 g/kg SLE or (E) DTIC. Images shown were at 200 magnification. (F)
Expression levels of cleaved-caspase 3 (brown) in melanoma tissues were
quantified using Image-Pro Plus 6.0. Results were presented as mean ± SD of 3
tumor sections from 3 individual mice, *P < 0.05, **P < 0.01 versus vehicle
control.
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4.2.6 SLE inhibited melanoma angiogenesis in vivo
Angiogenesis plays a critical role in melanoma development and progression
[Mahabeleshwar & Byzova, 2007]. By comparing the tumor vascular profiles of
mice with different treatments, we found that both SLE and DTIC visibly
inhibited intradermal melanoma angiogenesis (Figure 4.8). To further investigate
the anti-angiogenic activity of SLE in vivo, melanoma tissue sections were
immunostained with a CD31 (an endothelial cell maker) antibody. As shown in
Figure 4.9, fewer CD31-positive microvessels were observed in the melanoma
tissues of mice treated with either SLE or DTIC, in comparison with those of mice
treated with the solvent control. The quantification results showed that the number
of CD31 stained microvessels in melanoma tissues was significantly reduced in
groups of 0.6 g/kg SLE (56.7, P < 0.01), 1.2 g/kg SLE (48.5, P < 0.01), 2.4 g/kg
SLE (64, P < 0.05) and DTIC (53, P < 0.01), relative to the control group (91.3)
(Figure 4.9F). These results suggested that SLE inhibited melanoma angiogenesis
in B16F10 melanoma-bearing mice.
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Figure 4.8 SLE inhibited intradermal melanoma angiogenesis. Images shown
were representative tumor vascular profile of mice with different treatments.
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Figure 4.9 CD31 staining for the vasculature in melanoma tissues.
Representative melanoma tumor sections immunostained with CD31 antibody
were from mice treated with (A) vehicle control, (B) 0.6 g/kg SLE, (C) 1.2 g/kg
SLE, (D) 2.4 g/kg SLE or (E) DTIC. The magnified views (50 magnification)
were taken from the insets (20 magnification). (F) CD31 stained vessels (dark
brown) in melanoma tissues were quantified using the Image-Pro Plus 6.0. Results
were presented as mean ± SD of 3 tumor sections from 3 individual mice, *P <
0.05, **P < 0.01 versus vehicle control.
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4.2.7 SLE prolonged the survival time of B16F10 melanoma-bearing mice
without observable toxicity
To further investigate the in vivo anti-melanoma effects of SLE, we monitored the
long-term survival of B16F10 melanoma-bearing mice treated with SLE (1.2 g/kg)
by recording the tumor growth-related events. As shown in Figure 4.10, vehicle
control group, DTIC-treated group and SLE-treated group showed 0% survival
rate on day 33, day 31 and day 39 after tumor inoculation, respectively. Overall
survival results obtained from Kaplan-Meier analyses showed that the mean
survival times of mice in control, DTIC and SLE groups were 24.9 days, 24.6
days and 27.4 days, respectively (Table 4.1). These results indicated that 1.2 g/kg
of SLE resulted in a modest prolongation of survival time of B16F10 melanomabearing mice, while DTIC at the selected dose did not show beneficial effects on
host survival.
During survival analysis, we also monitored the toxicity of SLE and DTIC.
We found that long-term administration of SLE did not cause any observable
toxicity in mice. In contrast, DTIC caused an obvious reduction in daily food
intake and severe hair loss in mice (Figure 4.11).
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Figure 4.10 Kaplan-Meier survival curves of B16F10 melanoma-bearing mice
with different treatments. Mice were naturally died or sacrificed when the tumor
volume 3,000 mm3.

Table 4.1 Kaplan-Meier estimates of mean survival time for mice with
different treatments
95% Confidence Interval

Group

Mean Survival
Time

Std. Error

Control

24.867

SLE
DTIC

Lower Bound

Upper Bound

0.995

22.917

26.816

27.400

1.386

24.683

30.117

24.600

0.850

22.935

26.265
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Figure 4.11 Toxicity monitoring of long-term administration of SLE and
DTIC in B16F10 melanoma-bearing mice. (A) Physical appearance of mice
after vehicle control, SLE or DTIC treatments. (B) Normalized food intake of
mice. Results were presented as mean ±SD of 15 mice.
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4.3 Summary
In this chapter, we demonstrated that SLE inhibited the IL-17-IL-6-STAT3 axis in
melanoma. Using a B16F10 melanoma mouse model, we further demonstrated
that SLE at the dose of 1.2 g/kg exerted the most potent in vivo anti-melanoma
effects. Specifically, SLE suppressed melanoma growth and angiogenesis,
inhibited cell proliferation, induced cell apoptosis, and prolonged host survival in
B16F10 melanoma-bearing mice. Notably, SLE (1.2 g/kg) exhibited comparable
anti-melanoma effects to DTIC (50 mg/kg) without observable toxicity, but DTIC
at the selected dose showed evident toxicity in mice. These findings further
demonstrate the high potential of SLE to be developed as an effective and safe
anti-melanoma agent. In future studies, we will explore whether SLE-induced
STAT3 signaling inhibition is owing to the blockade of IL-17, and also determine
the contribution of IL-17-IL-6-STAT3 inhibition to the anti-melanoma effects of
SLE both in melanoma-bearing mice and cultured melanoma cells.
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Chapter V
SLE inhibited melanoma cell EMT by
enforcing miR-205-5p expression
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5.1 Experimental design
By RNA-seq, we have found that SLE altered the expression of a myriad of genes
in B16F10 melanoma tissues. miRNAs, which control target gene expression at
the post-transcriptional level, are believed to constitute a large gene regulatory
network in eukaryote [Noguchi, et al., 2013]. To better understand the mechanism
of action of the anti-melanoma effects of SLE, we conducted small RNA
sequencing using B16F10 tumors collected from SLE-treated and untreated mice.
Results showed that SLE altered the miRNA expression profiles in B16F10
tumors, with miR-205 exhibited the most evident change. Interestingly, miR-205
has been demonstrated to be associated with melanoma progression [Liu, et al.,
2012]. Enforced miR-205 expression could suppress EMT by targeting
transcription factors ZEB1 and/or ZEB2 [Gregory, et al., 2008]. Therefore, we
want to know whether SLE could inhibit EMT in melanoma cells by enhancing
miR-205 expression. We verified results obtained from small RNA sequencing.
We further evaluated the effects of SLE on the expression of miR-205-5p and
miR-205-5p target genes in various melanoma cells. Based on morphological
changes, we assessed the effects of SLE on EMT in melanoma cells. Besides, the
effects of SLE on the expression of EMT markers in melanoma cells and tissues
were determined. The contribution of miR-205-5p in SLE's effects on EMT was
also investigated.
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5.2 Results
5.2.1 SLE altered miRNA signature in B16F10 melanoma
Based on small RNA sequencing results, we compared the miRNA expression
profiles of B16F10 tumors collected from SLE-treated and untreated mice.
Results showed that the expression of 43 miRNAs was significantly altered (more
than 2-fold change) in melanoma tissues after SLE treatment (Figure 5.1A). Table
5.1 presented the detailed results of the 43 differentially expressed miRNAs.
Among them, miR-205-5p, with 16-fold increase in expression, exhibited the
most significant change in response to SLE treatment (Table 5.1). Several
candidate miRNAs highly related to melanoma development were then verified
using qRT-PCR assays. Verification results showed that SLE treatment
significantly upregulated the expression of miR-205-5p, let-7a-5p and let-7c-2-3p
in melanoma tissues (Figure 5.1B).
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Figure 5.1 SLE altered miRNA signature in B16F10 melanoma. (A)
Hierarchical clustering of differentially expressed miRNAs in B16F10 tumors
predicted by Small RNA sequencing. B16F10 tumors collected from SLE-treated
and untreated mice were subjected to Small RNA sequencing analyses. (B) qRTPCR verification of predicted candidate miRNAs. B16F10 tumors from 3
individual mice were collected for total RNA extraction. Relative miRNA
expression levels were detected using qRT-PCR. Data were shown as the mean ±
SD of three individual mice, *P < 0.05, **P < 0.01 versus vehicle control mice.
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Table 5.1 Differentially expressed miRNAs in B16F10 tumors predicted by
Small RNA sequencing
miR_name
mmu-miR-205-5p
mmu-miR-6896-5p
mmu-miR-1a-3p
mmu-let-7f-2-3p
mmu-miR-5107-5p
mmu-miR-3069-3p
mmu-miR-5114
mmu-miR-6922-5p
mmu-miR-7667-3p
mmu-miR-362-3p
mmu-miR-338-5p
mmu-miR-1949
mmu-miR-125b-1-3p
mmu-miR-3074-1-3p
mmu-let-7a-5p
mmu-let-7c-2-3p
mmu-miR-183-5p
mmu-let-7c-1-3p
mmu-miR-6516-5p
mmu-miR-6538
mmu-miR-101c
mmu-miR-431-5p
mmu-miR-1199-5p
mmu-miR-299a-3p
mmu-miR-18a-5p
mmu-miR-93-3p
mmu-miR-20a-5p
mmu-miR-5122
mmu-miR-218-5p
mmu-miR-204-5p
mmu-miR-187-3p
mmu-let-7b-3p
mmu-miR-1224-5p
mmu-miR-1983
mmu-miR-129-1-3p
mmu-miR-15b-3p
mmu-miR-8112
mmu-miR-455-5p
mmu-miR-337-5p
mmu-miR-7663-3p
mmu-miR-222-5p
mmu-miR-664-3p
mmu-miR-1982-3p

SLEexpressed

Controlexpressed

fold-change
(SLE/Control)

63
40
36
40
91
31
66
23
23
105
31
30
113
28
127
127
135
37
61
182
33
133
33
40
228
37
1162
37
109
22
20
12
17
15
40
20
33
9
8
7
9
4
2

4
3
5
6
19
7
15
5
6
29
9
9
35
9
41
41
44
13
23
70
13
54
14
18
104
17
561
18
54
47
43
27
39
36
96
48
80
23
25
25
43
27
28

16.23
13.74
7.42
6.87
4.94
4.56
4.53
4.74
3.95
3.73
3.55
3.43
3.33
3.21
3.19
3.19
3.16
2.93
2.73
2.68
2.62
2.54
2.43
2.29
2.26
2.24
2.13
2.12
2.08
2.07
2.09
2.18
2.23
2.33
2.33
2.33
2.35
2.48
3.03
3.47
4.64
6.55
13.58
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Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down

5.2.2 SLE enhanced miR-205-5p expression and reduced miR-205-5p target
genes expression in melanoma cells
We firstly determined the basal level of miR-205-5p in multiple melanoma cell
lines using miRNA qRT-PCR assays. As shown in Figure 5.2, the cell lines with
miR-205-5p expression levels from high to low were A375 (0.981), A2058
(0.316), SK-MEL-5 (0.273), G361 (0.154), MeWo (0.131), HS294T (0.117), SKMEL-2 (0.095), IGR-1 (0.066), COLO-829 (0.060) and B16F10 (0.026). These
results were consistent with previous reports that cells with high metastatic
propensity expressed relatively low levels of miR-205-5p [Liu, et al., 2012]. We
then evaluated the effects of SLE on miR-205-5p expression in various melanoma
cells. We found that SLE treatment (300 μg/ml, 24 h) significantly increased the
expression levels of miR-205-5p in COLO-829, A375, B16F10 and MeWo cells
(Figure 5.2). Hence, the four cell lines were selected for subsequent experiments.
It has previously been demonstrated that miR-205 could directly target E2F1,
ZEB1 and ZEB2 to inhibit their expression [Dar, et al., 2011; Gregory, et al.,
2008]. Our qRT-PCR results showed that SLE dramatically reduced the mRNA
expression levels of E2F1, ZEB1 and ZEB2 in COLO-829, A375, B16F10 and
MeWo cells (Figure 5.3). These data together suggested that SLE regulated the
miR-205-5p signaling pathways in melanoma cells.
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Figure 5.2 SLE enhanced miR-205-5p expression in melanoma cells. (A) Basal
levels of miR-205-5p in multiple melanoma cell lines. (B) Relative expression
levels of miR-205-5p in melanoma cells after SLE treatment. Cells were treated
with 300 μg/ml of SLE for 24 h. Expression levels of miR-205-5p were detected
using miRNA qRT-PCR analysis. RUN6 was used as the endogenous control.
Data were shown as mean ± SD of three independent experiments, **P < 0.01
versus vehicle control.
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Figure 5.3 SLE downregulated mRNA expression levels of miR-205-5p target
genes E2F1, ZEB1 and ZEB2 in melanoma cells. COLO-829, A375, B16F10
and MeWo cells were treated with the indicated concentrations of SLE for 48 h.
Gene expression levels of E2F1, ZEB1 and ZEB2 were detected using qRT-PCR
analysis. Data were presented as mean ± SD of three independent experiments, *P
< 0.05, **P < 0.01 versus vehicle control.
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5.2.3 SLE induced morphological and phenotypic changes in melanoma cells
EMT is the critical initial step of cancer metastasis which is characterized by
morphological changes from an epithelial cobblestone phenotype to an elongated
fibroblastic phenotype [Kong, et al., 2011]. To determine the effects of SLE on
melanoma cell EMT, morphological studies were conducted on cells treated with
or without SLE. As depicted in Figure 5.4, SLE reduced cellular protrusions,
caused a more rounded cell shape and induced cell-cell detachment in COLO-829,
A375, B16F10 and MeWo cells. Among them, COLO-829 cells displayed the
most evident cell shape change in response to SLE treatment. Specifically, the
majority of COLO-829 cells switched from a highly motile fibroblastoid
phenotype to an epithelial phenotype after treated with SLE (Figure 5.4).
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Figure 5.4 SLE induced morphological and phenotypic changes in melanoma
cells. COLO-829, A375, B16F10 and MeWo cells were treated with 300 μg/ml of
SLE or vehicle control for 48 h. Images were then taken using a microscopy at a
200 magnification. Cells circled in red showed obvious cell shape changes. Cells
in blue squares showed cell-cell junctions.
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5.2.4 SLE regulated the expression of EMT-related markers in both
melanoma cells and melanoma tissues
Besides morphological change, EMT is also marked by the downregulation of
epithelial markers such as E-cadherin, and upregulation of mesenchymal markers
such as vimentin, fibronectin, snail and N-cadherin [Kong, et al., 2011]. To
further evaluate the effects of SLE on EMT, qRT-PCR assay was performed to
detect the expression of EMT-related markers in melanoma cells. As shown in
Figure 5.5, SLE markedly downregulated the mRNA expression levels of Ncadherin, snail, vimentin and fibronectin in COLO-829, A375, B16F10 and
MeWo cells. In COLO-829 cells, SLE treatment (100, 200 and 300 μg/ml, 48 h)
did not affect the mRNA expression of E-cadherin. In A375, B16F10 and MeWo
cells, SLE at low doses (100 and 200 μg/ml) increased the mRNA level of Ecadherin, but showed no effects on E-cadherin expression at 300 μg/ml (Figure
5.5). In addition, IHC staining showed that SLE treatment obviously reduced the
protein levels of snail (Figures 5.6), N-cadherin (Figures 5.7) and vimentin
(Figures 5.8) in melanoma tissues.
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Figure 5.5 SLE regulated mRNA expression of EMT markers in melanoma
cells. COLO-829 (A), A375 (B), B16F10 (C) and MeWo (D) cells were treated
with the indicated concentrations of SLE for 48 h. Gene expression levels of Ecadherin, N-cadherin, snail, vimentin and fibronectin were detected using qRTPCR analysis. Data were presented as mean ± SD of three independent
experiments, *P < 0.05, **P < 0.01 versus vehicle control.
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Figure 5.6 IHC staining for snail protein in melanoma tissues. Representative
B16F10 melanoma sections from mice treated with vehicle control, 0.6 g/kg SLE,
1.2 g/kg SLE, or 2.4 g/kg SLE were immunostained with a snail antibody. The
insets (400 magnification) were magnified images of area taken from the
corresponding large-scale images (100 magnification).
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Figure 5.7 IHC staining for N-cadherin protein in melanoma tissues.
Representative B16F10 melanoma sections from mice treated with vehicle control,
0.6 g/kg SLE, 1.2 g/kg SLE, or 2.4 g/kg SLE were immunostained with Ncadherin antibodies. The insets (400 magnification) were magnified images of
area taken from the corresponding large-scale images (100 magnification).
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Figure 5.8 IHC staining for vimentin protein in melanoma tissues.
Representative B16F10 melanoma sections from mice treated with vehicle control,
0.6 g/kg SLE, 1.2 g/kg SLE, or 2.4 g/kg SLE were immunostained with vimentin
antibodies. The insets (400 magnification) were magnified images of area taken
from the corresponding large-scale images (100 magnification).
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5.2.5 miR-205-5p knockdown diminished the inhibitory effects of SLE on
melanoma cell EMT
To confirm the involvement of miR-205-5p in SLE's inhibitory effects on EMT,
COLO-829 and A375 cells were transfected with hsa-miR-205-5p mirVana®
miRNA inhibitor [miR-205(-)] or negative control inhibitor [NC]. As shown in
Figures 5.9A and B, transfection of miR-205-5p inhibitor in COLO-829 and
A375 cells resulted in 21.1% and 49.5% of reduction in miR-205-5p expression,
respectively. SLE-induced miR-205-5p upregulation was remarkably decreased
from 227.7% in COLO-829 NC cells to 24.3% in COLO-829 miR-205(-) cells,
and from 99.0% in A375 NC cells to 36.6% in A375 miR-205(-) cells (Figures
5.9A and B). miR-205-5p knockdown also attenuated SLE-mediated reduction of
miR-205-5p target genes expression in both COLO-829 and A375 cells (Figures
5.9C and D). Further qRT-PCR results showed that SLE-induced reductions in the
expression levels of N-cadherin, snail and fibronectin in COLO-829 cells were
significantly diminished from 22.7%, 50.6% and 24.9% in NC cells to 11.2%,
20.2% and 5.6% in miR-205(-) cells, respectively (Figure 5.10A). In A375 cells,
miR-205-5p knockdown caused similar effects on the mRNA expression levels of
N-cadherin, snail and fibronectin (Figure 5.10B).
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Figure 5.9 miR-205-5p knockdown in melanoma cells diminished SLEmediated upregulation of miR-205-5p and downregulation of miR-205-5p
target genes. COLO-829 (A) and A375 (B) cells transfected with hsa-miR-2055p inhibitor [miR-205(-)] or negative control inhibitor [NC] were treated with 300
μg/ml of SLE for 24 h. Cells were collected for RNA extraction and then
subjected to miRNA qRT-PCR analysis. COLO-829 (C) and A375 (D) cells
transfected with hsa-miR-205-5p inhibitor or negative control inhibitor were
treated with 300 μg/ml of SLE for 48 h. Gene expression levels of E2F1, ZEB1
and ZEB2 were detected with qRT-PCR assays. Data were presented as mean ±
SD of three independent experiments. **P < 0.01, SLE treatment versus vehicle
treatment,

##

P < 0.01, SLE-caused effects in miR-205(-) cells versus that in NC

cells.
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Figure 5.10 miR-205-5p knockdown in melanoma cells diminished SLEmediated changes in mRNA levels of EMT markers. COLO-829 (A) and A375
(B) cells transfected with hsa-miR-205-5p inhibitor [miR-205(-)] or negative
control inhibitor [NC] were treated with 300 μg/ml of SLE for 48 h. Gene
expression of E-cadherin, N-cadherin, snail, vimentin and fibronectin were
detected with qRT-PCR assays. Data were presented as mean ± SD of three
independent experiments. *P < 0.05, **P < 0.01, SLE treatment versus vehicle
treatment, #P < 0.05,

##

P < 0.01, SLE-caused effects in miR-205(-) cells versus

that in NC cells.
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5.3 Summary
In this chapter, we found that SLE elevated miR-205-5p expression in both
B16F10 melanoma allografts and various melanoma cells. We also demonstrated
that SLE induced conversion of melanoma cells into epithelial-like phenotype,
and downregulated the expression of mesenchymal markers in both melanoma
tissues and cultured melanoma cells. These results indicated that SLE inhibited
melanoma cell EMT. Knockdown of miR-205-5p in melanoma cells diminished
SLE-induced upregulation of miR-205-5p and downregulation of miR-205-5ptargeted genes. miR-205-5p knockdown also attenuated SLE-mediated changes in
mRNA expression levels of EMT markers. These results together demonstrated
that elevated expression of miR-205-5p contributes to the inhibitory effects of
SLE on melanoma cell EMT.
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Chapter VI
Luteolin targeting STAT3 activity and
stability exerts anti-melanoma effects
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6.1 Experimental design
In Chapter III, we have demonstrated that SLE inhibited Src/STAT3 signaling to
exert anti-melanoma effects. To identify active compounds existing in the two
ingredient herbs of the formula that can inhibit Src/STAT3 signaling, we
performed molecular docking to seek potential Src binding compounds. Results
showed that luteolin exhibited high affinity of binding to Src kinase domain.
Luteolin is a dietary flavonoid occurring in Lonicerae Japonicae Flos. Previous
studies have reported the inhibitory effects of luteolin against melanoma.
However, there is no Src/STAT3 signaling-related anti-melanoma mechanism of
luteolin. Therefore, we verified the direct interactions between luteolin and Src
using molecular dynamics (MD) simulation. We investigated the in vitro and in
vivo anti-melanoma effects of luteolin by using ten melanoma cell lines and two
mouse models of cutaneous melanoma. We also established the role of
Src/STAT3 signaling in the anti-melanoma effects of luteolin. These results
suggest that luteolin is one of the active components responsible for the inhibitory
effects of SLE on Src/STAT3 signaling in melanoma.
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6.2 Results
6.2.1 Luteolin directly bound to the kinase domain of Src.
To identify potential Src binding compounds existing in Sophorae Flos or
Lonicerae Japonicae Flos, we first summarized all constituents of the two herbs
recorded in SciFinder (Table 6.1). Molecular docking was then performed to
compute the docking abilities of these compounds to the kinase domain of Src.
Table 6.2 showed the Src binding candidate compounds with binding energy
values lower than -9 kcal/mol. Among them, the Src-luteolin complex showed a
free binding energy of -9.2 kcal/mol. The binding conformation of luteolin against
Src showed that luteolin interacted with the Ser347, Met343, Thr340 and Lys279
residues of Src kinase domain through hydrogen bonding (Figures 6.1A and B).
The distances of hydrogen bonds between luteolin and Ser347, Met343, Thr340
and Lys279 were 2.88Å, 2.81Å, 2.99Å and 3.15Å, respectively. To verify the
molecular docking results, the best binding conformation of the Src-luteolin
complex obtained from docking analysis was then taken as the initial
conformation for MD simulation. As shown in Figure 6.1C, the backbone rootmean-square deviation (RMSD) profile fluctuated from 1.32 Å to 3.24 Å for Src
protein with no ligand and from 1.52 Å to 3.16 Å for the Src-luteolin complex
during the entire simulation, indicating the high similarity between the two
structures. Besides, the Src-luteolin complex exhibited high thermodynamic
stability, as evidenced by the relatively higher potential energy of the Src-luteolin
complex comparing to the unbound Src (Figure 6.1D). Analysis of the final pose
of Src-luteolin complex after 50 ns MD simulation revealed that luteolin stably
penetrated in the binding site of Src (Figure 6.1E). These results together
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demonstrated that luteolin could form a stable complex with Src.

Table 6.1 The CAS numbers for all constituents existing in Sophorae Flos or
Lonicerae Japonicae Flos recorded in SciFinder
99-50-3

103-90-2

64706-54-3

72-55-9

50-29-3

72-54-8

77-95-2

484-12-8

508-02-1

518-28-5

633-65-8

7770-78-7

21967-41-9

1643-19-2

20362-31-6

24512-63-8

552-66-9

62499-27-8

55481-88-4

70-18-8

58822-47-2

568-72-9

142759-74-8

545-47-1

62333-08-8

22864-93-3

22427-39-0

10236-47-2

1135-24-6

7400-08-0

331-39-5

3843-74-1

327-97-9

33289-85-9

117-39-5

520-36-5

491-70-3

906-33-2

5373-11-5

491-71-4

153-18-4

520-18-3

446-72-0

491-67-8

482-36-0

480-19-3

480-16-0

603-61-2

32884-36-9

486-66-8

14534-61-3

61276-17-3

480-23-9

2284-31-3

3681-99-0

113-92-8

20344-46-1

17650-84-9

3943-97-3

152-95-4

83048-35-5

121521-90-2

57378-72-0

2450-53-5

89919-62-0

6822-47-5

155740-21-9

534-61-2

59472-23-0

118627-52-4

140360-29-8

50-98-6

24512-63-8

1357910-26-9

19351-63-4

34199-21-8

50-81-7

93675-88-8

69394-17-8

136849-88-2

60077-47-6

136656-07-0

18883-66-4

520-26-3

487-41-2

482-35-9

4773-96-0

79916-77-1

480-10-4

604-80-8

905-99-7

103654-50-8

345-78-8

185432-00-2

14215-86-2

1078-61-1

29883-15-6

363-24-6
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Table 6.2 The Src kinase domain binding candidate compounds predicted by
molecular docking
No.

PubChem CID

Name

Bind.energy (kcal/mol)

1

5280637

Cynaroside

-10.262

2

164676

Tanshinone IIA

-9.911

3

10621

-9.875

4

5317471

Hesperidin
Luteolin-5-O-b-Dglucopyranoside

5

6474310

Isochlorogenic Acid A

-9.659

6

5281780

3,4-Dicaffeoylquinic acid

-9.519

7

5281801

Orobol

-9.454

8

64982

Baicalin

-9.419

9

6474309

4,5-Dicaffeoylquinic acid

-9.394

10

2353

Berberine

-9.346

11

5318767

Nicotiflorin

-9.302

12

5280445

Luteolin

-9.221

13

5281647

Mangiferin

-9.211

14

52946987

Quercetin 5-glucoside

-9.19

15

5281800

Acteoside

-9.135

16

5481663

Narcissoside

-9.132

17

5281643

Hyperoside

-9.111

18

107971

Daidzin

-9.091

19

5280343

Quercetin

-9.059

20

5321398

Sophoricoside

-9.045

21

23958169

Isoforsythiaside

-9.04

22

5487635

Quercetin 3-sambubioside

-9.026

23

5282102

Astragalin

-9.021

24

5280804

Isoquercitrin

-9.013
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-9.866

Figure 6.1 Molecular simulation for the interaction between luteolin and Src.
(A) Three-dimensional binding mode of luteolin (green) in complex with Src. The
hydrogen bonds were indicated with light blue lines. (B) Two-dimensional
diagram demonstrating the H-bonds and interactions between luteolin and Src
residues Ser347, Met343, Thr340 and Lys279. (C) Backbone RMSD and (D)
potential energy of Src protein with no ligand (Src-Unbound in red line) and in
complex with luteolin (Src-Luteolin in blue line) in a 50 ns MD simulation
trajectory analysis. (E) Surface crystal structure of Src-luteolin complex at 0 ns
and 50 ns.
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6.2.2 Luteolin inhibited Src/STAT3 signaling in melanoma cells.
To experimentally validate the computational results, we determined the
expression of phosphorylated Src and STAT3, as well as STAT3 target genes in
melanoma cells treated with luteolin. Immunoblotting results showed that luteolin
(10, 20 and 30 μM) treatment for 48 h prominently decreased the protein
expression levels of Tyr-416 phosphorylated Src, Tyr-705 phosphorylated STAT3,
Mcl-1, MMP-2 and MMP-9 in both A375 (Figure 6.2) and B16F10 cells (Figure
6.3). It was noteworthy that luteolin apparently reduced the protein level of total
STAT3, but did not affect the expression of total Src in A375 and B16F10 cells.
qRT-PCR analysis revealed that luteolin treatment (5, 10 and 20 μM, 24 h)
markedly decreased the mRNA levels of Mcl-1, MMP-2 and MMP-9 in both
A375 and B16F10 cells (Figure 6.4). These findings demonstrated that luteolin
suppressed the Src/STAT3 signaling in melanoma cells.
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Figure 6.2 Luteolin suppressed STAT3 signaling in A375 melanoma cells. (A)
Effects of luteolin on the protein expression levels of phospho-Src (p-Src), total
Src, phospho-STAT3 (p-STAT3), total STAT3, Mcl-1 and Bcl-xL, MMP-2 and
MMP-9 in A375 cells. Cells were treated with luteolin (10, 20 and 30 μM) for 48
h and protein levels were detected by immunoblotting. GAPDH was used as a
loading control. (B) The relative band intensity of the above proteins was
quantified using Image J software. Data were presented as mean ± SD of three
independent experiments, **P < 0.01 versus vehicle control.
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Figure 6.3 Luteolin suppressed STAT3 signaling in B16F10 melanoma cells.
(A) Effects of luteolin on the protein expression levels of p-Src, Src, p-STAT3,
STAT3, Mcl-1 and Bcl-xL, MMP-2 and MMP-9 in B16F10 cells. Cells were
treated with luteolin (10, 20 and 30 μM) for 48 h and protein levels were detected
by immunoblotting. GAPDH was used as a loading control. (B) The relative band
intensity of the above proteins was quantified using Image J software. Data were
presented as mean ± SD of three independent experiments, *P < 0.05, **P < 0.01
versus vehicle control.
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Figure 6.4 Luteolin decreased the mRNA expression levels of STAT3 target
genes in melanoma cells. A375 and B16F10 cells were treated with the indicated
concentrations of luteolin for 24 h. The mRNA expression levels of Bcl-xL, Mcl-1,
MMP-2 and MMP-9 were measured with qRT-PCR analysis. Results shown were
fold change ± SD of three independent experiments, *P < 0.05, **P < 0.01 versus
vehicle control.

136

6.2.3 Luteolin exhibited higher cytotoxicity in melanoma cells than in normal
skin cells
Considering the crucial role of Src/STAT3 signaling in melanoma, we then
evaluated the cytotoxic effects of luteolin in various melanoma cell lines. As
shown in Figures 6.5B and C, luteolin dose- and time-dependently reduced the
viabilities of both A375 and B16F10 cells. The IC50 values of luteolin against
A375 cells were 79.61 μM and 15.43 μM for 24 h and 48 h treatments,
respectively. Luteolin also exhibited dose-dependent cytotoxic effects in multiple
melanoma cell lines including IGR-1, SK-MEL-5, COLO-829, G361, HS294T,
A2058 and MEWO cells (Figure 6.6A). Moreover, the growth inhibition rates of
30 µM of luteolin on human HDFa (32.9%, **P < 0.01) and HaCaT (45.1%, **P
< 0.01) normal skin cells were significantly lower than that on A375 cells (63.2%)
(Figure 6.6B).
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Figure 6.5 Cytotoxic effects of luteolin in human and murine melanoma cells.
(A) Chemical structure of luteolin. (B) Inhibitory effects of luteolin on the
viability of A375 cells. (C) Inhibitory effects of luteolin on B16F10 cell
proliferation. A375 and B16F10 cells were treated with the indicated
concentrations of luteolin for 24 or 48 h, followed by the MTT assay and crystal
violet staining assay, respectively. Data were means ± SD of three independent
experiments.
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Figure 6.6 Cytotoxicity of luteolin in multiple human melanoma cells and
normal skin cells. (A) Inhibitory effects of luteolin on the viabilities of A375,
IGR-1, SK-MEL-5, COLO-829, G361, HS294T, A2058, MeWo and SK-MEL-28
melanoma cells. (B) Comparison of inhibitory effects of SLE on the viability of
A375 cells and normal skin cells. MTT assay was performed after cells treated
with the indicated concentrations of luteolin for 48 h. Data were means ± SD of
three independent experiments. **P < 0.01, luteolin-mediated inhibition rate in
HDFa and HACAT cells versus that in A375 cells.
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6.2.4 Luteolin induced apoptosis of A375 melanoma cells.
To determine whether luteolin induced melanoma cell apoptosis, Annexin V/7AAD double staining assay was conducted. The flow cytometry scatter plots
illustrated that luteolin dose-dependently induced both early and late apoptosis of
A375 cells (Figure 6.7A). The statistical results showed that 20 μM and 30 μM of
luteolin at 48 h remarkably increased apoptotic cell ratios to 26.5% and 43.4%,
respectively, compared to control cells (8.8%) (Figure 6.7B). As shown in Figure
6.4C, the pro-apoptotic effect of luteolin was further validated by the dramatic
elevation of cleaved-PARP level in A375 cells after luteolin treatment.
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Figure 6.7 Pro-apoptotic effects of luteolin in A375 cells. Cells treated with the
indicated concentrations of luteolin (48 h) were subjected to the Annexin V/7AAD double staining assay and immunoblotting assay. (A) Representative flow
cytometric dot plots. (B) The mean percentage of apoptotic cells (Q2+Q3) from
three independent experiments. **P < 0.01 versus control. (C) Effect of luteolin
on PARP cleavage in A375 cells.
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6.2.5 Luteolin attenuated the migratory and invasive potential of melanoma
cells
The effects of luteolin on melanoma cell migration and invasion were assessed
using wound healing assay and matrigel invasion assay, respectively. As depicted
in Figures 6.8A and B, A375 and B16F10 cells tended to migrate to the wound
area after culturing for 24 h, while luteolin (5 μM) treatment obviously inhibited
both A375 and B16F10 cells migration. The results of cell invasion assay showed
that luteolin (5 μM) treatment for 24 h significantly inhibited the invasion of A375
and B16F10 cells. The cell invasion rates were remarkably dropped by 37.6% in
luteolin-treated A375 cells and 39.0% in luteolin-treated B16F10 cells (P < 0.01,
P < 0.05, respectively), compared to the corresponding vehicle-treated cells in
which invasion rate was regarded as 100% (Figures 6.8C and D). According to the
results of cell viability assays, 5 μM of luteolin at 24 h did not significantly affect
the cell viability of both A375 and B16F10 cells. These results indicated that
luteolin at the dose of 5 μM strongly inhibited the migration and invasion of
melanoma cells.
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Figure 6.8 Luteolin inhibited migration and invasion of melanoma cells.
Representative photographs of A375 (A) and B16F10 (B) cell migration in the
wound healing assay. Cells were treated with luteolin (5 µM) or vehicle control
for 24 h. The defined areas were photographed at 0 and 24 h post-wounding.
Representative photographs of invaded cells (left) and quantification of
invasiveness (right) for A375 (C) and B16F10 (D) cells were determined with the
invasion chamber assay. Cells (1.5 × 105) in DMEM-0.1% BSA with luteolin (5
µM) or vehicle control were placed in the upper chamber and allowed to pass
through matrigel coated membrane for 24 h. In the lower chamber, DMEM with
10% FBS served as a source of chemo-attractants. Cells invaded onto the
membrane were photograghed. For each replicate experiment, the average cell
number in 5 randomly selected fields was measured. Data were shown as mean ±
SD from three independent experiments, *P < 0.05, **P < 0.01.
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6.2.6 Luteolin inhibited melanoma growth and Src/STAT3 signaling in
B16F10 allograft and A375 xenograft models.
Next, we further evaluated the in vivo anti-melanoma activity of luteolin in
B16F10 murine melanoma bearing C57BL/6 mice and A375 human melanoma
bearing nude mice. For B16F10 allograft model, the mice inoculated with B16F10
cells were treated with vehicle control or luteolin (10 mg/kg, 20 mg/kg) for 14
consecutive days. Results showed that both 10 mg/kg and 20 mg/kg of luteolin
reduced the tumor size and tumor weight, with 10 mg/kg of luteolin caused a
more remarkable (63.4%) reduction in tumor weight as compared to the vehicle
treatment (P < 0.01, Figures 6.9A, B and C). Accordingly, 10 mg/kg of luteolin
was selected to treat A375-bearing nude mice. As shown in Figures 6.10A, B and
C, the mice receiving luteolin (10 mg/kg) exhibited significantly smaller tumor
volume and lower tumor weight than the mice receiving vehicle treatment. It is
noteworthy that luteolin did not affect the body weight of C57BL/6 mice and
slightly increased the body weight of nude mice (Figure 6.9D and Figure 6.10D).
No abnormalities were noted at necropsy of all mice at the end of the experiment,
and no significant differences were observed in food and water consumption
between groups (Data not shown). Immunoblotting results showed that luteolin
apparently inhibited the activations of Src and STAT3, as well as lowered the
protein level of total STAT3 in both B16F10 and A375 tumors (Figure 6.9E and
Figure 6.10E). These data indicated that 10 mg/kg of luteolin inhibited melanoma
growth and Src/STAT3 signaling in vivo.
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Figure 6.9 Anti-melanoma effects of luteolin in C57BL/6 mice bearing
B16F10 melanoma tumors. B16F10 cells (5 ×105) were subcutaneously
inoculated at the right flank of C57/BL6 mice. Immediately after cell injection,
mice were randomly divided into three groups (n=7) and i.p. administered with
vehicle control, 10 or 20 mg/kg of luteolin once daily. Tumor volume and body
weight of each mouse were monitored at the indicated days. At day 14, mice were
sacrificed and tumors were dissected. The photo of collected B16F10 tumors (A),
mean tumor weights (B), the growth curves of B16F10 tumors (C), and growth
curves for body weight (D) were shown. (E) Protein expression levels of pSTAT3 (Tyr705), STAT3, p-Src (Tyr416) and Src in B16F10 tumors tissues from
2 individual mice in each group were determined by immunoblotting (left) and the
relative band intensity was analyzed by Image J (right). In (B), (C), (D) and (E),
data were means ±SD. *P < 0.05, **P < 0.01 versus vehicle control group.
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Figure 6.10 Anti-melanoma effects of luteolin in nude mice bearing human
A375 tumors. Immediately after subcutaneous inoculation of A375 cells (5 ×106),
mice (n=5) were i.p. administered with vehicle control or luteolin (10 mg/kg) once
daily. Tumor volume and body weight of each mouse were monitored at the
indicated days. At day 21, mice were sacrificed and tumors were dissected. The
photo of collected A375 xenografts (A), mean tumor weights (B), growth curves
of A375 xenografts (C) and growth curves for body weight (D) were shown. (E)
Protein expression levels of p-STAT3 (Tyr705), STAT3, p-Src (Tyr416) and Src
in A375 xenografts from 3 individual mice in each group were examined by
immunoblotting (left) and the relative band intensity was quantified using Image J
(right). In (B), (C), (D) and (E), data were means ± SD. *P < 0.05, **P < 0.01
versus vehicle control group.
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6.2.7 Luteolin promoted ubiquitin-proteasome pathway (UPP)-mediated
degradation of STAT3 in A375 cells
Considering that luteolin reduced the protein levels of total STAT3, we first
determined whether luteolin inhibited STAT3 transcription. qRT-PCR results
showed that luteolin treatment for 24 h did not affect mRNA expression of
STAT3 (Figure 6.11A). To evaluate whether luteolin affected STAT3 stability,
the protein degradation of STAT3 in A375 cells treated with luteolin (30 μM) or
vehicle in the presence of a protein synthesis inhibitor cycloheximide (CHX, 100
μg/ml) was determined. The half-life of STAT3 protein in vehicle-treated cells,
under the selected conditions, was approximately 10 h, while luteolin significantly
shortened the half-life to about 4 h (Figures 6.11B and C). To further obtain
insight into the mechanism by which luteolin promoted STAT3 degradation,
A375 cells were pretreated with a proteasome inhibitor MG132 or a lysosome
inhibitor chloroquine (CQ) for 1 h, followed by luteolin or vehicle treatment for
additional 24 h. MG132 completely reversed luteolin-mediated STAT3
degradation, while CQ did not block luteolin-induced STAT3 downregulation
(Figure 6.11D). We next determined the effect of luteolin on ubiquitination of
STAT3 using immunoprecipitation. To achieve this, A375 cells were transiently
transfected with STAT3 expression vector, and then treated with luteolin for 24 h
in the presence of MG132. Cell lysates were immunoprecipitated with antiSTAT3 antibody followed by immunoblotting with anti-ubiquitin antibody.
Luteolin treatment apparently induced generation of polyubiquitinated STAT3
fusion protein (Figure 6.11E). These results indicated that luteolin promoted UPPmediated degradation of STAT3, rather than inhibiting STAT3 transcription.
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Figure 6.11 Luteolin induced UPP-mediated degradation of STAT3 in A375
cells. (A) STAT3 mRNA expression in A375 cells treated with indicated
concentrations of luteolin for 24 h was analyzed by qRT-PCR. (B) Time course
study for STAT3 protein expression. Cells were exposed to 30 μM of luteolin or
vehicle in the presence of CHX (100 μg/ml) for the indicated times. (C) The band
intensity for STAT3 protein was quantified with Image J software. In (A) and (C),
data were means ± SD of three independent experiments. **P < 0.01, versus
vehicle control. (D) Cells were pretreated with MG132 or CQ for 1 h, followed by
luteolin or vehicle treatment for additional 24 h. Protein levels were detected by
immunoblotting. (E) Immunoprecipitation analyses of ubiquitinated STAT3 levels.
A375 cells were transiently transfected with STAT3 expression vector (pcDNA3STAT3) followed by luteolin or vehicle treatment for 24 h in the presence of
MG132. Cell lysates were immunoprecipitated with anti-STAT3 antibody and
immunoblotted with anti-ubiquitin and anti-STAT3 antibodies. 5% of input cell
lysates were immunoblotted with anti-STAT3 and anti-GAPDH antibodies.
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6.2.8 Overexpression of STAT3C diminished luteolin-induced cell viability
inhibition and apoptosis induction in A375 cells
To investigate the contribution of STAT3 signaling in the anti-melanoma effects
of luteolin, the established A375 STAT3C and EV stable cells were used. As
shown in Figure 6.12A, the cell viability inhibitory rates for 10, 20 and 30 μM of
luteolin (48 h) significantly decreased from 23.7%, 48.7% and 62.4% in EV cells
to 10.4%, 30.9% and 45.9% in STAT3C cells, respectively (Figure 6.12A). The
pro-apoptotic effects of luteolin in STAT3C and EV cells were also compared
using flow cytometric analyses. The statistical results showed that the apoptotic
rates induced by 20 and 30 μM of luteolin were dramatically dropped from 27.7%
and 39.4% in EV cells to 7.4% and 22.2% in STAT3C cells, respectively (Figure
6.12B).
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Figure 6.12 Overexpression of STAT3C in A375 cells diminished luteolin’s
effects on cell viability and apoptosis. (A) STAT3C overexpression diminished
the cytotoxic effects of luteolin. (B) STAT3C overexpression diminished the proapoptotic effects of luteolin. In (A) and (B), STAT3C and EV cells were treated
with luteolin (10, 20 and 30 μM) for 48 h. Cell viability was determined with
MTT assay. Apoptosis was detected with Annexin V/7-AAD double staining
assay. Data shown were mean ± SD of three independent experiments, **P < 0.01,
luteolin-mediated effects in STAT3C cells versus that in EV cells.
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6.3 Summary
In this chapter, we computationally demonstrated that luteolin, a naturally
occurring edible flavone abundant in Lonicerae Japonicae Flos, could directly
bind to the kinase domain of Src. Experimentally, we further verified that luteolin
inhibited the activation of Src and STAT3 in both melanoma cells and tissues.
Luteolin also downregulated the mRNA and protein expression levels of STAT3
targeted-Mcl-1, MMP-2 and MMP-9 in melanoma cells. Besides blockade of
STAT3 activation, luteolin promoted UPP-mediated degradation of STAT3.
Collectively, luteolin exerted a dual action on STAT3 signaling - inhibiting
activation of Src and STAT3, and promoting STAT3 degradation. In vivo studies
showed that luteolin inhibited tumor growth in both human and murine
melanoma-bearing mice. In cultured melanoma cells, luteolin reduced the
viability, induced apoptosis, suppressed migration and invasion. Overactivation of
STAT3 in A375 cells diminished the anti-proliferative and apoptotic effects of
luteolin, suggesting that inhibiting Src/STAT3 signaling contributes to the antimelanoma action of luteolin. These results together suggest that luteolin is one of
the active components responsible for the inhibitory effects of SLE on Src/STAT3
signaling in melanoma, and for the anti-melanoma effects of SLE.
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Chapter VII
General discussion, Conclusion,
and Future plans
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7.1 General discussion and conclusion
Although mutant BRAF targeted-therapy and immunotherapy are showing
exciting clinical results, the 5-year survival rate for patients with distant metastatic
melanoma is merely 17% [Cancer Facts & Figures. 2016]. Alternative
management options for melanoma are urgently needed. TCM-based herbs,
especially edible herbs, have been recognized as promising resources for
alternative/complementary approaches for cancer management [Francis, et al.,
2006; Tong, et al., 2014]. In a TCM classic Yi Xue Qi Meng, a herbal formula
Huai-Hua-Jin-Yin-Jiu (named SL in this study) was documented to be used by
Chinese medicine practitioners to treat skin diseases that may be diagnosed as
melanoma in modern medicine. However, there is no modern clinical or
experimental evidence about the anti-melanoma action of this formula. In this
study, we demonstrated that SLE, an ethanolic extract of SL, exerted evident in
vivo and in vitro anti-melanoma effects. It is generally believed that the impacts of
food or food products on diseases are modest. Here we observed that SLE at the
dose of 1.2 g/kg exerted the most potent in vivo anti-melanoma effects in B16F10
melanoma-bearing mice, with about 50% of reduction in the average tumor
weight in mice. More importantly, 1.2 g/kg of SLE resulted in a modest
prolongation of survival time of B16F10 melanoma-bearing mice. The dose of 1.2
g/kg of SLE used for the in vivo experiment is the human equivalent dose. SLE,
utilized in this study, was prepared with 30% ethanol. This was based on the
original documentation in the TCM classic Yi Xue Qi Meng that SF and LJF at a
5/1 ratio are decocted with rice wine (about 30% alcohol) for treating skin
disorders. A crucial part of drug development process is to assess drug candidates'
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safety, which is predictive of clinical outcomes of the drug product in clinical
trials [Muller & Milton, 2012]. In this study, SLE did not cause observable
reduction in animals’ body weight and any other abnormalities in clinical signs
and gross pathology. It is noteworthy that SLE (1.2 g/kg) exhibited comparable
anti-melanoma effects to DTIC (50 mg/kg) without observable toxicity, but DTIC
at the selected dose caused evident side effect (hair loss, loss of appetite) in mice.
Furthermore, in vitro MTT assays showed that SLE exhibited much lower
cytotoxicity on human normal skin cells than on tumorous A375 cells. Indeed, SF
and LJF are consumed as vegetable and tea, respectively, in Asian countries,
indicating their edibility and safe nature [Liu, et al., 2008]. Taken together, SLE
can be regarded as an effective and safe candidate for melanoma prevention and
treatment. Based on the ancient record and our experimental data, we recommend
clinical trials of SLE for melanoma prevention and treatment.
STAT3, a transcription factor persistently activated in melanoma, has been
shown to regulate the expression of a panel of genes involved in several
oncogenic features, such as cell proliferation, apoptosis, metastasis and
angiogenesis [Emeagi, et al., 2013]. In this study, we found that SLE suppressed
STAT3 signaling in both melanoma cells and melanoma tissues. In vitro and in
vivo studies also demonstrated that SLE suppressed melanoma cell proliferation,
migration and invasion, induced apoptosis, and inhibited angiogenesis. We have
further identified that inhibiting STAT3 signaling is one of the mechanisms
contributing to the anti-melanoma action of SLE. Studies on the regulatory
patterns of SLE on STAT3 signaling showed that SLE inhibited the activation of
Src, one of the upstream kinases of STAT3. Further RNA-seq analysis using
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melanoma tumors showed that SLE altered the expression of some STAT3 target
genes related to tumor proliferation/survival, metastasis, angiogenesis and
immunosuppression. Notably, SLE caused marked reductions in IL-17 and IL-6
expression levels in melanoma tissues, and these results have been experimentally
verified in this study. The IL-17-IL-6-STAT3 axis has been established by other
researchers to promote melanoma growth and progression [Wang, et al., 2009;
Tang, et al., 2013; Fang, et al., 2014]. Therefore, we speculate that blockade of
IL-17 may contribute to SLE-mediated STAT3 inhibition. Further studies are
needed to characterize the role of the IL-17-IL-6-STAT3 axis in the antimelanoma effects of SLE.
Targeting STAT3 assaults melanoma on multiple fronts and represents a
promising target for melanoma management [Kortylewski, et al., 2005]. One of
the major challenges in developing targeted cancer therapies is reducing or
eliminating the severe adverse events resulting from on-target and off-target
effects [Widakowich, et al., 2007; Kamb, et al., 2007]. On-target side effects refer
to the pharmacodynamic effect on normal tissues, and off-target side effects are
unexpected toxicities derived from the inhibition of unintended or unknown
functions [Kamb, et al., 2007]. For specific STAT3 inhibitors (WP1066,
AZD9150, STAT3 DECOY, OPB-31121 and OPB-51602), several clinical trials
have been approved to use them to treat melanoma and other tumors. However,
some trials have been discontinued due to the severe adverse events [Ogura, et al.,
2015; Okusaka, et al., 2015; Chiba, et al., 2016]. The herbal formula SL has long
been used in melanoma management by TCM practitioners in ancient China
without unfavorable effects reported, and our experimental findings indicate that
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SLE is effective and safe for fighting melanoma. These are probably the
comprehensive effects of SLE with its multicomponent and multitarget natures,
which are exactly the advantages of TCM formula. Therefore, we deem that SLE
may have greater clinical significance compared to specific STAT3 inhibitors.
Accumulating evidence supports that miRNAs are predictive, diagnostic and
prognostic biomarkers, and therapeutic targets for carcinomas [Iorio & Croce,
2012]. In this study, the miRNA expression profiles of B16F10 tumors collected
from SLE-treated and untreated mice were compared using small RNA
sequencing. We found that SLE altered the miRNA signature in B16F10
melanoma. Verification assays for the candidate miRNAs suggested that the
significantly upregulated miR-205-5p is a possible target of SLE. miR-205, which
is progressively downregulated during melanoma development and progression,
has been demonstrated to play a crucial role in melanoma cell senescence and
EMT [Dar, et al., 2011; Liu, et al., 2012]. In this study, we have demonstrated
that SLE inhibits melanoma cell EMT, and the inhibition on EMT is partially due
to the elavated expression of miR-205-5p. Previous studies have shown that
STAT3 can directly regulate ZEB1 expression and mediate EMT progression
[Xiong, et al., 2012]. Whether inhibition of STAT3 signaling contributes to SLEmediated inhibitory effects on melanoma cell EMT needs to be further
characterized. It is worth mentioning that we observed cell senescence-related
morphological changes in SLE-treated cells when conducting studies to evaluate
the effects of SLE on melanoma cell EMT. By magnifying the obtained cell shape
images, we found that SLE induced cell enlargement and vacuolization in
melanoma cells (Data not shown), suggesting the possible occurrence of cell
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senescence. In the future, we will investigate the effects of SLE on melanoma cell
senescence and identify the role of miR-205-5p in these effects.
It is necessary and meaningful to find out the active components responsible
for the anti-melanoma effects of SLE. In this study, considering the contribution
of Src/STAT3 signaling to the anti-melanoma effects of SLE, we performed
molecular docking to identify potential Src binding compounds existing in SF or
LJF. A number of compounds are predicted to be able to interact directly with the
Src protein, including luteolin and quercetin. In our previous studies, quercetin
has been demonstrated to exhibit anti-melanoma action partially by inhibiting
STAT3 signaling [Cao, et al., 2014]. In this study, we have identified that luteolin
inhibits STAT3 signaling to exert anti-melanoma effects. We will also determine
the effects of other predicted Src binding candidate compounds (e.g. cynaroside,
tanshinone IIA, hesperidin) on STAT3 signaling and their anti-melanoma effects.
Our findings from this study are summarized in Figures 7.1 and 7.2. The
obtained results showed that SLE exerted in vitro and in vivo anti-melanoma
effects. Inhibition of STAT3 signaling and elevated expression of miR-205-5p
contribute to the anti-melanoma effects of SLE. Luteolin might be one of the
active components responsible for the inhibitory effects of SLE on Src/STAT3
signaling and the anti-melanoma effects of SLE. Further studies are warranted to
explore more mechanisms of action and identify other active constituents
responsible for the anti-melanoma activity of SLE.
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Figure 7.1 A schematic diagram showing the mechanisms of action of SLE in
melanoma.
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Figure 7.2 A schematic diagram showing the mechanisms of action of luteolin
(Lu) in melanoma.

7.2 Significance of this study
Results of this study provide a pharmacological and chemical basis for the
traditional use of the formula SL in treating melanoma, and suggest that SLE and
SLE-derived compounds have the potential to be developed as modern alternative
and/or complimentary agents for melanoma management. TCM has been
recognized as an alternative/complementary approach for cancer management.
Nevertheless, TCM has not been globally accepted. Two difficult issues for
bringing TCM-based medicines into mainstream medicine are their unclear
mechanisms of action and undetermined effective constituents. This study
uncovered some mechanisms of action and identified an anti-melanoma
compound responsible for the anti-melanoma effects of SLE. This could bring this
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formula into the mainstream medicine and contribute to the internationalization
and modernization of TCM.

7.3 Future plans
Our study has limitations, to further understand the pharmacological and chemical
basis for the anti-melanoma action of SLE, we will conduct the following studies.

7.3.1 Determine the contribution of IL-17-IL-6-STAT3 inhibition to the antimelanoma effects of SLE in mice and cultured melanoma cells
In Chapter IV, we have demonstrated that SLE inhibited the IL-17-IL-6STAT3 axis in melanoma tissues. To further investigate the contribution of IL-17IL-6-STAT3 inhibition to the anti-melanoma effects of SLE, recombinant IL-17
and IL-6 will be used to identify the roles of IL-17 and IL-6 in SLE-mediated
inhibition of STAT3 signaling and SLE's anti-melanoma effects in vitro and in
vivo. If SLE's anti-melanoma effects and its inhibitory effects on STAT3 signaling
are diminished/abolished by both recombinant IL-17 and IL-6, the role of
inhibiting IL-17-IL-6-STAT3 axis in SLE's anti-melanoma effects could be
established.

7.3.2 Investigate the effects of SLE on melanoma cell senescence and identify
the role of miR-205-5p in these effects
We have observed that SLE induced cell senescence-related morphological
changes (cell enlargement and vacuolization) in melanoma cells. To confirm
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whether SLE induced melanoma cell senescence, we will detect the impacts of
SLE treatment on senescence-associated β-galactosidase (SA-β-gal) activity and
p16INK4a expression in melanoma cells. miR-205-5p inhibitors will be used to
determine whether miR-205-5p knockdown could diminish/eliminate SLEinduced melanoma cell senescence. If SLE inhibited SA-β-gal activity and
p16INK4a expression in melanoma cells, and miR-205-5p knockdown diminished
these effects of SLE, we can conclude that enhancing miR-205-5p expression in
melanoma cells contributes to SLE-induced melanoma cell senescence.

7.3.3 Determine how miR-205-5p is upregulated by SLE treatment in
melanoma cells
In Chapter V, we have demonstrated that SLE enhanced the expression of
miR-205-5p to inhibit melanoma cell EMT. However, how SLE upregulated miR205-5p

expression

is

unknown.

An

autoregulatory

circuit

E2F1/DNp73/miR-205 has previously been established in melanoma
cells [Alla, et al., 2012] (Diagram to the right). We have observed that SLE
inhibited E2F1 mRNA expression in melanoma cells. To determine whether or
not SLE-induced miR-205-5p upregulation is via E2F1/DNp73, we will first
establish E2F1-overexpressing A375E2F1(+) and negative control A375NC stable
cells, and then compare SLE's effects on miR-205-5p and DNp73 expression in
these cells. To test the involvement of DNp37, we will determine if a DNp73specific inhibitor ASO116 (0.5 μM) can rescue SLE’s effects on miR-205-5p
expression in A375E2F1(+) cells. If SLE's effects are less potent in A375E2F1(+) cells
than in A375NC cells, and ASO116 rescues SLE-induced miR-205-5p
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upregulation in A375E2F1(+) cells, we can conclude that SLE upregulates miR-2055p expression via the E2F1/DNp73 pathway.

7.3.4 Further identify active components in SLE responsible for its antimelanoma effects
In chapter VI, we have identified some potential compounds existing in SF
and LJF that are able to interact directly with the Src protein. Further studies are
needed to determine the effects of these predicted Src binding candidate
compounds (e.g. cynaroside, tanshinone IIA and hesperidin) on STAT3 signaling
and also evaluate their anti-melanoma effects. In addition, bioassay-guided
chemical isolation will be performed to identify other active constituents in SLE,
thereby finding out the effective components responsible for the anti-melanoma
effects of SLE.

7.3.5 Further conduct preclinical studies toward developing SLE or SLEbased anti-melanoma agents
This study has demonstrated the in vitro and in vivo anti-melanoma effects of
SLE. The ultimate goal of this study is to develop SLE or SLE-based antimelanoma agents. To achieve this goal, we will further conduct pharmaceutical,
pharmacodynamic, pharmacokinetic and toxicity studies.
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