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ABSTRACT  

Huai-Hua-Jin-Yin-Jiu, a traditional Chinese medicine (TCM) formula (SL) 

comprising Sophorae Flos and Lonicerae Japonicae Flos, was used for treating 

melanoma in ancient China. Our group has previously shown that an ethanolic 

extract of SL (SLE) possesses anti-melanoma effects, and that inhibiting STAT3 

signaling contributes to the action mechanisms. STAT3 activation promotes the 

formation of an immunosuppressive microenvironment of melanoma. Regulation 

of the miR-let-7/CCR7 pathway is a strategy for treating metastatic melanoma. 

Chrysoeriol is a flavonoid identified in SLE. The compound has anti-tumor 

properties, but there is no report about its effects on melanoma. The first aim of this 

study is to determine whether SLE inhibits melanoma progression by 

reprogramming tumor microenvironment; the second aim is to explore the 

involvement of miR-let-7a/f-CCR7 signaling in the anti-metastatic effects of SLE; 

and the third aim is to elucidate the anti-melanoma mode and mechanisms of action 

of chrysoeriol. 

Results showed that SLE suppresses melanoma growth and angiogenesis in 

mice. SLE inhibits STAT3 signaling, and alters immune cell compositions and 

molecules involved in STAT3 signaling in melanoma tissues. Cell co-culture 

experiments showed that SLE inhibits STAT3 signaling in melanoma cells and 

splenic lymphocytes. Over-activation of STAT3 in melanoma cells diminishes 

SLE’s effects in altering compositions of immune cells and STAT3 signaling 

molecules in the co-culture system.  
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Small RNA sequencing showed that SLE upregulates miR-let-7a/f levels in 

B16F10 melanomas. RT-qPCR analyses confirms these results. SLE elevates miR-

let-7a/f levels, and inhibits CCR7 (a target gene of miR-let-7a/f) signaling in 

melanoma cells. In a lung metastasis mouse model, SLE inhibits melanoma 

metastasis, elevates miR-let-7a/f levels, and suppresses CCR7 signaling. 

Knockdown of miR-let-7a/f diminishes the effects of SLE on CCR7 signaling and 

melanoma cell invasion; and overexpression of CCR7 lessens the effects of SLE on 

melanoma cell invasion.  

Chrysoeriol shows in vitro and in vivo anti-melanoma effects. Molecular 

dynamics and microscale thermophoresis assays demonstrate that chrysoeriol 

directly binds to Src. Chrysoeriol suppresses the Src/STAT3 pathway in melanoma 

cells and tissues. Chrysoeriol’s anti-proliferative effects are diminished by STAT3 

over-activation in melanoma cells. Chrysoeriol also has inhibitory effects in 

vemurafenib-resistant melanoma cell and animal models. RNA-seq analyses shows 

that syndecan-3 mRNA level is lower in vemurafenib-resistant cells than in 

vemurafenib-sensitive cells, and chrysoeriol reverses this vemurafenib resistance-

associated downregulation. RT-qPCR and Western blotting analyses confirmed the 

results.  

In conclusion, we have demonstrated that reprograming immune 

microenvironment, partially mediated by inhibiting STAT3 signaling, contributes 

to the anti-melanoma mechanisms of SLE. Regulation of the miR-let-7a/f-CCR7 

pathway is another mechanism underlying the anti-melanoma effects of SLE. 

Chrysoeriol is identified to be one of the active components responsible for the anti-

melanoma effects of SLE. Inhibiting the Src/STAT3 pathway contributes to the 
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anti-melanoma mechanisms of chrysoeriol. Chrysoeriol is able to overcome 

vemurafenib resistance in melanoma, and upregulation of syndecan-3 is involved 

in the action mechanisms. This study provides further pharmacological and 

chemical justifications for the 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: Melanoma; Sophorae Flos; Lonicerae Japonicae Flos; Tumor 

microenvironment; Src/STAT3; miR-let-7; CCR7; Chrysoeriol; Syndecan-3 
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1.1 Melanoma 

1.1.1 Overview 

Melanomas develop from melanocytes. Melanoma often occurs in the skin, and 

may also occur in mouth, intestines, eyes, etc. In 2015, there were over 3.1 million 

melanoma patients which resulted in 59,800 deaths all over the world (Siegel et al., 

2019). Cutaneous melanoma is the most aggressive skin cancer, although it is not 

the most common one among all types of skin cancers (Hübner et al., 2017). About 

90% of deaths in skin cancer patients were caused by cutaneous melanoma. The 

worldwide incidence of cutaneous melanoma has steadily risen over the past years 

(Hübner et al., 2017). This study mainly focuses on cutaneous melanoma. 

Cutaneous melanoma is an etiologically heterogeneous disease. 

Environmental factors, genetics and their interactions are the main carcinogenic 

contributors of the disease (Yang et al., 2009). The major environmental risk factor 

for cutaneous melanoma development is sun exposure, which is responsible for 

over 70% cases (Dimitriou et al., 2018). Besides, phenotypic and genetic 

characteristics are also closely related to an increased risk of cutaneous melanoma 

development (Dimitriou et al., 2018). Additionally, cutaneous melanoma seems to 

occur more commonly in immunosuppressed patients (Dimitriou et al., 2018; 

Kubica & Brewer, 2012). 

 The most dangerous aspect of cutaneous melanoma is its ability, especially in 

later stages, to spread (or metastasize) to other parts of the body. The metastatic 

lesions are often found in livers, lungs, brains, bones and lymph nodes (Murakami 

et al., 2004).  
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Advanced metastatic melanoma is hard to treat. Current treatments for 

melanoma mainly include surgery, radiotherapy, chemotherapy, immunotherapy, 

and targeted therapy. Available chemotherapeutics for melanoma have various 

limitations such as low response rate (RR), drug tolerance, high price and systemic 

toxicities (Shannan et al., 2016). Although targeted therapies and immunotherapies 

are showing exciting clinical results, the 5-year survival rate for patients with 

distant metastatic melanoma is merely 20% (Sandru et al., 2014). Novel therapies 

are needed.  

1.1.2 Epidemiology  

Cutaneous melanoma is the 19th most common cancer in both men and women. 

Around 300,000 new cases were diagnosed in 2018 

(www.wcrf.org/dietandcancer/cancer-trends/skin-cancer-statistics). It is estimated 

that the total number of patients diagnosed with cutaneous melanoma will continue 

to increase in the coming decades, mainly due to the extension of human lifespan 

(Whiteman et al., 2016). The actual and projected melanoma incidence rates from 

1975 to 2020 are shown in Figure 1.1. 
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Figure 1.1 Actual and projected melanoma incidence rates from 1975 to 2020. 

Data are from Surveillance, Epidemiology, and End Results Program, National 

Cancer Institute. The Nordpred software was used to create age-period-cohort 

regression models to calculate projections 

(https://www.ncbi.nlm.nih.gov/books/NBK247164/figure/skincancer.f3/). 

The incidence and mortality of cutaneous melanoma vary from country to 

country (Schadendorf et al., 2018). In 2012, the age-standardized incidence of 

cutaneous melanoma ranged from 0.2 per 100,000 person-years in Southeast Asia 

to 7.7 per 100,000 person-years in the United States. The highest incidence rates 

were found in New Zealand (35.8 per 100,000 person-years) and Australia (34.9 

per 100,000 person-years). The incidence rate was 10.2 per 100,000 person-years 

in Europe and 13.8 per 100,000 person-years in North America (Schadendorf et al., 

2018). In 2012, the age-standardized mortality estimates for cutaneous melanoma 

ranged from 0.1 per 100,000 person-years in Southeast Asia to 1.5 per 100,000 

person-years in Europe (Schadendorf et al., 2018). Countries with the highest 

mortality rates were New Zealand (4.7 per 100,000 person-years) and Australia (4.0 

per 100,000 person-years) (Schadendorf et al., 2018). In 2017, excluding basal and 

squamous cell carcinomas of the skin, the percentage of deaths caused by cutaneous 
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melanoma was estimated to be 72% of all skin cancer deaths in the United States 

(Schadendorf et al., 2018). 

From 2000 to 2007, the 5-year age-standardized relative survival rates of 

cutaneous melanoma in Europe ranged from 74.3% in Eastern Europe to 87.7% in 

Northern Europe (Schadendorf et al., 2018). Patients in Northern Ireland (90.7%) 

and Switzerland (90.4%) showed the highest survival rate, and in Bulgaria (49.6%) 

and Poland (61.5%) showed the lowest (Schadendorf et al., 2018). In the United 

States, the 5-year relative survival rate (without age standardization) is 92%. For 

primary cutaneous melanoma without lymph node involvement, the 5-year relative 

survival rate was 98% for stage-1 melanoma and 90% for stage-2 melanoma, 

respectively (Schadendorf et al., 2018). The relative survival rate decreased with 

the patient's age, and was higher in women than in men. 

1.1.3 Risk factors  

Sun exposure is the major environmental cause of melanoma (Cancer, 1992; Group, 

2012). It is estimated that in Australia, Canada, the Nordic countries, Switzerland 

and the United States, the proportion of melanoma caused by sun exposure exceeds 

90%; and in several other European countries, this proportion ranges from 78% to 

90% (Li et al., 2017; Shannan et al., 2016). The entire ultraviolet (UV) spectrum is 

carcinogenic to humans (Ghissassi et al., 2009). About 95% of the ultraviolet rays 

of the midday sun reaching the surface of the earth are UVA (315-400 nm), and 5% 

are UVB (Ghissassi et al., 2009). Both UVA and UVB may cause melanoma (Group, 

2012). 

Several gene mutations increase the risks for melanoma. BRAF (v-raf murine 

sarcoma viral oncogene homolog B1) is the most commonly mutated oncogene in 



6 

 

melanoma, which can be found in more than 60% of all melanomas (Nikolaou et 

al., 2012). The most common mutation in BRAF is BRAFV600E, which causes the 

activation of downstream protein kinases (MEK and ERK) and increases the 

proliferation of melanoma cells (Nikolaou et al., 2012). In all cutaneous melanomas, 

28-30% harbor activating mutations in oncogene RAS families, and the most 

common one is NRAS, followed by KRAS and HRAS (Dimitriou et al., 2018). 

Other factors are also involved in the occurrence of melanoma. A prior history 

of melanoma is a strong predictor of subsequent melanoma development, with the 

risk increased by approximately 10 times (Berwick et al., 2016). In addition, 

immunosuppressed patients, including patients with previous organ transplants, 

hematological malignancies, or human immunodeficiency virus infection, and 

patients receiving immunosuppressive treatments, are more likely to develop 

melanoma (Kubica & Brewer, 2012).  

1.2 Pathology of melanoma 

1.2.1 Tumor microenvironment (TME) and signal transducers and activators 

of transcription 3 (STAT3) signaling  

1.2.1.1 TME 

TME (Figure 1.2) is composed of various types of cells (fibroblasts, immune cells, 

tumor cells), extracellular components (cytokines, growth factors, hormones), and 

extracellular matrix that surround tumor cells and nourished by the vascular 

network (Hanahan & Coussens, 2012). Molecules secreted by the immune and non-

immune cells favor the formation of an immunosuppressive, chronic inflammatory, 

and pro-angiogenic intratumoral environment (Fridman et al., 2012). Cancer cells 
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are able to adapt to and grow in such environments, and are less possibly to be 

detected and eradicated by the host immune surveillance (Fridman et al., 2012). 

Although various immune effector cells are recruited to the tumor site, their anti-

melanoma functions are restrained, largely in response to tumor-derived signals 

(Pitt et al., 2016). Accumulating evidence indicates that crosstalk between tumor 

cells and immune cells leads to the formation of TME that favors tumor initiation, 

progression and metastasis (Quail & Joyce, 2013).  

 Multi types of immune cells can be found in TME. Bone marrow-derived 

hematopoietic and endothelial progenitor cells, and carcinoma-associated 

fibroblasts, arrive in tumors during the early formation of TME (Albini & Sporn, 

2007). Early infiltration of immune cells, such as lymphocytes (T cells and B cells), 

natural killer (NK) cells, macrophages, and dendritic cells (DCs) is essential for 

tumor control (Gajewski et al., 2013). However, the anti-cancer immune response 

induced by these cells is restrained by the function of immunosuppressive cells, 

such as myeloid-derived suppressor cells (MDSCs), and regulatory T cells (Tregs), 

which are intrinsically linked to the development of TME (Gajewski et al., 2013; 

Marvel & Gabrilovich, 2015). Two main mechanisms are involved in the 

communication between cancer cells and other cells or components of TME: one is 

the contact-dependent mechanism between specific cancer cells and other kinds of 

cells or between the ECM; the other is through the contact-independent mechanism 

of soluble molecules, including cytokines and growth factors (Pitt et al., 2016). 

TME has been reported as a therapeutic target in melanoma. 
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Figure 1.2 Constitutes of TME. [Int J Mol Sci. 2016, 17(11), 1942] 

1.2.1.2. STAT3 signaling  

STATs is a family of cytoplasmic transcription factors that mediate intracellular 

signal transduction (Siveen et al., 2014). Accumulating evidence indicates that 

STATs family proteins, especially STAT3, play a vital role in many physiological 

processes (development, differentiation, immunity, and metabolism), and are 

abnormally expressed in pathological conditions including cancer (Laudisi et al., 

2018). 

STAT3 selectively induces and maintains a carcinogenic inflammatory 

microenvironment during the onset of malignant transformation and cancer 

development (Yu et al., 2009). The carcinogenic role of STAT3 has been 

established in a variety of human cancers, including breast cancer, colon cancer, 

gastric cancer, lung cancer, head and neck cancer, and melanoma (Laudisi et al., 

2018; Fu et al., 2020). 
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Activation of STAT3 is very common in cancer cells, which is due to the 

abnormal activation of its upstream signaling pathways, such as Src, JAK2, EGFR, 

HER2 (Carpenter & Lo, 2014) and TLR4 (Fu et al., 2020). STAT3 activation is 

often associated with malignant cancer behaviors, including growth, migration, 

invasion, metastasis, TME formation and epithelial-mesenchymal transition. 

STAT3 activation is also linked to the occurrence of drug resistance (Carpenter & 

Lo, 2014). Activation of STAT3 leads to immunosuppression of immune cells and 

immune escape of cancer cells. Altogether, STAT3 activation in cancerous and 

immune cells leads to the malignance in human cancer and a reduction in anti-

cancer immunity, resulting in poor clinical outcomes (Carpenter & Lo, 2014). 

STAT3 directly regulates genes that related to tumor promoting processes 

(Figure 1.3). Bcl-2, Mcl-1 and Bcl-xL are anti-apoptotic proteins. It was found that 

STAT3 directly binds to the promoter of Bcl-2 gene, and upregulates Bcl-2 

expression to inhibit cell apoptosis (Choi & Han, 2012). Inhibition of STAT3 leads 

to a decrease in Mcl-1 levels (Puthier et al., 1999). Bcl-xL is upregulated by STAT3 

(Siveen et al., 2014). STAT3 enhances cell proliferation by promoting the entry of 

the cell cycle. It has been shown that an active form of STAT3 induces cyclin D1 

expression, while a dominant negative STAT3 suppresses cyclin D1 expression 

(Sinibaldi et al., 2000). STAT3 promotes tumor immune escape by upregulating 

expression of various cytokines, including interleukin-6 (IL-6), IL-10, IL-17 and 

tumor necrosis factor-α (TNF-α), that suppress immune function (Lee et al., 2011). 

STAT3 upregulates genes related to tumor metastasis. The matrix 

metalloproteinase (MMP) family of proteases is associated with cancer metastasis, 

and several MMP family members have been identified as STAT3 target genes 
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(Kamran et al., 2013). STAT3 activation can induce transcriptional activation of 

promoters of MMP-2 and MMP-9 (Carpenter & Lo, 2014). STAT3 has also been 

reported to favor tumor angiogenesis by upregulating pro-angiogenic factors, such 

as vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF) and 

basic fibroblast growth factor (bFGF) (Carpenter & Lo, 2014). 

Figure 1.3 STAT3 participates in regulation of key processes of malignant 

progression. These include tumor cell proliferation, survival, tumor angiogenesis, 

metastasis and immune evasion.↑means Upregulation;↓means Downregulation. 

[Cancer Metast Rev; 24: 315–327, 2005.] 

1.2.1.3 Activation of STAT3 signaling contributes to the formation of TME 

STAT3 is an important molecule that promotes tumor-induced immunosuppression 

at several levels ( Kortylewski & Yu, 2009). It is frequently activated in melanoma 

cells, where it elevates the expression of molecules that are immunosuppressive and 

can further activate STAT3 (Yu & Jove, 2004). Molecules transcriptionally 

upregulated by STAT3 include IL-6, IL-10, IL-17 and TNF-α (Yu & Jove, 2004). 
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These tumor-derived molecules can also activate STAT3 signaling in immune-cell 

subsets in the TME, which produces more immunosuppressive molecules, thereby 

generating or recruiting more Tregs and MDSCs (Kortylewski et al., 2005; Lee et 

al., 2011), and abrogating the function of immune effector cells. The ability of 

STAT3 to affect tumor immunity strongly indicates that constitutively activated 

STAT3 both in melanoma cells and in tumor-infiltrating immune cells is an 

attractive target for melanoma immunotherapy. Studies have shown that inhibiting 

STAT3 signaling in melanoma cells can induce tumor cell apoptosis, inhibit 

angiogenesis and remodel the TME (Yu et al., 2009; Fu et al., 2020; Fu et al., 2018; 

Li et al., 2017). Blocking STAT3 in immune cells can generate potent anti-

melanoma immunity by decreasing the number of negative immune regulators 

including Tregs and MDSCs, and by activating effector cells such as cytotoxicity T 

(Tc) cells, NK cells and neutrophils (Wang et al., 2018). 

1.2.2 MicroRNAs (MiRNAs)  

MiRNAs are a class of single-stranded RNA molecules with 17 to 27 nucleotides, 

which mainly regulates the expression of target genes at the post-transcriptional 

level. Increasing evidence indicates that miRNAs play critical roles in maintaining 

homeostasis (Visone & Croce, 2009). The abnormal expression of miRNAs is 

related to the occurrence of many diseases, including cancer (Visone & Croce, 

2009). MiRNAs can regulate oncogenes or tumor suppressor genes that are 

involved in cancer progression, angiogenesis, metastasis and immunosuppression 

(Y.Chen et al., 2015).  

MiRNAs have been regarded as therapeutic targets or tools and biomarkers for 
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the diagnosis and prognosis monitoring in various cancers (Y.Chen et al., 2015). 

For example, miR-200c inhibits tumor growth and metastasis by interacting with 

moesin (MSN) mRNA in gliomas (Qin et al., 2017). MiR-4260 acts as a cancer 

promoter by targeting the tumor suppressors mutant cancer protein (MCC) and 

mothers against decapentaplegic homolog 4 (SMAD4) in colorectal cancer (Xiao 

et al., 2017). In addition, it has been reported that nuclear miRNAs are involved in 

the transcriptional regulation of a variety of tumor promoter/suppressor genes or 

cancer-related genes by acting on the promoters at the respective gene loci (Liu et 

al., 2018). The process that miRNA inhibits gene expression is shown in Figure 1.4. 

 

Figure 1.4 MiRNA inhibits gene expression. [Cell J;18(2):117-126] 

1.2.2.1 MiRNA-let-7 

The let-7 miRNA is a member of the miRNA family, and is conserved in both 

invertebrates and vertebrates, including humans. Numerous members of the let-7 

family have been identified in different species (Roush & Slack, 2008). Currently, 
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10 mature subtypes of the let-7 family have been identified in humans, including 

let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-7i, miR-98 and miR-202. 

Mature let-7a and let-7f are generated from the precursor sequences of let-7a-1, let-

7a-2 and let-7a-3, and let-7f-1 and let-7f-2, respectively (Wang et al., 2012).  

Physiologically, let-7 is mainly involved in development, muscle formation, 

cell adhesion and gene regulation (Boyerinas et al., 2010). The expression of large 

number of proteins and factors have been shown to be linked to the let-7 family, 

including some complete regulatory loops (Wang et al., 2012). The expression level 

of let-7 possibly affects the expression of some oncogenes and the related signaling 

pathways (Takamizawa et al., 2004). 

1.2.2.2 MiR-let-7 is a promising target in treating melanoma 

The highly conserved let-7 miRNA family serves as a potent tumor suppressor (Kim 

et al., 2012). Let-7 has been implicated in inhibiting tumor growth by regulating 

signaling pathways that are crucial for oncogenesis (Johnson et al., 2005). Let-7 is 

associated with apoptosis, proliferation and invasion of cancer cells. A number of 

studies have shown that let-7 is downregulated in numerous types of cancers, 

including lung cancer (Takamizawa et al., 2004), gastric tumor (Zhang et al., 2007), 

colon cancer (Akao et al., 2006), burkitt's lymphoma (Sampson et al., 2007) and 

melanoma (Mueller & Bosserhoff, 2009). It has been reported that miR-let-7a 

reprograms cancer metabolism in metastatic breast cancer and melanoma 

(Serguienko et al., 2015). MiR-let-7b inhibits cell cycle progression and anchorage-

independent growth of melanoma cells (Schultz et al., 2008). 

C-C chemokine receptor type 7 (CCR7) is expressed in various cancers, such 
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as non-small lung cancer, gastric cancer, oesophageal cancer and melanoma (Legler 

et al., 2014). Expression of CCR7 by cancer cells is linked to metastasis (Liu et al., 

2014). It has been reported that miR-let-7 directly binds to the 3’UTR of CCR7 

mRNA and blocks CCR7 gene expression, thereby suppressing cancer metastasis 

(Kim et al., 2012). Studies have shown that upregulating miR-let-7 downregulates 

CCR7 expression and inhibits migration and invasion of breast cancer cells (Kim 

et al., 2012). Mitogen-activated protein kinases (MAPKs), including p38 and JNK, 

are downstream molecules of CCR7. These molecules are important regulators of 

migration and invasion in a variety of cancer cells (Liu et al., 2014). MMP-2 and 

MMP-9, regulated by MAPKs, have been linked to cancer metastasis (Reddy et al., 

1999). CCR7 silencing inhibits MMP-2/9 expression and secretion (Zheng et al., 

2017). Therefore, we speculate that regulating miR-let-7/CCR7 signaling is a 

strategy for treating metastatic melanoma. 

1.2.3 Mechanisms of resistance to targeted therapy in melanoma 

Current targeted therapies for melanoma mainly include BRAF inhibitors (BRAFi), 

MEK inhibitors (MEKi) and c-KIT inhibitors. Despite substantial progress in 

treating advanced melanoma has been made by using targeted therapies, the 

intrinsic and acquired resistance to targeted therapies is worthy to be noted (Kozar 

et al., 2019). In the past few years, the underlying mechanisms of the transition from 

a drug-sensitive phenotype to a drug-resistant phenotype has drawn great attentions 

in the study of melanoma (Kozar et al., 2019).  

1.2.3.1 Re-activation of the MAPK pathway 

About 60% of cutaneous melanoma patients harbor a BRAF mutation. Although 
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treatment with BRAFi efficiently controls melanoma progression, drug resistance 

often occurs. Re-activation of the BRAF/MAPK pathway occurs in up to 80% of 

BRAFi-resistant tumors (Moriceau et al., 2015). The main mechanisms leading to 

the re-activation of BRAF/MAPK signaling (Figure 1.5) include activations of 

BRAF, NRAS, MEK, and neurofibromin 1 (NF1) (Dietrich et al., 2018). CRAF 

(RAF1), an isoform of RAF, can drive resistance to BRAFi through the activation 

of MEK or the abnormal transactivation of RAF dimers thereby suppressing the 

MAPK signaling (Doudican & Orlow, 2017). Moreover, the kinase COT, which is 

usually elevated in BRAFi-resistant tumors, directly activates MEK/ERK signaling 

in a RAF-independent manner (Gruosso et al., 2015). COT expression can re-

activate MAPK signaling by directly activating MEK, and is possibly responsible 

for the resistance to BRAFi in around 10% of BRAF mutant melanomas 

(Johannessen et al., 2010). In addition, due to the increased phosphorylation of 

BRAF(S729), BRAF allele amplification or splicing variants, present in up to 30% 

of patients with BRAFi resistant tumors, have been shown to result in enhanced 

RAF dimerization and MEK activation (Vido et al., 2018). Currently, although the 

combination of BRAFi and MEKi can delay the onset of resistance, resistance 

occurs eventually (Vido et al., 2018). To reduce the MEK/ERK activation caused 

by BRAFi, a new generation of paradox-breaking BRAFi is under tested (Karoulia 

et al., 2017). 
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Figure 1.5 Re-activation of BRAF/MAPK pathway in melanoma. [Clin 

Cancer Res; 19.19(2013):5283-5291.] 

1.2.3.2 Activation of the PI3K-mTOR pathway 

Activation of the PI3K-mTOR pathway is also very common in drug-resistant 

melanoma. PTEN loss or receptor tyrosine kinases (RTKs) activation leads to 

increased PI3K signaling transduction (Zuo et al., 2018; Irvine et al., 2018; Cesi et 

al., 2018; Corcoran et al., 2018). Increase in RTK levels can be attributed to the 

reduced proteolysis of cell surface receptors in MAPKi-treated cells (Miller et al., 

2016). The accumulation of RTKs on cell surface allows cells to bypass the 

regulation of ERK signaling (Miller et al., 2016). 

1.2.3.3 Other mechanisms 

Other factors are also related to drug resistance in melanoma. TME plays an 

important role in drug resistance. It has been shown that stromal cells in TME can 

enhance the intrinsic resistance to BRAFi by secreting growth factors and 
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subsequently activate the MAPK or PI3K pathway. In addition, resistance in 

melanoma is related to the increase in the abundance of extracellular matrix (ECM) 

proteins (Straussman et al., 2012; Kodet et al., 2018).  

Tumor cells can adapt to drug-induced stress by upregulating autophagy, 

which is found in 74% of patients treated with BRAFi monotherapy or in 

combination with MEKi, leading to lower RR and progression-free survival (PFS) 

(Thorburn, 2018; Zhang et al., 2018; Zhang et al., 2018). ER stress and TAM 

(TYRO3, AXL, MER) receptor pathways also lead to a BRAFi-mediated autophagy 

induction (Xue et al., 2017; Han et al., 2016; Liu et al., 2018).  

MiRNAs can regulate the expression of molecules that related to MAPK 

signaling and other resistance-associated pathways (Fattore et al., 2019; Gebert & 

MacRae, 2019). It has been shown that miR-509-3p, miR-211-5p and miR-204-5p 

are upregulated in response to BRAFi treatment (Díaz-Martínez et al., 2018; 

Vitiello et al., 2017). Expression of miR-204-5p and miR-211-5p, induced by 

STAT3 and microphthalmia-associated transcription factor (MITF), respectively, 

appear to confer BRAFi resistance by re-activating the MAPK or PI3K/AKT 

pathways (Díaz-Martínez et al., 2018; Vitiello et al., 2017).  

1.2.3.4 Syndecan-3 is a potential target for overcoming vemurafenib resistance 

in melanoma 

The syndecan proteins are transmembrane heparan sulfate (HS) proteoglycans 

found on the surface of all adherent cells. The syndecan protein family has four 

members: syndecan-1, -2, -3 and -4 (Couchman, 2003). Syndecans play important 

roles in growth-factor-receptor activation, cell–cell adhesion, matrix adhesion, and 
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tumor suppression and progression (Beauvais & Rapraeger, 2004). It has been 

shown that syndecan-1 inhibits the growth of S115 cells without affecting the 

growth of normal epithelial cells (Zhang et al., 2013). Whereas, syndecan-1 plays 

a carcinogenic role in myeloma and several other cancers (Sanderson &Yang, 2008; 

Ma et al., 2006).  

Syndecan-3, encoded by the SDC3 gene, has been identified as an oncogenic 

effector in pancreatic cancer, hepatic carcinoma and renal cancer (Tinholt et al., 

2015). Renal cancer patients with higher level of syndecan-3 have a shorter survival 

time (www.proteinatlas.org/ENSG00000162512-SDC3/pathology). Interestingly, 

syndecan-3 plays a different role in melanoma. Melanoma patients with higher 

expression level of syndecan-3 survive longer than patients with lower syndecan-3 

expression (www.proteinatlas.org/ENSG00000162512-SDC3/pathology). 

However, there is hardly any report about the role of syndecan-3 in melanoma cell 

and animal models. Results of our RNA-seq showed that mRNA level of syndecan-

3 is lower in vemurafenib-resistant melanoma cells than in vemurafenib-sensitive 

cells. These suggest that syndecan-3 is a target for overcoming vemurafenib 

resistance in melanoma. 

1.3 Treatments of melanoma 

The current treatment options for melanoma patients mainly include surgical 

resection, radiotherapy, chemotherapy, immunotherapy, and targeted therapy 

(Kozar et al., 2019). These therapies can be given as a single treatment or a 

combination of treatments based on disease stage, location and genetic 

characteristics of the tumor, and the patient’s general health condition, age, etc. 
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(Kozar et al., 2019). Studies on other therapies, such as topical therapy and 

nanotherapy, are in progress (Mishra et al., 2018) .  

Surgery is the main treatment method for melanoma. Surgery is an operation 

that removes the tumor and some surrounding healthy tissues. Removal of the tumor 

by surgery is always the primary treatment of all stages of cutaneous melanoma 

(www.cancer.org/cancer/melanoma-skin-cancer/treating/surgery.html). Extensive 

local excision is used to remove melanoma and some normal tissues around it. Skin 

grafts can be performed to take the skin from another part of the body to replace the 

removed skin and cover the wound caused by the surgery 

(www.cancerresearchuk.org/aboutcancer/melanoma/treatment). However, 

metastatic melanoma is highly unlikely to be cured by surgery because of the large 

numbers of metastases, low accessibility and difficulties in detecting small 

metastatic lesions (Kozar et al., 2019). 

Radiotherapy refers to the use of radiation (usually x-rays) to treat cancer. 

Some people receive radiotherapy after surgery to remove melanoma. Radiotherapy 

is able to lower the possibility of the recurrence of cutaneous melanoma. It can 

shrink melanomas and help to control symptoms 

(www.cancerresearchuk.org/aboutcancer/melanoma/treatment/radiotherapy). 

Among conventional therapies, chemotherapy plays a crucial role in 

melanoma treatment. The chemotherapy regimen usually consists of a certain 

number of cycles given within a specific time. Patients can receive one drug at a 

time or a combination of multiple drugs at the same time (Mokhtari et al., 2017). 

Dacarbazine (DTIC, available as a generic drug) is the only chemotherapy approved 

by US FDA for melanoma. Temozolomide (Temodar, TMZ) is an oral version of 
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DTIC, for the treatment of stage-IV melanoma (Mokhtari et al., 2017). 

Immunotherapy, also known as biologic therapy, aims to enhance the body's 

natural defenses against melanoma. It uses materials made by the human body or 

laboratory to improve, target or restore immune system function 

(www.cancer.net/immunotherapy-term). Advances on immunotherapy had been 

made to treat stages III-IV melanomas. The high-dose interferon α-2b (IFNα-2b) 

and IL-2 were approved by US FDA as anti-melanoma drugs in 2011 and 1998, 

respectively (Domingues et al., 2018). They are used for stage-II/III patients after 

resection, and in some cases for stage-IV melanoma patients, although the efficacy 

is limited (Domingues et al., 2018). Significant progress has been made in the 

treatment of melanoma by the use of monoclonal antibodies acting as immune 

checkpoint inhibitors (Darvin et al., 2018). Cytotoxic T-lymphocyte-associated 

antigen 4 (CTLA-4) inhibitor ipilimumab, and programmed cell death protein 1 

(PD-1) inhibitors pembrolizumab and nivolumab, have shown an increased overall 

RR, median PFS and overall survival (OS) of cutaneous melanoma patients (Darvin 

et al., 2018). T-VEC, a modified herpes simplex type 1 virus, can be directly 

injected into melanomas to cause virally mediated cytotoxicity and immune cell 

recruitment (Johnson et al., 2016). Although immunotherapy is effective in treating 

melanoma, it causes various side effects, including skin reactions, diarrhea and flu-

like symptoms (www.cancer.net/immunotherapy-term). 

Targeted therapy is a therapy that targets specific genes or proteins of cancer, 

or the microenvironment that favors tumor progression. Targeted therapy prevents 

the growth and spread of tumor cells and has less damage to normal cells. BRAF 

mutations have been identified in over 60% of cutaneous melanoma patients, which 
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has triggered the development of targeted therapies that function as small molecule 

inhibitors on mutated BRAF (Kudchadkar et al., 2012). Vemurafenib is the first 

BRAFi approved by US FDA for patients with advanced melanoma in 2012. It 

showed improved PFS and OS and more significant anti-tumor effects compared to 

chemotherapy (Ascierto et al., 2013). In 2013, dabrafenib, another BRAF-specific 

inhibitor with fewer side effects and higher potency compared to vemurafenib, was 

approved by US FDA (Ascierto et al., 2013). Encorafenib (BRAFTOVI) is a BRAF 

inhibitor approved by US FDA in 2018. MEKi, including trametinib, cobimetinib 

and binimetinib, and c-KIT inhibitors, including imatinib and nilotinib, were also 

approved and widely used in different stages of melanoma (Johnson et al., 2016). 

Combination of BRAFi and MEKi can rapidly control disease with high RR in 

BRAF-mutant melanoma patients (Luke et al., 2017). These targeted agents made 

excellent responses and significantly reduced tumor burden initially, however, the 

long-term treatment effect is not ideal due to the emergence of drug resistance 

(Kudchadkar et al., 2012). 

Currently available therapeutic drugs for cutaneous melanoma are listed in 

Table 1.1. 
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Table 1.1 Currently available therapeutic drugs for cutaneous melanoma 

Systemic 

therapy 

Category Available drugs 

Chemotherapy Alkylating agents DTIC, 

TMZ, 

Nitrosoureas 

Platinum analogs Cisplatin, 

Carboplatin, 

Zeniplatin 

Microtubular toxins Taxanes, 

Vinca alkaloids 

Immunotherapy Cytokines IFN-α, IL-2 

CTLA-4 inhibitors Ipilimumab,  

Tremelimumab 

PD-1 inhibitors Pembrolizumab, 

Nivolumab 

Vaccines T-VEC, 

BCG vaccine 

Targeted 

therapy 

BRAF inhibitors Vemurafenib, 

Dabrafenib, 

Encorafenib 

MEK  

inhibitors 

Trametinib, 

Cobimetinib, 

Binimetinib 

c-KIT inhibitors Imatinib, 

Nilotinib 
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1.4 The Chinese medicine formula Huai-Hua-Jin-Yin-Jiu  

Traditional Chinese medicine (TCM)-based herbal medicines have been proved to 

be a promising resource for developing drugs against melanoma. A Chinese 

medicine formula Huai-Hua-Jin-Yin-Jiu (槐花金銀酒), consisting of Sophorae 

Flos (SF, the dried flower and flower-bud of Sophora japonica L.) and Lonicerae 

Japonicae Flos (LJF, the dried flower-bud or newly bloomed flower of Lonicera 

japonica Thunb.), was documented in a Chinese medicine classic called Yi Xue Qi 

Meng (醫學啟蒙). It was used as a remedy for Yong-Ju-Fa-Bei and Chuang-Du (癰

疽發背及一切瘡毒，不問已成未成但焮痛者), which might be diagnosed as melanoma 

in modern medicine. Based on the names of the two ingredient herbs, we named 

this formula SL for short. TCM clinical experience has demonstrated that “heat 

clearance and detoxification” is one of the strategies for treating cancers, including 

melanoma. SL is a heat-clearing and detoxifying formula. Our previous study has 

shown that an ethanolic extract of SL (SLE) exerts anti-melanoma effects in vivo 

and in vitro (Li et al., 2017). We have demonstrated that SLE may be a potential 

agent for treating melanoma, and inhibiting STAT3 signaling is one of the 

mechanisms underlying the anti-melanoma effects of SLE. However, the 

mechanisms underlying and the chemical constituents responsible for the anti-

melanoma of this formula have not been fully understood. 

1.4.1 SF 

SF is a well-known TCM herb. It is often braised with flour, macerated in wine, or 

decocted with water for dietary consumption, indicating it is safe (He, et al., 2016). 

SF has been shown to possess various pharmacological properties, including anti-
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diabetes (Jung et al., 2006), anti-inflammation (Kim et al., 2003), anti-oxidation 

(Tang et al., 2002) and anti-tumor activities (Abe et al., 1996; Kang et al., 2006). 

Pharmacological studies have demonstrated that SF downregulates cyclin D1 by 

proteasome degradation in human colorectal cancer cells (Lee, et al., 2015). 

Upregulation of activating transcription factor 3 (ATF3) expression contributes to 

the inhibitory effects of SF on human colorectal cancer cells (J. W.Lee, Park, Eo, 

Song, et al., 2015). An ethanol extract of SF inhibits human breast cancer by 

suppressing NF-kB signaling (Kim et al., 2014). In TCM practice, SF is commonly 

prescribed for treating melanoma (Wu et al., 2006). 

1.4.2 LJF 

LJF has been used for thousands of years in TCM for its heat-clearing and 

detoxifying properties. LJF is also widely consumed as healthy beverages including 

botanical nutritional beverage, tea, acidophilus milk, wine and oral liquid (Shang, 

et al., 2011), indicating its safe nature. Pharmacological studies have shown that 

LJF possesses various activities, including anti-inflammatory (Kang et al., 2010), 

anti-viral (Kang et al., 2010), anti-diabetic (Liu &Wang, 2011), anti-oxidant (Kang 

et al., 2010), and anti-tumor effects (Tian et al., 2012). It has been shown that 

administration of LJF polysaccharides inhibits tumor growth, upregulates Bax 

expression, increases Bax/Bcl-2 ratio, and upregulates serum TNF-α level in S180 

sarcoma-bearing mice, without affecting the body weights and immune functions 

of mice (Liu et al., 2012). The polyphenolic extract of LJF has been shown to 

repress the proliferation of human liver cancer HepG2 cells in a dose-dependent 

manner, and decreases the expressions of CDK1, cyclin B, CDC25C, procaspases-

3 and -8, and PARP, leading to G2/M arrest and apoptosis (Park et al., 2012). 
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Furthermore, LJF is commonly prescribed for melanoma management by Chinese 

medicine doctors (Erikson, 2012).  

1.4.3 Constituents in SF and LJF 

Constituents in SF and LJF, such as rutin, ursolic acid, quercetin and luteolin, have 

been shown to have anti-melanoma properties. It has been reported that ursolic acid 

induces apoptosis by activating p53 and caspase-3 gene expressions and 

suppressing NF-κB mediated activation of Bcl-2 in B16F10 melanoma cells (Manu 

& Kuttan, 2008). Quercetin has been reported to inhibit melanoma growth and 

metastasis (Caltagirone et al., 2000). Previous studies of our group showed that 

quercetin inhibits melanoma growth partially through inhibiting STAT3 signaling 

(Cao et al., 2014). Quercetin also inhibits HGF/c-Met signaling and HGF-

stimulated melanoma cell migration and invasion (Cao et al., 2015). Luteolin has 

been shown to restrain melanoma cell invasion via targeting β3 integrin and the 

epithelial-mesenchymal transition (Ruan et al., 2012). It has also been shown that 

luteolin suppresses proliferation and induce apoptosis of human melanoma cells, 

by inhibiting MMP-2 and MMP-9 through PI3K/AKT signaling (Yao et al., 2019). 

We have established a library of the reported compounds found in SF and LJF (134 

compounds, Table 5.1), and screened for anti-melanoma compounds among the 

library. 

1.4.4 Chrysoeriol is a potential anti-melanoma agent 

Chrysoeriol, chemically the 3'-methoxy derivative of luteolin, is a flavone (Figure 

1.6). Chrysoeriol can be found in diverse Chinese medicine herbs, including LJF 

(Figure 1.7). Chrysoeriol has been reported to possess anti-oxidant, anti-
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inflammatory and anti-tumor activities (Choi et al., 2005). 

 

Figure 1.6 Chemical structure of chrysoeriol. 

(source: https://www.chemsrc.com/cas/491-71-4_279091.html) 

 

  

Figure 1.7 Herb sources of chrysoeriol.  

(source: http://tcmspw.com/molecule.php?qn=3044) 

It has been shown that chrysoeriol inhibits the formation of DNA adduct and 

benzo[a]pyrene in breast cancer cells (Takemura et al., 2010). Chrysoeriol also 

shows anti-tumor effects in human multiple myeloma cells through inhibiting the 

PI3K-AKT-mTOR pathway (Yang et al., 2010). Chrysoeriol selectively and 

remarkably inhibits lung cancer growth (Wei et al., 2019). To our knowledge, there 

is no report on the effects and mechanisms of action of chrysoeriol in melanoma.  
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1.5 Hypotheses and objectives  

Reprograming tumor microenvironment is a strategy for treating melanoma. 

STAT3 signaling plays an important role in melanoma microenvironment 

formation. SLE has anti-melanoma effects and suppresses STAT3 signaling in 

cellular and animal models. Therefore, we hypothesized that remodeling 

immunosuppressive microenvironment by inhibiting STAT3 signaling, contributes 

to the anti-melanoma mechanisms of SLE.  

Through a small RNA sequencing, we have found that SLE upregulates miR-

let-7a/f in B16F10 melanomas. CCR7 is a target of miR-let-7a/f. CCR7 is related 

to tumor metastasis. SLE suppresses migration and invasion of melanoma cells. 

Therefore, we hypothesized that SLE inhibits melanoma metastasis by regulating 

miR-let-7a/f-CCR7 signaling. 

Chrysoeriol, the 3'-methoxy derivative of luteolin, has anti-tumor effects in 

lung cancer, breast cancer and multiple myeloma. Previous findings of our group 

have showed that luteolin inhibits the Src/STAT3 pathway in melanoma via direct 

binding to Src. We hypothesized that chrysoeriol is one of the active compounds 

responsible for the anti-melanoma effects of SL, by inhibiting the Src/STAT3 

pathway via targeting Src. 

In our pilot studies, chrysoeriol inhibits the proliferation of vemurafenib-

resistant melanoma cells. RNA-seq results showed that chrysoeriol upregulates 

syndecan-3 in vemurafenib-resistant melanoma cells. Melanoma patients with 

higher expression level of syndecan-3 survive longer. Therefore, we hypothesized 



28 

 

that chrysoeriol overcomes vemurafenib resistance in melanoma by upregulating 

syndecan-3. 

Objectives of this study are as follows: 

1) To determine SLE’s effects on melanoma microenvironment and the 

involvement of STAT3 signaling in the effects; 

2) To determine SLE’s effects on melanoma metastasis and the involvement of 

miR-let-7a/f-CCR7 signaling in the effects; 

3) To determine the anti-melanoma effects of chrysoeriol and the involvement of 

Src/STAT3 signaling in the effects; 

4) To determine the effects of chrysoeriol in overcoming vemurafenib resistance in 

melanoma and the involvement of syndecan-3 in the effects. 
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Chapter II 

Materials and methods 
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2.1 Materials 

2.1.1 Herbal materials 

SF and 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 flowers were authenticated by Prof. Yu Zhiling. Voucher 

specimens have been deposited at the Centre for Cancer and Inflammation Research, 

School of Chinese Medicine, Hong Kong Baptist University. Chrysoeriol (purity > 

99%, determined by HPLC) was bought from Extrasynthese (Genay Cedex, France). 

Rutin (purity ≥ 98%, determined by HPLC) and chlorogenic acid (purity ≥ 

98%, determined by HPLC) were purchased from Shanghai Yuanye Bio-

Technology Co., Ltd. (China). 

2.1.2 Other materials  

Table 2.1 Other materials used in this study 

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 

Roswell Park Memorial Institute (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 

Antibodies Source 

phospho-STAT3 (Tyr 705) Cell Signaling Technology, 
USA 
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STAT3 Cell Signaling Technology 

phospho-Src (Tyr 416) Cell Signaling Technology 

Src 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 

CCR7 Cell Signaling Technology 

IGF1R Cell Signaling Technology 

c-Myc Cell Signaling Technology 

CDK4 Cell Signaling Technology 

p38 Cell Signaling Technology 

phospho-p38 (Thr180/Tyr182) Cell Signaling Technology 

JNK Cell Signaling Technology 

phospho-JNK (Thr183/Tyr185) Cell Signaling Technology 

ERK Cell Signaling Technology 

phospho-ERK (Thr202/Tyr204) Cell Signaling Technology 

Syndecan-3 Santa Cruz, CA 

Goat anti-rabbit IgG Bio-Rad, CA 

Goat anti-mouse IgG Bio-Rad, CA 
CD3/4/8 (PerCP-conjugated anti-CD3, PE-
conjugated anti-CD4, FITC-conjugated anti-CD8) BD Biosciences, USA 

CD11c (PE-conjugated anti-CD11c) BD Biosciences, USA 

CD86 (FITC-conjugated anti-CD86) BD Biosciences, USA 

CD16 (PE-conjugated anti-CD16) BD Biosciences, USA 

CD56 (FITC-conjugated anti-CD56) BD Biosciences, USA 

CD11b (Alexa Fluor 700-conjugated anti-CD11b) BD Biosciences, USA 

Gr-1 (Alexa Fluor 488-conjugated anti-Gr-1) BD Biosciences, USA 



32 

 

CD4 antibody (Alexa Fluor 488-conjugated anti-
CD4) BD Biosciences, USA 

CD25 antibody (PE-conjugated anti-Gr-1) BD Biosciences, USA 
Foxp3 antibody (Alexa Fluor 700-conjugated anti-
Foxp3) BD Biosciences, USA 

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 

Reverse transcription Source 

PrimeScriptTM RT Reagent kit Takara, Japan 

Quantitative real-time PCR (RT-qPCR) Source 

iTaqTM Universal SYBR Green Supermix Bio-Rad, CA 

All-in-OneTM miRNA qRT-PCR Reagent Kit GeneCopoiea Inc, Rockville, 
MD, USA 

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 

Lipofectamine 2000 Invitrogen, USA 

Opti-MEM GIBCO, USA 

Others Source 

Cell counting kit-8 (CCK8) Dojindo, Japan 

Carboxymethyl cellulose-Na (CMC-Na) Sigma-Aldrich, USA 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, USA 

Polyethylene glycol 400 (PEG400)  Sigma-Aldrich, USA 

Tween 80 Sigma-Aldrich, USA 

Paraformaldehyde Sigma-Aldrich, USA 
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2.2 Preparation and quality control of SLE 

2.2.1 Preparation of SLE 

The method of preparing SLE is the same as in a report (Li et al., 2017). 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, 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. The 

obtained ethanolic extract of SL (SLE) was then lyophilized with a Virtis Freeze 

Dryer (The Virtis Company, New York, USA). The yield of powdered SLE was 

8.49%. To control the quality of SLE, contents of rutin and chlorogenic acid in it 

were quantified. 

2.2.2 Quantification of rutin and chlorogenic acid in SLE using HPLC analysis  

HPLC analysis (Li et al., 2017) 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 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 potent cytotoxicity in melanoma cells (DeFreitas et al., 2016) were 

quantified by preparing calibration curves of the corresponding standard solutions. 

2.3 Determination of the content of chrysoeriol in SLE using UPLC-MS/MS 

2.3.1 Instrument and analytical conditions 
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Liquid chromatographic analysis was performed on an Agilent 1290 UPLC system, 

comprising a 1290 binary pump solvent management system, a 1290 TCC, and a 

1290 auto-sampler. A C18 column (2.1 mm ×100 mm I.D., 1.7 μm) was employed 

for the separation of samples, and the column temperature was maintained at 40 °C. 

The mobile phase was composed of A (0.1% formic acid) and B (0.1% formic acid 

in acetonitrile) using a gradient elution of 12-25% B at 0-6 min, 25-45% B at 6-8 

min, 45-80% B at 8-11 min, 80-100% B at 11-11.1 min and then returned to the 

initial condition with a flow rate set at 0.40 mL/min. The auto-sampler was 

conditioned at 4 °C and the injection volume was 3 μL. 

Mass spectrometry detection was performed using an Agilent 6460 Triple 

Quadrupole MS equipped with an Agilent Jet Stream electrospray ionization (ESI) 

source. The ESI source was set in negative ionization mode. The parameters in the 

source were set as follows: capillary voltage, 3.5 KV; source temperature, 150 °C; 

drying gas temperature, 350 °C; drying gas flow, 10 L/min; nebulizer, 45 psi; sheath 

gas temperature, 350 °C; sheath gas flow, 8 L/min. The analyte detection was 

performed by using multiple-reaction monitoring (MRM).  

2.3.2 Preparation of samples 

Standard solutions containing chrysoeriol (48.8-12,500.0 ng/mL) were prepared in 

methanol and used for UPLC-MS/MS analysis. Peak area was recorded to make a 

standard curve. Dried extract of SLE was accurately weighed and dissolved in 

methanol (5 mg/mL, w/v), and then filtered using a 0.2 μm filter. The supernatant 

was injected. UPLC-MS/MS was employed to measure the content of chrysoeriol 

in SLE.  
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2.4 Cell culture 

B16, B16F10, A375, A2058, HS294T, COLO-829, G361, MeWo, SK-MEL-5 

melanoma cell lines were obtained from American Type Culture Collection (ATCC, 

USA). Human keratinocyte cell line HaCaT was obtained from Invitrogen 

(Casecade Biologics, Invitrogen cell culture, CA). Splenic lymphocytes were 

fractionated from mouse spleens as described (Winkler et al., 2017). The general 

information and culture conditions of these cell lines were shown in Table 2.2. 

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 5% FBS 
37°C 

5% CO2 

A2058 
Homo 
sapiens 

Skin 
melanoma 

DMEM with 5% 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 

SK-MEL-5 
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 

HaCaT 
Homo 
sapiens  

Primary 
keratinocyte 

DMEM with 10% FBS 
37°C 

5% CO2 

B16F10 
Mus 

musculus  
Skin 

melanoma 
DMEM with 5% FBS 

37°C 
5% CO2 

B16 
Mus 

musculus  
Skin 

melanoma 
DMEM with 5% FBS 

37°C 
5% CO2 
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Splenic 
lymphocytes 

Mus 
musculus 

Lymphocyte RPMI 1640 with 10% FBS  
37°C 

5% CO2 

 
2.5 Cell stable transfection 

The A375/B16 cells were transfected with Stat3-C Flag pRc/CMV plasmids 

(A375STAT3C/B16STAT3C, in which STAT3 is constantly active) or empty vector 

(A375V/B16V, serves as a control) using Lipofectamine 2000 (Life Technologies, 

Inc., Rockville, MD) following the manufacturer’s instructions. The Stat3-C Flag 

pRc/CMV plasmids were obtained from Addgene (#8722), and its full sequence 

map is shown in Figure 2.1. Seventy-two hours after transfection, cells were 

selected with G418 (1 mg/mL) in DMEM with 5% FBS for 14 days. G418-resistant 

colonies were pooled and regarded as STAT3C-expressing stable cells.  
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Figure 2.1 Full sequence map for Stat3-C Flag pRc/CMV. 

2.6 Establishment of a vemurafenib-resistant melanoma cell line 

The vemurafenib-resistant melanoma cell line A375-VR was established by 

culturing the parental A375 human melanoma cells in DMEM with 5% FBS and 

increasing concentrations of vemurafenib (0.1-1 μM) for 3 months and then 

maintained in 1 μM of vemurafenib thereafter (Tse et al., 2017). 

2.7 Co-culture of melanoma cells and splenic lymphocytes 

B16F10, B16V, B16STAT3C cells were separately cultured with splenic lymphocytes 

using a direct co-culture system which can let the two cell types make adequate 

contact with each other and mimic the body tissue environment. According to others’ 
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studies, a proportion of 5:1 of splenic lymphocytes (1×107) and cancer cells (2×106) 

is the best combination. In this study, the duration of co-culture was 24 h, because 

we found that some splenic lymphocytes died after 24 h. 

2.8 Animal studies 

Male C57/BL6 mice and BALB/C nu/nu mice with body weight of 20 ± 2g were 

obtained from the Laboratory Animal Services Centre, Chinese University of Hong 

Kong. All care and handling of animals were performed with the approval of the 

Department of Health, Hong Kong. Experimental procedures were approved by the 

Committee on the Use of Human & Animal Subjects of the Hong Kong Baptist 

University. 

2.8.1 Establishment of a B16F10 melanoma allograft model and treatment with 

SLE 

B16F10 cells (5×105) were resuspended in 0.1 mL of phosphate-buffered saline 

(PBS) and inoculated subcutaneously into the back of individual C57/BL6 mice (6 

week old). Immediately after cell injection, the mice were randomly divided into 

five groups of five each. They were then intragastrically (i.g.) administered with 

0.5% carboxymethyl cellulose-Na (CMC-Na) (vehicle control), SLE (0.6, 1.2 or 

2.4 g/kg) or intraperitoneally (i.p.) injected with DTIC (50 mg/kg) (positive control) 

once per day for 14 consecutive days. To monitor the toxicity of SLE, general 

clinical observations were made once a day. 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 
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or tonic movements, stereotypes (e.g., excessive grooming, repetitive circling) or 

bizarre behavior (e.g., self-mutilation, walking backwards) were also recorded. 

Body weight and tumor volume were measured at the indicated time points after 

cell injection. At the end of the experimental period, all mice were executed using 

excessive anesthesia, the tumor of each mouse was dissected and weighed. Gross 

necropsy was performed for all the dissected organs and tissues. 

Immunosuppressive cytokines were measured by ELISA. Proteins from tumor 

tissues were extracted with RIPA lysis buffer and examined by Western blot 

analyses. RNA levels were measured by the RT-qPCR analyses. A part of each 

tumor tissue was fixed with 10% neutral-buffered formalin and used for Terminal 

deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining 

and immunohistochemistry (IHC) staining. 

2.8.2 Establishment of a B16F10 melanoma lung metastasis mouse model and 

treatment with SLE 

To further examine SLE’s effects on melanoma metastasis, a B16F10 melanoma 

metastasis mouse model was used. Male C57/BL6 mice (8 week old, 3 groups of 6) 

were tail vein injected with 5×105 B16F10 cells individually. Immediately after cell 

injection, mice were i.g. administered with 0.1 ml/10 g 0.5% CMC-Na (control), 

1.2 g/kg SL (experimental), or i.p. administered 50  mg/kg DTIC (a first line drug 

for treating metastatic melanoma, positive control), for consecutive 16 days, 

respectively. Subsequently, the mice were sacrificed and lung metastatic foci were 

identified. Potential toxicities during treatment were monitored as in 2.8.1. Each 

lung tissue was divided into several parts for next-step detections. Proteins from 

tumor tissues were extracted with RIPA lysis buffer and examined by Western blot 
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assays. MiRNA levels were measured by RT-qPCR analyses. A part of each lung 

tissue was fixed with 10% neutral-buffered formalin and used for haematoxylin and 

eosin (H&E) staining, melanin staining and IHC staining.  

2.8.3 Establishment of a B16F10 melanoma allograft mouse model and 

treatment with chrysoeriol 

B16F10 cells (5×105) were resuspended in 0.1 mL of PBS and inoculated 

subcutaneously into the back of individual C57/BL6 mice (6 week old). 

Immediately after cell injection, the mice were randomly divided into four groups 

of five each. They were then i.p. administered with vehicle control (PBS solution 

containing 5% PEG400 and 5% Tween 80), chrysoeriol (5 mg/kg or 10 mg/kg) or 

stattic (10 mg/kg) (a small molecule inhibitor of STAT3, positive control) once per 

day for 14 consecutive days. Potential toxicity during treatment was monitored as 

2.8.1. Body weight and tumor volume were measured at the indicated time points 

after cell injection. At the end of the experimental period, all mice were executed 

using excessive anesthesia, the tumor of each mouse was dissected and weighed. 

Gross necropsy was performed for all the dissected organs and tissues. Each tumor 

tissue was divided into several parts for next-step detections. Proteins from tumor 

tissues were extracted with RIPA lysis buffer and examined by Western blot 

analyses. RNA levels were measured by RT-qPCR analyses. A part of each tumor 

tissue was fixed with 10% neutral-buffered formalin and used for IHC staining and 

TUNEL staining. 

2.8.4 Establishment of an A375-VR melanoma xenograft mouse model and 

treatment with chrysoeriol 
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A375-VR cells (5×105) were resuspended in 0.1 mL of PBS and inoculated 

subcutaneously into the back of individual BALB/C nu-nu mice (6 week old). 

Immediately after cell injection, the mice were randomly divided into three groups 

of four each. They were then i.p. administered with vehicle control (PBS solution 

containing 5% PEG400 and 5% Tween 80), chrysoeriol (10 mg/kg) or trametinib 

(1 mg/kg) (MEKi, positive control) once per day for 14 consecutive days. Potential 

toxicity during treatment was monitored as 2.8.1. Body weight and tumor volume 

were measured at the indicated time points after cell injection. At the end of the 

experimental period, all mice were executed using excessive anesthesia, the tumor 

of each mouse was dissected and weighed. Gross necropsy was performed for all 

the dissected organs and tissues.  

2.9 RNA sequencing 

SLE-treated and -untreated B16F10 melanoma tumors, A375 cells, A375-VR cells, 

and chrysoeriol-treated A375-VR cells (48 h) were frozen in liquid-nitrogen 

immediately after dissected from mice. Total RNA was dividedly extracted using 

Trizol reagent. To confirm the quality of RNA samples, we checked whether he 

OD260/OD280 value of the RNA samples is in 1.8-2.0. RNA sequencing was 

performed by BGI Company (Hong Kong). 

2.10 ELISA  

Melanomas from mice were homogenized with PBS. Each homogenate was 

centrifuged at 10,000 g at 4°C for 15 min. The supernatant was collected for ELISA. 

The amounts of IL-6, IL-10, IL-17 and TNF-α in the melanomas were measured by 

respective ELISA kits (Thermo Fisher Scientific) following the manufacturer’s 
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protocols. Production of these cytokines in supernatant of the co-culture system 

comprising melanoma cells and splenic lymphocytes were also measured using 

respective ELISA kits. 

2.11 Western blot analysis 

Collected cells and tissues (grinding to powder under liquid nitrogen) were lysed 

with RIPA lysis buffer [50 mM Tris-HCl, 1% NP-40, 0.35% sodium-deoxycholate, 

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 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. Standard Western blot assays were 

performed as previously described (Cao et al., 2016). Immunoreactive bands were 

visualized using the Enhanced Chemiluminescence (ECL) detection system 

(Invitrogen, Carlsbad, CA, USA). Grey value of each band was measured by the 

Image J software. Relative protein level was normalized to the endogenous control 

GAPDH.  

2.12 Flow cytometric analyses of immune cells 

A total of 5×105 splenic lymphocytes from mouse spleens or the co-culture systems, 

or 5×105 cells from melanoma tissues were harvested for each detection. The cells 

were resuspended in 300 μL of PBS. Helper T cells (Th cells, CD3+/CD4+) and Tc 

cells (CD3+/CD8+) were examined by using 15 μL of antibodies against CD3/4/8. 

DCs (CD11c+/CD86+) were detected by using 5 μL anti-CD11c antibody and 5 μL 
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anti-CD86 antibody. NK cells (CD16+/CD56+) were tested by using 2.5 μL anti-

CD16 antibody and 2.5 μL anti-CD56 antibody. MDSCs (CD11b+/Gr-1+) were 

detected by using 2.5 μL anti-CD11b antibody and 2.5 μL anti-Gr-1 antibody. Tregs 

(CD4+/CD25+/Foxp3+) were measured by using 2.5 μL anti-CD4 antibody, 2.5 μL 

anti-CD25 antibody, and 2.5 μL anti-Foxp3 antibody. Then cells were placed in the 

dark for 30 min at 4°C and washed twice with PBS. Detection of cellular 

fluorescence intensity was conducted using a C6 flow cytometer (BD Biosciences, 

USA) and the CellQuest software (BD Biosciences, USA). 

2.13 RT-qPCR analysis 

Total RNA was extracted from cultured cells or melanoma tissues with Trizol 

reagent and reverse-transcribed into cDNA using the PrimeScriptTM RT reagent Kit. 

RT-qPCR analysis was performed in triplicate using iTaqTM Universal SYBR 

Green Supermix with a ViiA 7 Real Time PCR System (Applied Biosystems, USA). 

Quantification analysis was performed by the comparative CT method. The primers 

used were all synthesized by Invitrogen. Sequences of primers are listed in the 

following table.  

Table 2.3 Primer sequences used in RT-qPCR 

Gene Forward primer (5’-3’) Reverse primer (5’-3’) 

Mouse Cyclin D1 ATGTTCGTGGCCTCTAAG
ATGA 

CAGGTTCCACTTGAGCT
TGTTC 

Mouse Cyclin D2 TACTTCAAGTGCGTGCA
GAAGGAC 

TCCCACACTTCCAGTTG
CGATCAT 
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Mouse Survivin AAGAACTGGCCCTTCTTG
GA 

CAACCGGACGAATGCT
TTT 

Mouse Mcl-1 TGAAATCGTTGTCTCGAG
TGATG 

TCACAATCGCCCCAGTT
T 

Mouse VEGF CAAGACAAGAAAATCCC
TGTGG 

CCTCGGCTTGTCACATC
TG 

Mouse HGF CTCCCCATCGCCATCCCC CACCATGGCCTCGGCTG
G 

Mouse bFGF AGGAGTGTGTGCTAACC
GTTAC 

ACTCATCCGTAACACAT
TTAGAA 

Mouse IL-6 GACAACTTTGGCATTGTG
G 

ATGCAGGGATGATGTT
CTG 

Mouse IL-10 ATAACTGCACCCACTTCC
CA 

GGGCATCACTTCTACCA
GGT 

Mouse IL-17 TCTCCACCGCAATGAAG
ACC 

CACACCCACCAGCATCT
TCT 

Mouse TNF-α GGAACTGGCAGAAGAGG
CACTC 

GCAGGAATGAGAAGAG
GCTGAGAC 

Mouse MMP-2 CTGGAATGCCATCCCTG
ATAA 

GGTTCTCCAGCTTCAGG
TAATAA 

Mouse MMP-9 CCAGTTTCCATTCATCTT
CC 

ACAGTAGTGGCCGTAG
AAGG 

Mouse Bcl-2 TGTAAGGACGAAACGGG
ACT 

AAAGCCAGCAGCACAT
TTCT 

Mouse TGF-beta CGGTGCTCGCTTTGTA GCCACTCAGGCGTATC 

Mouse GAPDH CCTGCACCACCAACTGCT
TA 

GGCCATCCACAGTCTTC
TGAG 



45 

 

Human Bcl-2 TGTTGTGCATCTTCTTGG
CA 

CGTGCTCACGTCTAGTC
T 

Human MMP-2 TTGACGGTAAGGACGGA
CT 

CTTGCAGTACTCCCCAT
CG 

Human Cyclin D1 AATGACCCCGCACGATT
TC 

TCAGGTTCAGGCCTTGC
AC 

Human IL-17 ACTCCTGGGAAGACCTC
ATTG 

GGCCACATGGTGGACA
ATCG 

Human SDC3 TTGGTCACACTGCTCATC
TATC 

CTTGTCAGGCTTCTGGT
ATGT 

Human BCL3 CGACGCAGTGGACATTA
AGA 

AGCTGCCGGAGTACAT
TTG 

Human NFKB2 CTCTCCCACAGATGTGCA
TAAA 

TTACAGGCCGCTCAATC
TTC 

Human GAPDH ACCCATCACCATCTTCCA
GGAG 

GAAGGGGCGGAGATGA
TGAC 

 

For miRNA analyses, an All-in-OneTM miRNA qRT-PCR Reagent Kit was 

applied. Two 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 using the ViiA 7 Real Time PCR System. The PCR reaction 

was performed using standard 3-step method as described in the protocol. 

Quantification analysis was performed by the comparative CT method. The primers 

for miR-let-7a, miR-let-7f and RNU6 (endogenous control) were directly bought 

from GeneCopoiea Inc.  

2.14 H&E staining 
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For the H&E staining, lung tissues were fixed in 4% paraformaldehyde overnight 

at 4°C, followed by cryoprotection in 30% sucrose overnight, and finally snap-

freezing. All samples were sectioned at the thickness of 6 μm. The rehydrated 

sections were afterwards stained with H&E. Cryosection imaging was performed 

using the AxioImager Z.1 microscope (Zeiss) and Volocity software. 

2.15 Melanin staining 

Lung tissues were fixed and sectioned using the same method as 2.14. Then melanin 

staining of lung sections was processed using the Melanin Stain Kit (ab150669) 

from Abcam according to the manufacture’s protocol. Cryosection imaging was 

performed using the AxioImager Z.1 microscope (Zeiss) and Volocity software. 

2.16 TUNEL staining 

TUNEL assays on melanoma tissues were performed using the ApopTag 

Peroxidase in Situ Apoptosis Detection Kit (Millipore, Temecula, CA) following 

the manufacturer’s protocol with slight modification. Briefly, melanoma samples 

from different groups were sectioned at the thickness of 4 mm. The slides were 

incubated at 60°C for 1 h, cleaned in three changes of xylene and rehydrated 

through graded alcohols. Sections were pretreated in 10 mM glycine, pH 3, in a 

pressure cooker at 15 psi for 1 min. The pressure cooker was then depressurized 

rapidly and the sections transferred immediately into deionized water for cooling. 

The sections were quenched with 3% hydrogen peroxide for 5 min, then washed 

and placed in deionized water overnight at 4°C. The instructions in the kit were 

followed from this point forward. The TUNEL assays were quantified by counting 

the DAPI and TUNEL-positive cells in five individual fields via fluorescence 
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microscopy respectively. The apoptotic rate was calculated by dividing the average 

number of TUNEL-positive cells by that of the DAPI-positive cells in one field. 

The assay was repeated three times. 

2.17 IHC staining 

Melanoma or lung tissues were fixed and sectioned using the same method as 2.14. 

All slides were incubated with primary antibodies at 4°C overnight, and then 

incubated with secondary antibodies for 2 h at room temperature. Primary 

antibodies used in this study were Ki-67 (#12202; CST), Cleaved capase-3 (#9579; 

CST) and CD31 (#77699; CST), MMP-2 (#40994; CST) and MMP-9 (#13667; 

CST). Secondary antibodies were used for indirect fluorescence staining. Nucleus 

staining was performed with Hoechst staining. Cryosection imaging was performed 

using the AxioImager Z.1 microscope (Zeiss) and Volocity software. 

2.18 Transient transfection  

SiRNAs of miR-let-7a/f were bought from Thermo Fisher Scientific (USA). The 

nonspecific control siRNA duplexes were purchased from Thermo Fisher Scientific 

with the same GC content as miR-let7a/f siRNAs. A375 and B16F10 melanoma 

cells were cultured in 6-well plate respectively. The siRNAs were transfected into 

melanoma cells at a final concentration of 30 nM using Lipofectamine 2000 

(Invitrogen, Carlsbad, CA) in vitro. 

The constitutive activated Human CCR7 expression construct C-Flag tagged 

Human CCR7 Gene ORF cDNA clone expression plasmids were obtained from 

Sinobiological (China). Transfection of CCR7 plasmid into A375 cells was 
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conducted by using Lipofectamine 2000 (Invitrogen, USA) following 

manufacturer’s protocol. Cells were transfected with plasmid for 24 h before 

functional assays were carried out. 

2.19 Crystal violet staining 

The crystal violet staining assay was employed to visualize the effects of SLE on 

the proliferation of B16STAT3C and B16V cells. Cells (1×106 cell/well) seeded in 6-

well plates were treated with SLE at various concentrations (100, 200, 300 μg/mL) 

and stattic (1 μM, a STAT3 inhibitor at Tyr705 phosphorylation site, positive 

control) for 24 h. 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. 

2.20 CCK8 assay 

CCK8 assays were performed to determine the cytotoxicity. Cells (5,000 cell/well) 

seeded in 96-well plates were treated with chryseoriol at various concentrations for 

24 or 48 h. Ten μL of CCK8 solution was added to each well and incubated for 

additional 2 h. The absorbance was measured at 450 nm using a microplate 

spectrophotometer (BD Biosciences, USA). 

2.21 Cell apoptosis detection 

Apoptotic effects of chrysoeriol in A375, B16F10 and A375-VR cells were 

quantified using Annexin V-FITC/PI double staining assays with the Apoptosis 

Detection Kit (Abcam). After treatment with various concentrations of chrysoeriol 

for 24 h, both detached and adherent cells were harvested and then incubated in 500 
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μL labeling solution (5 μL of AnnexinV-FITC, 5 μL of PI, 490 μL of binding buffer) 

in darkness for 15 min. Flow cytometric analyses were performed using a C6 flow 

cytometer (BD Biosciences, USA) and CellQuest software (BD Biosciences, USA). 

Unstained and single-stained cells were used to set the gate which is divided into 

four quadrants. FITC positive cells (right quadrants) were regarded as apoptotic 

cells. 

2.22 Cell migration assay 

Cells were allowed to grow to confluence in 6-well plates. Confluent cell monolayer 

was scratched with a sterile 10 μL pipette tip across the center of each well to 

generate a clean, straight wound area. Cells were then washed with PBS to remove 

the detached cells and incubated with non-toxic concentrations of chrysoeriol in 

serum-free DMEM medium. Cell migration was photographed at the 0 and 24 h 

time points with a digital camera installed on Leica DM3000 inverted fluorescence 

microscope (Germany) under the bright field mode. Five images were taken for 

each well. Migration rate was calculated as (A−B)/A × 100%, where A represents 

the width of wound at 0 h and B represents the width of wound at 12 h. 

2.23 Cell invasion assay 

For invasion assays, 1.5×105 cells were plated in the top chamber with Matrigel-

coated membrane (24-well insert; pore size, 8 μm; BD Biosciences). Cells were 

then plated in medium without FBS or growth factors, and medium supplemented 

with 10% FBS was used as a chemoattractant in the lower chamber. The cells were 

incubated for 24 h and cells that did not migrate or invade through the pores were 
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removed by a cotton swab. Cells on the lower surface of the membrane were stained 

with crystal violet and counted. 

2.24 Molecular dynamics (MD) simulations 

Molecular docking was performed using the Autodock Vina software (Scripps 

Research Institute, USA). The crystal structure of Src kinase domain (PDB ID: 

1YOL) was used as the receptor, and chrysoeriol was used as the ligand. The Src 

protein for molecular docking was prepared by removing the original ligands and 

all water molecules, and adding hydrogen atoms and charges where appropriate. 

The optimization of 3D structural of chrysoeriol was performed by Gaussian 09 

software. The lowest energy conformation in the most populated cluster was chosen 

as the initial structure for molecular dynamics simulations. All MD simulations 

were run for 100 ns with the AMBER ff99SB force field. Simulations were run at 

300 K followed by simulated annealing minimizations. The temperature of the 

system was adjusted using a Berendsen thermostat based on the time-averaged 

temperature. After that, 100 ns MD simulations were performed with time steps 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+. 

2.25 Microscale thermophoresis (MST) measurement 

MST measurements were performed on a Monolith NT.115 system (NanoTemper 

Technologies) using 100% LED and 20% IR-laser power. Laser on and off times 

were set at 30 s and 5 s, respectively. Recombinant His-tagged Src was labeled with 

RED-tris-NTA (NanoTemper Technologies) for 30 min and applied at a final 
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concentration of 480 nM. A two-fold dilution series was prepared for chrysoeriol in 

PBS-T with 5% DMSO. Subsequently, 10 μL of labeled Src was mixed with 10 μL 

different concentration of chrysoeriol. The mixtures were filled into hydrophilic 

capillaries (Monolith NT.115 capillary, standard treated) for measurement. 

2.26 Statistical analysis 

All data are expressed as mean ± standard deviation. Comparisons among groups 

were performed by one-way ANOVA followed by Dunnett’s multiple comparisons 

using the statistical software GraphPad Prism 6.0 (GraphPad Software, San Diego, 

CA, USA). P < 0.05 was considered statistically significant.  
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Chapter III 

Altering STAT3-mediated tumor 

microenvironment is one of the 

mechanisms underlying the anti-

melanoma effects of SLE 

 

Results in this chapter are from the following published paper, the formal reuse license of 

which has been obtained. 

Liu YX, Bai JX, Li T, et al. A TCM formula comprising Sophorae Flos and Lonicerae 

Japonicae Flos alters compositions of immune cells and molecules of the STAT3 pathway 

in melanoma microenvironment. Pharmacological Research. 2019; 142: 115-126. 
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3.1 Experimental design 

Reprograming tumor microenvironment is a strategy for treating melanoma. 

STAT3 signaling plays an important role in melanoma microenvironment 

formation. SLE has anti-melanoma effects and suppresses STAT3 signaling in vitro 

and in vivo. In this chapter, we investigated whether SLE inhibits melanoma growth 

by reprograming the STAT3-mediated tumor microenvironment in mouse and co-

culture cell models. 

The B16F10 melanoma allograft model in C57/BL6 mice was utilized to 

investigate the in vivo effects of SLE on melanoma growth, tumor-related 

angiogenesis and tumor microenvironment. Western blotting, RT-qPCR analyses 

and ELISA were employed to detect the protein levels of phospho-STAT3 (Tyr 

705), STAT3-regulated immunosuppressive cytokines, and mRNA levels of 

STAT3-targeted genes involved in tumor growth and immune evasion. Immune cell 

profiles were detected in mouse melanomas and spleens using flow cytometry. A 

co-culture system composed of B16F10 cells and mouse primary splenic 

lymphocytes were established to simulate the tumor microenvironment. We 

detected the effects of SLE on STAT3 activation, immunosuppressive cytokine 

levels and immune cell profiles in the co-culture system. Furthermore, B16STAT3C 

cells (stable cells harboring a constitutively active STAT3 variant 

STAT3C)/splenic lymphocytes co-culture system and B16V cells (cells stably 

transfected with the empty vector)/splenic lymphocytes co-culture system were 

established, and the effects of SLE on STAT3 phosphorylation, cytokine levels and 

immune cell subtype percentages were detected. 

3.2 Preparation of SLE 
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The method for preparing SLE is the same as in a previous study of our group (Li 

et al., 2017). Quality control of SLE was performed by HPLC analyses (Figure 3.1). 

Rutin and chlorogenic acid were used as marker compounds to control the 

standardized SLE. The yield of powdered SLE was 8.49%. 

 

Figure 3.1 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 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. (B) Contents of chlorogenic acid and rutin in SLE. 
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3.3 SLE inhibited B16F10 melanoma growth 

In a previous study, we found that SLE significantly inhibited melanoma growth at 

the clinical equivalent dose of 1.2 g/kg (Li et al., 2017). To determine whether SLE 

has dose-dependent effects, 0.6, 1.2 and 2.4 g/kg of SLE were i.g. administrated 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 Figure 3.2A, daily administration of different doses of SLE 

or DTIC for 14 days inhibited melanoma growth in mice. SLE at 1.2 g/kg exhibited 

the strongest anti-melanoma effects. After 14 days’ intervention, the average tumor 

volume and tumor weight in SLE (1.2 g/kg) group were 52.8% (Figure 3.2B) and 

58.9% (Figure 3.2A), respectively, of that of the control group. No animal death, 

abnormalities at necropsy and clinical signs, nor significant differences in food and 

water consumptions were observed during daily toxicity monitoring. Body weight 

results showed that DTIC caused significant weight loss in mice; while SLE had no 

obvious influence on body weight (Figure 3.2C).  
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Figure 3.2 SLE inhibited melanoma growth in B16F10 tumor bearing mice. 

Mice were administrated with 0.5% CMC-Na (vehicle control), different doses of 

SLE (0.6, 1.2, 2.4 g/kg) or DTIC (positive control) for 14 days. (A) Photo of 

B16F10 tumors dissected from mice, and mean weights of the dissected tumors. (B) 

Time-dependent effect of SLE on the B16F10 melanoma growth. (C) Body weights 

at different time points. Data are presented as mean± SD of 5 mice. *P < 0.05, **P 

< 0.01 versus vehicle control group. 

The inhibitory effects of SLE on melanoma growth were evidenced by 

suppressing cell proliferation and inducing cell apoptosis. Ki-67 protein, which is 

expressed during active phases of cell cycle (G1, S, G2 and mitosis) but is absent 

in G0 phase, is a cellular marker for proliferation. As shown in Figure 3.3, the 

percentages of Ki-67 positive cells in B16F10 melanomas dissected from mice 
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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 in melanomas from 

control mice (31.0%).  

 

Figure 3.3 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 200u 

magnification. (F) Quantification of Ki-67 positive cells (dark brown) was 
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performed with the Image J software. Results were presented as mean ± SD of 3 

tumor sections from 3 individual mice, *P < 0.05, **P < 0.01 versus vehicle control. 

TUNEL assay is a common method for detecting DNA fragmentation resulting 

from apoptotic signaling cascades. To investigate whether SLE induces cell 

apoptosis in vivo, TUNEL assays were performed. As shown in Figure 3.4, more 

apoptotic cells were found in melanoma tissues 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) than in melanomas from control mice (2.7%). Administration of 

SLE (1.2 g/kg) or DTIC also significantly elevated the level of cleaved-caspase 3 

(an apoptotic marker) in melanoma tissues (Figure 3.5).  
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Figure 3.4 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 (200u magnification) were magnified images of selected areas 

(red squares) in A-E (20u magnification). (F) Quantification of TUNEL positive 

cells (green) was performed with the Image J software. 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 3.5 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 200u magnification. (F) 

Expression levels of cleaved-caspase 3 (brown) in melanoma tissues were 

quantified using the Image J software. 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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3.4 SLE suppressed B16F10 melanoma angiogenesis  

Angiogenesis plays a critical role in melanoma development and progression. By 

comparing the tumor vascular profiles of mice receiving different treatments, we 

found that both SLE and DTIC visibly inhibited intradermal melanoma 

angiogenesis (Figure 3.6). To verify the anti-angiogenic activity of SLE, melanoma 

tissue sections were immunostained with a CD31 (an endothelial cell maker) 

antibody. As shown in Figure 3.7, fewer CD31-positive microvessels were 

observed in melanomas of mice treated with 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), than in 

melanomas from control mice (91.3). 

 

Figure 3.6 SLE inhibited intradermal melanoma angiogenesis. Images shown 

were representative tumor vascular profile of mice with different treatments. 
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Figure 3.7 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 (50u magnification) were taken 

from the insets (20u magnification). (F) CD31 stained vessels (dark brown) in 

melanoma tissues were quantified using the Image J software. 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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The above data together indicates that SLE at the bioequivalent dose (1.2 g/kg) 

exerted significant in vivo anti-melanoma effects. Therefore, in subsequent ex vivo 

assays, of the three SLE groups, only the 1.2 g/kg group was examined. 

 3.5 SLE inhibited STAT3 signaling in B16F10 melanoma tissues 

Protein levels of phospho-STAT3 (Tyr 705) and STAT3 in melanoma tissues were 

detected by Western blot assays. SLE (1.2 g/kg) markedly reduced the protein level 

of phospho-STAT3 compared to the control, while scarcely any reduction was 

observed in the DTIC group (Figure 3.8A). 

ELISA were used to measure levels of STAT3-regulated immunosuppressive 

cytokines, including IL-6, IL-10, IL-17 and TNF-α in melanoma microenvironment. 

As shown in Figure 3.4A, compared to the control, SLE (1.2 g/kg) dramatically 

decreased the levels of IL-6, IL-10, IL-17 and TNF-α in melanoma homogenates. 

DTIC also lowered the levels of these cytokines. 

RT-qPCR assays were used to measure mRNA levels of STAT3 target genes in 

the B16F10 melanomas. Cyclin D1, Cyclin D2, Survivin, Mcl-1, and Bcl-xL are 

related to tumor cell proliferation/survival; VEGF, HGF, bFGF are relevant to 

tumor angiogenesis; and IL-6, IL-10, IL-17, TNF-α are involved in tumor immune 

evasion. They all are transcriptionally regulated by STAT3. As shown in Figure 

3.8B, SLE (1.2 g/kg) obviously reduced mRNA levels of all the mentioned STAT3 

target genes, compared to the control. DTIC also downregulated mRNA levels of 

some genes: Cyclin D1, Cyclin D2, Survivin and TNF-α, but showed no significant 

influence on others. These findings are consistent with our results observed in 

ELISA (Figure 3.9A). 
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Figure 3.8 SLE inhibited STAT3 signaling in B16F10 melanomas. Melanomas 

were collected from mice treated with vehicle control, SLE (1.2 g/kg) or DTIC. (A) 

Protein levels of STAT3 (79, 86 kDa), phospho-STAT3 (Tyr 705; 79, 86 kDa) in 

melanomas were determined by Western blotting. GAPDH (37 kDa) served as a 

loading control. Representative bands from each group were presented, and the 

relative band intensity was analyzed by the Image J software. (B) mRNA levels of 

STAT3 target genes, Cyclin D1, Cyclin D2, Survivin, Mcl-1, Bcl-xL, VEGF, HGF, 

bFGF, IL-6, IL-10, IL-17 and TNF-α, were examined by RT-qPCR. Data are 

presented as mean± SD of 5 mice. *P < 0.05, **P < 0.01 versus control group. 
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3.6 SLE increased percentages of Th, Tc and dendritic cells in B16F10 

melanoma tissues and mouse spleens 

Melanoma onset and progression trigger an immune response of the body defense 

system, recruiting immune cells to tumor sites. The tumor-infiltrating DCs and 

effector lymphocytes attack melanoma cells. To determine the influence of SLE on 

the numbers of these tumor-infiltrating immune cells, flow cytometric analyses 

were employed. As shown in Figures 3.9B and C, SLE (1.2 g/kg) significantly 

increased percentages of Th cells, Tc cells and DCs in both mouse melanomas and 

spleens compared to the control, while DTIC slightly reduced percentages of these 

subgroups in melanoma tissues and had no obvious influence on that in spleens. 

These findings suggest that SLE (1.2 g/kg) enhances the recruitment of DCs, Th 

cells and Tc cells to melanoma tissues in mice.  

Results of the above animal experiments suggest that inhibiting STAT3 

signaling is involved in SLE’s effects on tumor progression and 

immunosuppressive microenvironment. 
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Figure 3.9 SLE reprogramed tumor microenvironment in B16F10 tumor 

tissues. Tumor tissues were collected from mice treated with vehicle control, SLE 

(1.2 g/kg) or DTIC. (A) Levels of IL-6, IL-10, IL-17, TNF-α in B16F10 

melanomas were examined by ELISA. Percentages of tumor-infiltrating Th, Tc, 

dentritic cells in (B) melanomas and (C) spleens were detected by flow cytometry. 

Representative results from each group were shown, data are presented as mean± 

SD of 5 mice. *P < 0.05, **P < 0.01 versus control group. 
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3.7 SLE reprogramed the microenvironment in a cell co-culture system 

Our published data showed that SLE at the concentration of 300 μg/mL inhibits 

B16F10 cell proliferation. Here we found that SLE at this concentration exerted no 

obvious cytotoxicity in splenic lymphocytes (Figure 3.10). SLE at 300 μg/mL 

inhibited phosphorylation/activation of STAT3 in both B16F10 melanoma cells and 

splenic lymphocytes (Figure 3.11). 

 

Figure 3.10 SLE showed no influence on cell apoptosis and cell survival in 

splenic lymphocytes. Splenic lymphocytes were treated with the indicated 

concentrations of SLE for 24 h. (A) Representative flow cytometry plots of cell 

apoptosis. Apoptosis was analyzed using the Annexin V/FITC-PI double staining 

assay. (B) The percentage of apoptotic cells after SLE treatment. (C) Cell survival 

rate examined by the CCK8 assay. Data were shown as means ± SD of three 

independent experiments. *P < 0.05, **P < 0.01 versus control. 
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Figure 3.11 Protein levels of STAT3 and p-STAT3 (Tyr 705) in splenic 

lymphocytes at different time points after SLE treatment. GAPDH (37 kDa) 

served as a loading control. SLE apparently lowered protein levels of p-STAT3 at 

15 min. Representative bands of STAT3 (79, 86 kDa) and p-STAT3 (79, 86 kDa) 

from three independent experiments were presented. 

A co-culture system, consisting of B16F10 cells and mouse splenic 

lymphocytes, was established to replicate the in vivo tumor microenvironment. The 

co-cultured cells were incubated with 300 μg/mL of SLE for 24 h, and then floating 

splenic lymphocytes were harvested by centrifugation. Western blot assays showed 

that protein levels of phospho-STAT3 were dramatically elevated in B16F10 cells 

collected from the co-culture system, compared to that in mono-cultured B16F10 

cells. These suggest that the co-cultured splenic lymphocytes enhanced STAT3 

activation in the B16F10 cells. SLE inhibited STAT3 phosphorylation/activation in 

both mono-cultured and co-cultured B16F10 cells (Figure 3.12C). RT-qPCR 

analyses showed that mRNA levels of STAT3 transcriptionally-regulated genes 

including IL-6, IL-10, IL-17 and TNF-α were higher in co-cultured splenic 

lymphocytes than in mono-cultured splenic lymphocytes. SLE significantly 

downregulated mRNA levels of these genes in both mono-cultured and co-cultured 

splenic lymphocytes (Figure 3.12D). The supernatant was collected to measure the 
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secretion of STAT3-regulated immunosuppressive cytokines: IL-6, IL-10, IL-17 

and TNF-α using ELISA kits. As shown in Figure 3.7A, levels of these cytokines 

were all lowered dramatically by SLE in the co-culture system. Together, STAT3 

signaling is hyperactivated in both cancer cells and splenic lymphocytes in the co-

culture setting; and SLE suppresses the hyperactivation. Flow cytometric analyses 

showed that SLE significantly increased the percentages of Th cells, Tc cells and 

DCs in splenic lymphocytes collected from the co-culture system (Figure 3.12B). 

These findings indicate that SLE reprograms cell culture microenvironment and 

inhibits STAT3 signaling in the co-culture system. 
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Figure 3.12 SLE reprogramed cell–culture microenvironment and inhibited 

STAT3 signaling in a co-culture system. A co-culture system comprising B16F10 

melanoma cells and splenic lymphocytes was used to replicate tumor 

microenvironment. After treated with SLE (300 μg/mL) for 24 h, the two kinds of 

cells were separated. (A) Levels of IL-6, IL-10, IL-17 and TNF-α in supernatant 

collected from the co-culture system were examined by ELISA. (B) Percentages of 

Th, Tc, dentritic cells in splenic lymphocytes were detected by flow cytometry. (C) 

Protein levels of STAT3 (79, 86 kDa), phospho-STAT3 (Tyr 705; 79, 86 kDa) in 

B16F10 cells were detected by Western blot assays. GAPDH served as a loading 

control. Representative bands from each group were presented, and the relative 
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band intensity was analyzed by the Image J software. (D) mRNA levels of STAT3 

transcriptionally-regulated genes, IL-6, IL-10, IL-17 and TNF-α, in splenic 

lymphocytes were examined by RT-qPCR. Data presented in bar charts are mean ± 

SD of three independent experiments. *P < 0.05, **P < 0.01 versus control group. 

3.8 Over-activation of STAT3 diminished SLE’s effects on cell culture 

microenvironment  

To determine the role of STAT3 inhibition in SLE’s effects on melanoma 

immunosuppressive microenvironment, we over-activated STAT3 in melanoma 

cells. For this purpose, B16 cells were stably transfected with a plasmid containing 

STAT3C, a variant of STAT3 that is persistently activated, or an empty vector. 

Western blot results showed that transfection with STAT3C caused a remarkable 

elevation in total STAT3 and phospho-STAT3 protein levels, compared to 

transfection with the empty vector (Figure 3.13A), indicating successful 

establishment of the stable B16V and B16STAT3C cells. 
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Figure 3.13 Over-activation of STAT3 in B16 cells diminished the effects of 

SLE on cell proliferation and STAT3 signaling. (A) Protein levels of STAT3 (79, 

86 kDa), phospho-STAT3 (Tyr 705; 79, 86 kDa), and Flag in B16 cells stably 

expressing Flag-tagged STAT3C or empty vector (pcDNA3) were detected by 

Western blot assays. (B) Cell proliferation rate was examined by crystal violet 

staining. Representative photographs of viable cells and quantification of inhibition 

rate were shown. (C) Protein levels of STAT3 (79, 86 kDa), phospho-STAT3 (Tyr 

705; 79, 86 kDa) in B16 cells treated with vehicle, SLE (100, 200, 300 μg/mL) or 

stattic (1 μM, positive control) were detected by Western blot assays. The results 

were displayed as inhibition rate of STAT3. (D) Effects of SLE on protein levels of 

STAT3 (79, 86 kDa), phospho-STAT3 (Tyr 705; 79, 86 kDa) in mono-cultured and 

co-cultured B16 cells were examined by Western blot assays. GAPDH (37 kDa) 

served as a loading control. Representative bands from three independent 

experiments were presented, and the relative band intensity was analyzed by the 

Image J software. *P < 0.05, **P < 0.01, ##P < 0.01 versus control group. 
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Crystal violet staining and Western blot assays showed that overexpressing 

STAT3C remarkably attenuated the inhibitory effects of SLE on cell proliferation 

and STAT3 phosphorylation in B16 cells (Figures 3.13B and C). SLE at the 

concentration of 300 μg/mL exerted the most potent inhibitory effects on B16 cell 

proliferation (Figure 3.13B), so we used this concentration of SLE in the following 

co-culture experiments. In co-cultured B16 cells and splenic lymphocytes, STAT3 

over-activation diminished SLE’s inhibitory effects on STAT3 phosphorylation in 

cancer cells (Figure 3.13D). ELISA of the supernatant collected from the co-culture 

system showed that STAT3 over-activation diminished SLE’s effects in lowering 

the levels of IL-6, IL-10, IL-17 and TNF-α (Figure 3.14A). As shown in Figure 

3.14B, flow cytometric analyses showed that over-activation of STAT3 attenuated 

the effects of SLE in increasing percentages of Th, Tc, NK, dendritic cells, and 

decreasing percentages of MDSCs and Treg cells. Together, these data indicate that 

over-activation of STAT3 diminishes the effects of SLE on cell culture 

microenvironment. 
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Figure 3.14 Over-activation of STAT3 in B16 cells diminished the effects of 

SLE on cell-culture microenvironment. B16 cells were co-cultured with splenic 

lymphocytes. After treated with SLE (300 μg/mL) for 24 h, splenic lymphocytes 

were separated. (A) Levels of IL-6, IL-10, IL-17 and TNF-α in supernatant 

collected from co-culture systems were examined by ELISA. (B) Percentages of Th, 

Tc, NK, dentritic cells, Tregs and MDSCs in splenic lymphocytes were detected by 

flow cytometry. Representative results of three independent experiments were 

shown, data are presented as mean ± SD. *P < 0.05, **P < 0.01, ##P < 0.01 versus 

control group. 
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3.9 Summary 

In this chapter, we investigated whether SLE inhibits melanoma growth by 

reprogramming the tumor microenvironment in mouse and co-culture cell models 

(Figure 3.15).  

 

Figure 3.15 Summary of chapter 3. 

In B16F10 melanoma-bearing mice, we found that i.g. administration of SLE 

(1.2 g/kg) dramatically inhibited tumor growth. This observation was associated 

with the downregulation of protein levels of phospho-STAT3 (Tyr 705) and 

STAT3-regulated immunosuppressive cytokines, and mRNA levels of STAT3-

targeted genes involved in tumor growth and immune evasion. We also observed 

increased Th, Tc and dendritic cells in the melanomas and spleens in SLE-treated 

mice compared to that in control mice. In a co-culture system composed of B16F10 

cells and mouse primary splenic lymphocytes, it was found that SLE not only 

inhibited STAT3 activation in B16F10 cells, but also downregulated mRNA levels 



76 

 

of STAT3-targeted genes in the splenic lymphocytes. In this co-culture setting, SLE 

decreased the levels of STAT3-regulated immunosuppressive cytokines, increased 

the percentages of Th, Tc and dendritic cells as well. Furthermore, effects of SLE 

on STAT3 phosphorylation, cytokine levels and immune cell subtype percentages 

were significantly weaker in the B16STAT3C cells (stable cells harboring a 

constitutively active STAT3 variant STAT3C)/splenic lymphocytes co-culture 

system than in the B16V cells (cells stably transfected with the empty 

vector)/splenic lymphocytes co-culture system, indicating that STAT3 over-

activation diminishes SLE’s effects.  

In summary, we demonstrated that reprograming immune microenvironment, 

partially mediated by inhibiting STAT3 signaling, contributes to the anti-melanoma 

mechanisms of SLE. These findings provide further pharmacological groundwork 

for developing SLE as a modern agent for melanoma prevention/treatment, and 

provide further justifications for the traditional use of the formula SL in treating 

melanoma. Moreover, this study supports the notion that reprograming 

immunosuppressive microenvironment is a viable anti-melanoma strategy.  
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Chapter IV 

Regulation of the miR-let-7a/f-CCR7 

contributes to the anti-metastatic 

effects of SLE 

 

Results in this chapter are from the following published paper, the formal reuse license of 

which has been obtained. 

Liu YX, Bai JX, Li T, et al. MiR-let-7a/f-CCR7 signaling is involved in the anti-metastatic 

effects of an herbal formula comprising Sophorae Flos and Lonicerae Japonicae Flos in 

melanoma. Phytomedicine. 2019: 153084. 
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4.1 Experimental design 

Metastatic melanoma is extremely difficult to treat. Activation of CCR7 has been 

linked to melanoma metastasis. CCR7 can be directly regulated by miR-let-7. We 

have previously shown that SLE inhibits melanoma cell migration and invasion. In 

this chapter, we determined whether SLE suppresses melanoma metastasis, and 

whether regulation of miR-let-7a/f-CCR7 signaling is involved in the suppression.  

Small RNA sequencing was conducted to compare miRNA expression profiles 

of B16F10 tumors dissected from SLE-treated or -untreated mice. RT-qPCR 

analyses were employed to verify the results. We found that SLE upregulated levels 

of miR-let-7a/f in B16F10 melanoma tissues. Western blotting was used to detect 

the effects of SLE on miR-let-7a/f downstream molecules, including CCR7, p38 

and JNK in B16F10 and A375 melanoma cells. Since CCR7 is related to melanoma 

metastasis, we established a B16F10 melanoma lung metastasis mouse model to 

evaluate the effects of SLE on melanoma metastasis. IHC staining was used to 

examine the levels of metastatic markers MMP-2 and MMP-9 in melanoma-

invaded lung tissues from mice. MiR-let-7a/f levels and protein levels of CCR7, 

p38, phospho-p38 (Thr180/Tyr182), JNK and phospho-JNK (Thr183/Tyr185) were 

also detected in lung tissues. MiR-let-7a/f-knockdown and CCR7-overexpression 

cell models were used to investigate the involvement of miR-let-7a/f-CCR7 

signaling in the anti-metastatic effects of SLE.   

4.2 SLE elevated miR-let-7a/f levels in B16F10 tumors and melanoma cells 

To further understand the mechanisms underlying the anti-melanoma effects of SLE, 

we conducted a small RNA sequencing using B16F10 tumors dissected from SLE-
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treated and -untreated mice of the animal experiments in chapter 3 to compare 

miRNA expression profiles. Results showed that expression levels of 43 miRNAs 

were significantly altered in melanoma tissues after SLE treatment (1.2 g/kg body 

weight, daily i.g. for 14 days) (Figure 4.1A). Among them, miR-let-7a (miR-let-7a-

5p) and miR-let-7f (miR-let-7f-5p) were respectively upregulated by 2.69 and 5.87 

times in response to SLE treatment. RT-qPCR verification assays showed that SLE 

significantly upregulated the expression of miR-let-7a and miR-let-7f in melanoma 

tissues, with 1-fold and 0.5-fold increases, respectively (Figure 4.1B). 

We evaluated the effect of SLE on miR-let-7a/f expression in several 

melanoma cell lines using RT-qPCR assays. It was found that a 24-h SLE (300 

μg/mL) treatment significantly elevated the expression levels of miR-let-7a/f in 

B16F10 [2.3-fold (for miR-let-7a), 1.7-fold (for miR-let-7f) of that of vehicle 

treatment], A375 (2.0-fold, 1.7-fold), A2058 (1.5-fold, 1.6-fold), and HS294T (1.4-

fold, 1.2-fold) lines, but not in other tested cell lines (Figure 4.1C). B16F10 and 

A375 cells were selected for subsequent experiments. 
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Figure 4.1 SLE elevated levels of miR-let-7a/f in melanoma. B16F10 tumors 

dissected from SLE-treated or untreated mice were used to conduct small RNA 

sequencing and RT-qPCR analyses. (A) Hierarchical clustering of diverse miRNAs 

in B16F10 tumors. Predicted by small RNA sequencing. (B) RT-qPCR verification 

of miR-let-7a (miR-let-7a-5p) and miR-let-7f (miR-let-7f-5p) levels. Experiments 

were conducted on B16F10 tumors collected from 3 individual mice of each group. 

(C) Effects of SLE on the expression of miR-let-7a/f. Different melanoma cells 

were treated with 300 μg/mL of SLE for 24 h. Levels of miR-let-7a/f were detected 

using miRNA RT-qPCR analyses. RNU6 was used as the endogenous control. Data 
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in bar charts are presented as mean ± SD of three independent experiments. *P < 

0.05, **P < 0.01 versus control group. 

4.3 SLE inhibited CCR7 signaling in melanoma cells 

It has been demonstrated that the miR-let-7 family can directly target IGF1R, CCR7, 

c-Myc and CDK4 to inhibit their functions (Kim et al., 2012). Results of Western 

blot assays showed that SLE markedly lowered the protein level of CCR7 in a dose-

dependent manner, but had less effects on levels of IGF1R, c-Myc and CDK4 in 

B16F10 (Figure 4.2A) and A375 cells (Figure 4.2B).  

 

Figure 4.2 SLE lowered protein levels of miR-let-7a/f target genes. B16F10 and 

A375 melanoma cells were treated with different doses of SLE (100, 200, 300 

μg/mL) for 48 h. Protein levels of miR-let-7a/f target genes: CCR7 (43 kDa), 

IGF1R (95 kDa), c-Myc (57-65 kDa) and CDK4 (30 kDa) in (A) B16F10 cells and 
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(B) A375 cells were detected by Western blot analyses. GAPDH (37 kDa) served 

as a loading control. Representative bands from each group are presented in the left 

panel, and band intensity results analyzed using Image J software are shown in the 

right panel. Data in bar charts are presented as mean ± SD of three independent 

experiments. *P < 0.05, **P < 0.01 versus DMSO-treated control group. 

We further examined SLE’s effects on CCR7 downstream molecules p38, JNK, 

and ERK. It was found that SLE inhibited the phosphorylation of p38 

(Thr180/Tyr182) and JNK (Thr183/Tyr185), although it did not influence the 

phosphorylation of ERK (Thr202/Tyr204) and did not affect protein levels of any 

of the three MAP kinases in B16F10 (Figure 4.3A) and A375 cells (Figure 4.3B). 

These results suggest that SLE regulates miR-let-7a/f-CCR7/p38 and miR-let-7a/f-

CCR7/JNK pathways in melanoma cells.  
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Figure 4.3 SLE inhibited phosphorylation of CCR7’s downstream proteins. 

B16F10 and A375 melanoma cells were treated with different doses of SLE (100, 

200, 300 μg/mL) for 48 h. Protein levels of p38 (40 kDa), phospho-p38 (p-p38, 

Thr180/Tyr182; 43 kDa), JNK (46, 54 kDa), phospho-JNK (p-JNK, Thr183/Tyr185; 

46, 54 kDa), ERK (42, 44 kDa) and phospho-ERK (p-ERK, Thr202/Tyr204; 42, 44 

kDa) in (A) B16F10 cells and (B) A375 cells were detected by Western blot 

analyses. GAPDH (37 kDa) served as a loading control. Representative bands from 

each group are presented in the upper panel, and band intensity results analyzed 

using Image J software are shown in the lower panel. Data in bar charts are 

presented as mean ± SD of three independent experiments. *P < 0.05, **P < 0.01 

versus DMSO-treated control group. 

4.4 SLE inhibited melanoma metastasis in mice 

To investigate SLE’s effects on melanoma metastasis in vivo, we established a lung 

metastasis model in C57BL/6 mice by tail vein injection of B16F10 cells. As shown 
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in Figure 4.4A, daily administration of SLE (i.g., 1.2 g/kg body weight, equivalent 

to the human dose) or DTIC (i.p., 50 mg/kg body weight) for 16 days inhibited 

melanoma metastasis in mice. After the 16 days’ intervention, the number of 

metastatic nodules on lung surfaces, compared with the control group (20 ± 7), was 

significantly reduced in the SLE group (5 ± 2) and the DTIC group (11 ± 3) (Figure 

4.4B). Lung weight was significantly lower in the SLE group or the DTIC group 

than in the control group (Figure 4.4C). Histological examination also indicated 

that SLE inhibited B16F10 melanoma metastasis in mice. As shown in Figure 4.4D, 

metastatic tumor areas (black circle) on lungs from SLE and DTIC groups were 

smaller than that from the control group; melanin staining showed that amounts of 

melanin (red circle) were less in lung tissues of the SLE group or the DTIC group 

than in lung tissues of the control group (Figure 4.4E).  
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Figure 4.4 SLE suppressed B16F10 melanoma metastasis in mice. Mice were 

administered with 0.5% CMC-Na (vehicle control), SLE (1.2 g/kg) or DTIC 

(positive control) for 16 days. (A) Representative photos of lungs dissected from 

mice. (B) Number of lung metastasis foci of each group. (C) Lung weight of each 

group. (D) Representative photos of H&E staining of lung tissues. Metastatic 

melanoma area is circled with black. (E) Representative photos of melanin staining 

of lung tissues. Melanin is indicated with red circles. Data in bar charts are 

presented as mean ± SD of 6 mice. *P < 0.05, **P < 0.01 versus vehicle control 

group. 
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DTIC caused a significant weight loss in mice, while SLE had no obvious 

influence on body weight (Figure 4.5), which is in agreement with our previous 

findings in chapter 3. No animal death, abnormalities at necropsy and clinical signs, 

or abnormal food and water consumption was observed during daily toxicity 

monitoring (data not shown). The above results indicate that SLE inhibits 

melanoma metastasis without apparent toxicity in mice. 

 

Figure 4.5 Mouse body weights at different time points. Mice were daily dosed 

with 0.5% CMC-Na (vehicle control), SLE (1.2 g/kg) or DTIC (positive control) 

for 16 consecutive days. Data are presented as mean ± SD of 6 mice. **P < 0.01. 

4.5 SLE regulated miR-let-7a/f-CCR7 signaling in vivo 

We detected expression levels of miR-let-7a/f in melanoma-invaded lung tissues 

using RT-qPCR, and found that levels of miR-let-7a/f were upregulated by SLE 

(Figure 4.6A). These findings are in line with that observed in subcutaneous 

B16F10 tumors (Figure 4.6B). 

Protein levels of CCR7, p38, phospho-p38 (Thr180/Tyr182), JNK and phospho-

JNK (Thr183/Tyr185) in lung tissues were detected using Western blot assays. SLE 
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and DTIC markedly lowered protein levels of CCR7, and inhibited the 

phosphorylation of p38 and JNK compared to the vehicle control (Figure 4.6B). 

Expression levels of MMP-2/9 in lung tissues were detected using IHC staining. 

As shown in Figure 4.6C, MMP-2 and MMP-9 protein levels, indicated by the mean 

density, were lower in SLE and DTIC groups than in the control group. These 

findings suggest that SLE regulates miR-let-7a/f-CCR7 signaling in melanoma-

invaded lung tissues. 

 

Figure 4.6 SLE regulated miR-let-7a/f-CCR7 signaling in the melanoma-

invaded lung tissues. Lung tissues were collected from mice treated with vehicle 

control (control), SLE (1.2 g/kg) or DTIC (positive control). (A) Levels of miR-let-

7a/f. Examined using RT-qPCR analyses. (B) Protein levels of CCR7 (43 kDa), p38 

(40 kDa), phospho-p38 (p-p38, Thr180/Tyr182; 43 kDa), JNK (46, 54 kDa) and 

phospho-JNK (p-JNK, Thr183/Tyr185; 46, 54 kDa). Determined using Western 

blotting. GAPDH (37 kDa) served as a loading control. Representative bands from 
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each group are presented in the left panel, and band intensity results analyzed using 

the Image J software are shown in the right panel. (C) Expression levels of MMP-

2 and MMP-9. Detected using IHC staining. Representative lung sections from 

mice with different treatments were immunostained with MMP-2 and MMP-9 

antibodies (left panels). Densities of MMP-2 and MMP-9 were quantified (right 

panels), which was calculated with the equation: mean density = positive 

area/integral optical density. Positive area and integral optical density were 

analyzed using Image J software. Data in bar charts are presented as mean ± SD of 

3 mice. * P < 0.05, ** P < 0.01 versus vehicle control group. 

4.6 Knockdown of miR-let-7a/f partially reversed SLE’s effects on melanoma 

cell invasion and CCR7 signaling 

To determine the involvement of miR-let-7a/f in SLE’s effects on melanoma 

metastasis, B16F10 and A375 melanoma cells were respectively transfected with 

inhibitors of miR-let-7a/f or the non-specific control. Mimics of miR-let-7a/f were 

used as the positive control. Co-transfection of miR-let-7a/f inhibitors significantly 

lowered miR-let-7a/f expression levels compared to co-transfection of non-specific 

control duplexes in B16F10 or A375 cells (Figure 4.7).  

Figure 4.7 Co-transfection of miR-let-7a/f inhibitors downregulated miR-let-

7a/f levels in melanoma cells. B16F10 (left) and A375 (right) cells were 

respectively transfected with miR-let-7a/f inhibitors (INBs) or non-specific control 

duplexes (negative control, NC). Levels of miR-let-7a/f were examined using RT-
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qPCR assays. Data are presented as mean ± SD of three independent experiments.  

** P < 0.01. 

Cell invasion assays showed that knockdown of miR-let-7a/f remarkably 

attenuated the inhibitory effects of SLE on cell invasion of B16F10 and A375 cells 

(Figure 4.8A). Western blot results showed that knockdown of miR-let-7a/f 

diminished SLE’s effects in lowering protein levels of CCR7, phospho-p38 

(Thr180/Tyr182), and phospho-JNK (Thr183/Tyr185) in B16F10 and A375 cells. 

Similarly, knockdown of miR-let-7a/f diminished the effects of the mimics (Figure 

4.8B). These results show that upregulating miR-let-7a/f is one of the anti-

metastatic mechanisms of SLE. 
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Figure 4.8 Knockdown of miR-let-7a/f in melanoma cells diminished the effects 

of SLE on cell invasion and CCR7 signaling. B16F10 cells and A375 cells were 

respectively transfected with miR-let-7a/f inhibitors (INBs) or non-specific control 

duplexes (negative control, NC). (A) Cell invasion assays. Immediately after 

transfection, cells (1.5×105) in DMEM with SLE (50 μg/mL), mimics of miR-let-

7a/f or equal volume of DMSO, were allowed to pass through matrigel-coated 

membrane for 24 h. Cells on the lower surface of the membrane were stained with 

crystal violet and counted. Number of invaded cells was determined as the average 
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cell number in 5 random microscope areas for each replicate. Representative photos 

of invaded cells (left panels) and quantification of invasiveness (right panels) are 

shown. (B) Immunoblotting analyses of CCR7 signaling molecules. Immediately 

after transfection, cells were treated with SLE (300 μg/mL), mimics of miR-let-7a/f 

or equal volume of DMSO for 48 h. Protein levels of CCR7 (43 kDa), p38 (40 kDa), 

phospho-p38 (p-p38, Thr180/Tyr182; 43 kDa), JNK (46, 54 kDa) and phospho-

JNK (p-JNK, Thr183/Tyr185; 46, 54 kDa) were determined using Western blotting. 

GAPDH (37 kDa) served as a loading control. Representative bands from each 

group are presented in the upper panels; band intensity results analyzed using Image 

J software are shown in the lower panels. Inhibitory rates of SLE or miR-let-7a/f 

mimics on protein levels in cells transfected with INBs or NC were calculated as 

follows: Relative to GAPDH, if protein levels in NC-control group was regarded as 

1, in INBs-control group was regarded as a, in NC-SLE group was regarded as b, 

and in INBs-SLE group was regarded as c, the inhibitory rate of SLE on CCR7, p-

p38 or p-JNK in NC group equals (1-b) × 100%, and that in INBs group equals 

(a-c) × 100%. Data in bar charts are presented as mean ± SD of three independent 

experiments. *P < 0.05, **P < 0.01; ##P < 0.01. 

4.7 Overexpression of CCR7 diminished SLE’s effects on melanoma cell 

invasion and on phosphorylation of p38 and JNK  

To determine the role of CCR7 inhibition in SLE’s effects on melanoma metastasis, 

we overexpressed CCR7 in melanoma cells. A375 cells were transiently transfected 

with a plasmid containing human CCR7, or the pCMV3 vector. Western blotting 

results showed that transfection with the CCR7 plasmid caused a remarkable 

elevation in the level of CCR7 protein, compared to transfection with the pCMV3 

vector (Figure 4.9).  
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Figure 4.9 CCR7 was overexpressed in A375 cells. Cells were transfected with 

CCR7 plasmid that has a Flag tag or the pCMV3 vector for 24 h. Protein levels of 

CCR7 (43 kDa) and Flag were detected using Western blot assays. GAPDH (37 

kDa) served as a loading control. Representative bands from each group are 

presented. 

Cell invasion and Western blot assays showed that overexpressing CCR7 

remarkably attenuated the inhibitory effects of SLE on cell invasion (Figure 4.10A), 

and on phosphorylation of p38 (Thr180/Tyr182) and JNK (Thr183/Tyr185) (Figure 

4.10B). These findings indicate that inhibiting CCR7 signaling contributes to the 

anti-metastatic mechanisms of SLE. 
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Figure 4.10 Overexpression of CCR7 in melanoma cells diminished the effects 

of SLE on cell invasion, and on phosphorylation of p38 and JNK. A375 cells 

were transfected with CCR7 plasmid (CCR7) or pCMV3 vector (negative control, 

Vector). (A) Cell invasion assays. Immediately after transfection, cells (1.5×105) in 

DMEM with SLE (50 μg/mL) or equal volume of DMSO were allowed to pass 

through matrigel-coated membrane for 24 h. Cells on the lower surface of the 

membrane were stained with crystal violet and counted. Number of invading cells 

was determined as the average cell number in 5 random microscope areas for each 

replicate. Representative photos of invaded cells (left panel) and quantification of 

invasiveness (right panel) are shown. (B) Immunoblotting analyses of CCR7 

downstream molecules. Immediately after transfection, cells were treated with SLE 

(300 μg/mL) or equal volume of DMSO for 48 h. Protein levels of p38 (40 kDa), 

phospho-p38 (p-p38, Thr180/Tyr182; 43 kDa), JNK (46, 54 kDa) and phospho-

JNK (p-JNK, Thr183/Tyr185; 46, 54 kDa) were determined using Western blotting. 

GAPDH (37 kDa) served as a loading control. Representative bands from each 

group are presented in the left panel; band intensity results analyzed using Image J 

software are shown in the right panel. SLE’s inhibitory rates on protein levels in 
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cells transfected with CCR7 or empty vector were calculated as described in Figure 

6 and compared. Data in bar charts are presented as mean ± SD of three independent 

experiments. *P < 0.05, **P < 0.01; ##P < 0.01. 

4.8 Summary 

In this chapter, we determined whether SLE suppresses melanoma metastasis by 

regulating miR-let-7a/f-CCR7 signaling (Figure 4.11).  

 

Figure 4.11 Summary of chapter 4.  

Results of small RNA sequencing showed that SLE upregulated levels of miR-

let-7a/f in B16F10 melanoma tissues. The result was confirmed by RT-qPCR 

analyses. By screening, we found that SLE markedly lowered the protein level of 

CCR7, one of the target proteins of miR-let-7a/f in melanoma cells. SLE also 

significantly inhibited the phosphorylation of CCR7 downstream molecules p38 

and JNK in melanoma cells. In a mouse model, we found that SLE inhibited 
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B16F10 melanoma lung metastasis. SLE upregulated levels of miR-let-7a/f, and 

lowered protein levels of CCR7, MMP-2, MMP-9, phospho-p38 (Thr180/Tyr182) 

and phospho-JNK (Thr183/Tyr185) in melanoma-invaded lung tissues. 

Knockdown of miR-let-7a/f diminished the effects of SLE on CCR7 signaling in, 

and invasion of, melanoma cells. Overexpression of CCR7 lessened the effects of 

SLE in inhibiting the phosphorylation of p38 and JNK in, and the invasive 

capability of, melanoma cells. 

We for the first time demonstrated that SLE inhibits melanoma metastasis in 

mice, and that regulation of the miR-let-7a/f-CCR7 pathway contributes to the anti-

metastatic mechanisms of SLE. These findings provide a pharmacological basis for 

developing SLE as a modern agent for treating metastatic melanoma. Additionally 

and importantly, this study suggests that regulating the miR-let-7a/f-CCR7 pathway 

is a novel strategy for controlling melanoma metastasis. 
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Chapter V 

Inhibiting the Src/STAT3 pathway 

contributes to the anti-melanoma 

effects of chrysoeriol 
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5.1 Experimental design  

After preliminary understanding of the mechanisms of action of SLE, we further 

investigated the active compounds responsible for the anti-melanoma of SLE. In 

this chapter, we established a library of components in SF and LJF, and identified 

chrysoeriol, a flavonoid, as an active constituent in SLE. The content of chrysoeriol 

in SLE was measured by using UPLC-MS/MS. Chrysoeriol is the 3'-methoxy 

derivative of luteolin, and the main structure of chrysoeriol and luteolin are the 

same. Previous findings of our group showed that luteolin inhibits the Src/STAT3 

pathway in melanoma via direct binding to Src. In this chapter, we used molecular 

dynamics to predict whether chrysoeriol directly binds to the Src protein. MST 

assays were conducted to confirm the predicted interaction between chrysoeriol and 

Src. Cell models were used to determine chrysoeriol’s effects on melanoma cell 

proliferation, apoptosis and migration. A B16F10 allograft mouse model was 

employed to study the effects of chrysoeriol on melanoma growth and tumor 

angiogenesis. IHC staining and TUNEL staining were conducted to determine the 

effects of chrysoeriol on tumor cell proliferation and apoptosis, and angiogenesis 

in melanoma tissues. Flow cytometric analyses were employed to study 

chrysoeriol’s effects on immune cell compositions in the melanoma 

microenvironment. Western blotting assays were used to detect the effects of 

chrysoeriol on STAT3, phospho-STAT3 (Tyr705), Src and phospho-Src (Tyr416) 

in melanoma cells and tissues. RT-qPCR analyses were employed to examine the 

effect of chrysoeriol on the expression of STAT3-targeted genes that related to 

tumor progression in melanoma cells and tissues. STAT3 over-activated melanoma 
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cells were used to determine the involvement of STAT3 in chrysoeriol’s anti-

melanoma effects.  

5.2 Chryoseriol is a constituent in SLE 

Understanding of the chemical bases is an important issue in the research and 

development of TCM formulas. Traditional Chinese Medicine Systems 

Pharmacology Database and Analysis Platform (TCMSP) is a database of Chinese 

herbal medicines that captures the relationships between drugs, targets and diseases. 

We searched the constituents of SF or LJF on this database, and found 134 

compounds (Table 5.1). 

Table 5.1 Constituents in SF or LJF searched from TCMSP  

Compound name CAS NO. Compound name CAS NO. 

farnesol  106-28-5 farnesol acetate 29548-30-9 

pentanal  110-62-3 2E,4E-tetradecadienoic 

acid 

29826-00-4 

beta-Citronellol  1117-61-9 methyllinolenate 301-00-8 

benzyl benzoate  120-51-4 pent-3-en-2-one 3102-33-8 

beta-cubebene  13744-15-5 ethyl furan 3208-16-0 

alloaromadedrene  25246-27-9 isochlorogenic acid C 32451-88-0 

gaidic acid  25447-95-4 2-lauroleic acid 32466-54-9 

3-Hydroxy-2',4',7-

trimethoxyflavone 

 263365-51-1 caffeate 331-39-5 

methional  3268-49-3 decanoic acid 334-48-5 

junipene  475-20-7 beta-elemene 33880-83-0  

chrysoeriol  491-71-4 (Z,E)-farnesol 3790-71-4 

pentacosanoic acid  506-38-7 methyl caffeate 3843-74-1 

apigenin 7,4'-dimethyl 

ether 

 5128-44-9 copaene 3856-25-5 

soyasponin I  51330-27-9 (E,Z)-farnesol 3879-60-5 
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myristic acid  544-63-8 2-tetradecenoic acid 39525-69-4 

lignoceric acid  557-59-5 eriodyctiol  4049-38-1 

palmitic acid  57-10-3 (-)-Borneol 464-45-9 

2,3-dimethylpyrazine  5910-89-4 eudesmol 473-15-4 

elemol  639-99-6 sitogluside 474-58-8 

hexanal  66-25-1 astragalin 480-10-4 

quinic acid  77-95-2 isorhamnetin 480-19-3 

beta-caryophyllene  87-44-5 hyperoside 482-36-0 

4-caffeoylquinic acid  905-99-7 delta-amorphene 483-76-1 

bicyclohexyl  92-51-3 guaiol 489-86-1 

benzaldehyde 100-52-7 luteolin 491-70-3 

alpha-muurolene 10208-80-7 zingiberene 495-60-3 

geraniol 106-24-1 o-Thymol 499-75-2 

nerol 106-25-2 p-coumaric acid 501-98-4 

dihydrocaffeic acid 1078-61-1 arachic acid 506-30-9 

prenal 107-86-8 oleanolic acid 508-02-1 

(3S,6E)-Nerolidol 1119-38-6 kaempferol 520-18-3 

nonanoic acid 112-05-0 tricin 520-32-1 

methyl palmitate 112-39-0 o-Tolunitrile 529-19-1 

methyl linoleate 112-63-0 isochlorogenic acid 534-61-2 

(-)-caryophyllene oxide 1139-30-6 mandenol 544-35-4 

quercetin 117-39-5 l-bornyl acetate 5655-61-8 

ethyl linolenate 1191-41-9 methyl octadeca-8,11-

dienoate 

56599-58-7 

indole 120-72-9 (+)-Ledol 577-27-5 

hyacinthin 122-78-1 cosmetin 578-74-5 

hydroquinone 123-31-9 d-camphene 5794-03-6 

caprylic acid 124-07-2 secoxyloganin 58822-47-2 

(+)-Linalool 126-90-9 hexene 592-41-6 

(2S)-2-methylbutan-1-

ol 

137-32-6 soyasapogenol B 595-15-3 

neryl acetate 141-12-8 linoleic acid 60-33-3 

sweroside 14215-86-2 3-Methyl-2-pent-2-enyl-

cyclopent-2-enone 

6261-18-3 
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lauric acid 143-07-7 ethylpalmitate 628-97-7 

3-O-methylquercetin 1486-70-0 tetradecane 629-59-4 

sweroside aglycone 15215-11-9 amylol 71-41-0 

rutin 153-18-4 beta-carotene 7235-40-7 

(+)-menthol 15356-60-2 beta-Rhodinol 7540-51-4 

rhoifolin 17306-46-6 camphor 76-22-2 

nicotiflorin 17650-84-9 farnesylacetone 762-29-8 

alpha-cubebene 17699-14-8 ursolic acid 77-52-1 

corymbosin 18103-41-8 cedrol 77-53-2 

loganin 18524-94-2 (+)-alpha-Terpineol 7785-53-7 

(E)-beta-farnesene 18794-84-8 secologanin dimethyl 

acetal 

77988-07-9 

secologanin 19241-18-0 linalool 78-70-6 

3,4-dimethyl-2-

hexanone 

19550-10-8 beta-sitosterol 83-46-5 

stigmasterol glucosid 19716-26-8 stigmasterol 83-48-7 

(1R,2R,4R)-

dihydrocarveol 

20549-47-7 9-epi-(E)-caryophyllene 87-44-5 

loganic acid 22255-40-9 thymol 89-83-8 

quercetin-3-o-beta-D-

glu 

22688-79-5 neochlorogenic acid 906-33-2 

germacrene D 23986-74-5 3-hexenol 928-96-1 

bicyclogermacrene 24703-35-3 eugenol 97-53-0 

dinethylsecologanoside 25488-59-9 furol 98-01-1 

luteolin-7-o-glucoside 26811-41-6 protocatechuic acid 99-50-3 

5-hydroxy-3',4',7-

trimethoxyflavone 

29080-58-8 4-hydroxybenzoic acid 99-96-7 

 

Previous results of molecular docking showed that some compounds occur in 

SL, including luteolin and quercetin, have the potential to bind to Src kinase domain. 

Previous study of our group also showed that luteolin exerts anti-melanoma effects 

partially due to the inhibition of the Src/STAT3 pathway. In this study, we dug out 
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more constituents in SL, and found that chrysoeriol, a flavone, is chemically the 3'-

methoxy derivative of luteolin. However, hardly any reports about the anti-

melanoma effects and mechanisms of chrysoeriol have been shown. Since the 

structure of chrysoeriol is similar to luteolin, we speculate that chrysoeriol is able 

to inhibit melanoma progression by suppressing the Src/STAT3 pathway via 

directly binding to Src. 

The content of chrysoeriol in SLE was measured using UPLC-MS/MS, and 

the results were shown in Figure 5.1. 

 

Figure 5.1 An UPLC-MS/MS method developed for quantification of 

chrysoeriol in SLE. (A) UPLC-MS/MS chromatograms of chrysoeriol (upper 

panel) and SLE (lower panel). (B) The content of chrysoeriol in SLE. 
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5.3 Chrysoeriol directly bound to Src protein 

To verify our speculation that chrysoeriol directly binds to Src, MD simulations 

were carried out. The Src-chrysoeriol complex showed a free binding energy of -

10.1 kcal/mol. The root-mean-square deviation (RMSD) value of the protein 

backbone was calculated. Results showed that the Src-chrysoeriol structure tended 

to be stable during the last 40 ns simulation (Figure 5.2C). As shown in Figure 5.2A, 

chrysoeriol fitted into the hydrophobic pocket of Src protein and formed hydrogen 

bonds with Met343 and Glu312 residues. The average distances of hydrogen bonds 

between chrysoeriol and Met343 and Glu312 were 2.99Å and 2.57Å, respectively 

(Figure 5.2B). As shown in Figure 5.2D, residues Met343 and Glu312 were closer 

to chrysoeriol than other residues, and the distance values < 2.5 nm. These results 

indicated that residues of Met343 and Glu312 contributed to the major binding 

affinity for the binding of Src with chrysoeriol. These findings suggest that 

chrysoeriol stably binds to the protein kinase domain of Src. 
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Figure 5.2 The binding mode of Src with chrysoeriol based on MD simulations. 

(A) The stable three-dimensional binding mode of chrysoeriol (green) with Src. (B) 

Two-dimensional diagram of the H-bonds and interactions between chrysoeriol and 

Src residues Met343 and Glu312. (C) The RMSD values of Src with chrysoeriol 

complex in simulation times. (D) The average distances between residues of Src 

and chrysoeriol during the simulation process.  

To confirm the interaction between chrysoeriol and Src, we performed MST 

assays. MST is a newly emerging technology for analysis of binding to proteins. 

This technology exploits the ligand-induced changes in the molecular movement of 

fluorescently labeled proteins in a temperature gradient. We determined the 

thermophoresis shift upon titration of different concentration of chrysoeriol to 

480 nM Src. The KD value was determined from the changes in thermal shifts upon 

titration of chrysoeriol, which provides a sigmoidal curve from which the binding 

affinity (KD) was calculated to be 0.0297 nM (Figure 5.3). Altogether, we conclude 

that chrysoeriol binds reversibly to Src with a potency in the low range. These 

results verify that chrysoeriol stably binds to Src.  
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Figure 5.3 Interaction between chrysoeriol and Src was analyzed by MST 

assays. MST assays of the binding of chrysoeriol to Src were conducted. (A) Dose-

response binding curve of the interaction analysis of chrysoeriol and Src. (B) 

Experimental parameters of MST. Kd value and confidence are shown. (C) MST 

traces of the interaction analysis of chrysoeriol and Src.  

5.4 Chrysoeriol reduced cell viability and induced apoptosis in melanoma cells 

To determine whether chrysoeriol shows anti-melanoma effects in vitro, we firstly 

evaluated the cytotoxic effects of chrysoeriol on human melanoma A375 cells, 

murine B16F10 melanoma cells, and human keratinocyte HaCaT cells using the 

CCK8 assay. As shown in Figures 5.4A and B, chrysoeriol dose- and time-

dependently reduced the viabilities of both A375 and B16F10 cells. The IC50 value 

of chrysoeriol against A375 cells was 28.33 μM for 48 h treatment. The IC50 value 

of chrysoeriol against B16F10 cells was 25.42 μM for 48 h treatment. Stattic (1 μM, 

a small molecule inhibitor of STAT3, positive control) also restrained the 
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proliferation in the melanoma cell lines. The proliferation inhibiting rates of 

chrysoeriol in HaCaT cells were obviously lower than in A375 cells (Figures 5.4A 

and C).  

 

Figure 5.4 Chrysoeriol inhibited cell viability in melanoma cells. (A) CCK8 

assays in A375 cells. (B) CCK8 assays in B16F10 cells. (C) CCK8 assays in HaCaT 

cells. In (A) and (B), cells were cultured in 5% FBS DMEM medium and treated 

with indicated concentrations of chryoseriol for 24 or 48 h. In (C), cells were 

cultured in 10% FBS DMEM medium and treated with indicated concentrations of 
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chrysoeriol for 24 or 48 h. Data are presented as mean ± SD of three independent 

experiments. *P < 0.05, **P < 0.01 versus the DMSO-treated control group. 

To determine whether chrysoeriol induced melanoma cell apoptosis, Annexin 

V/PI double staining assay was conducted. Flow cytometry scatter plots illustrate 

that chrysoeriol dose-dependently induced both early and late apoptosis of A375 

and B16F10 cells (Figure 5.5). Statistical results showed that 30 μM and 40 μM of 

chrysoeriol at 24 h remarkably increased apoptotic cell ratios to 5.5% and 10.6%, 

respectively, compared to control cells (4.1%) (Figure 5.5A). Chrysoeriol at 30 μM 

and 40 μM also significantly increased apoptotic cell ratios to 6.2% and 11.2%, 

respectively, compared to control cells (4.1%) after a 24 h-treatment (Figure 5.5B). 

 

Figure 5.5 Chrysoeriol induced apoptosis in melanoma cells. (A) Apoptosis in 

A375 cells. (B) Apoptosis in B16F10 cells. Cells were cultured in 5% FBS DMEM 

medium and treated with indicated concentrations of chryoseriol for 24 h. 

Harvested cells stained with AnnexinV-FITC and PI were analyzed using a flow 

cytometer. Unstained and single-stained cells were used to set the gate which is 

divided into four quadrants. FITC positive cells (right quadrants) were regarded as 

apoptotic cells. Representative photos from each group are presented in the left 
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panels. Apoptosis rates are presented in the right panel. Data are presented as mean 

± SD of three independent experiments. **P < 0.01 versus the DMSO-treated 

control group. 

5.5 Chrysoeriol attenuated the migratory ability of melanoma cells 

We investigated the effects of chrysoeriol on melanoma cell migration using wound 

healing assays. As depicted in Figure 5.6 A and B, A375 and B16F10 cells tended 

to migrate to the wound area after culturing for 24 h, while chrysoeriol (2.5 or 5 

μM) treatments significantly inhibited both A375 and B16F10 cells migration. 

Statistical results showed that 2.5 and 5 μM of chrysoeriol significantly reduced the 

cell migration by 38.3% and 70.5%, respectively, in A375 cells, and by 68.9% and 

79.4%, respectively, in B16F10 cells. Chrysoeriol at 2.5 or 5 μM did not 

significantly affect the cell viability of either A375 or B16F10 cells after 24 h 

treatment (Figures 5.4 A and B). 
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Figure 5.6 Chrysoeriol attenuated the migratory ability of melanoma cells. (A) 

Wound healing assays in A375 cells. (B) Wound healing assays in B16F10 cells. 

The wounds were photographed at 0 and 24 h after chrysoeriol treatment. 

Representative photos from each group are presented in the left panels, 

quantification results are shown in the right panels. Migration rate was calculated. 

**P < 0.01 versus the DMSO-treated control group. 

5.6 Chrysoeriol inhibited the activation of Src and STAT3 in melanoma cells 

Having seen that chrysoeriol potently inhibited melanoma cell proliferation and 

migration, and induced cell apoptosis, we wanted to verify that inhibition of the 

Src/STAT3 pathway is a mechanism underlying the in vitro anti-melanoma effects 

of chrysoeriol. Our immunoblotting results showed that chrysoeriol (20, 30 and 40 

μM) treatment for 48 h prominently decreased the protein expression levels of 

phosphorylated Src (Tyr-416) and phosphorylated STAT3 (Tyr-705) in both A375 

and B16F10 cells (Figure 5.7A and B). However, chrysoeriol did not lower the 

protein level of total STAT3 and Src in A375 and B16F10 cells. 
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Bcl-2, Cyclin D1, MMP-2 and IL-17, are STAT3 transcriptionally regulated 

molecules that related to tumor cell apoptosis, proliferation and immunosuppressive 

microenvironment formation. RT-qPCR analyses revealed that chrysoeriol (20, 30 

and 40 μM, 24 h) markedly decreased the mRNA levels of Bcl-2, Cyclin D1, MMP-

2 and IL-17, in both A375 and B16F10 cells (Figure 5.8).  

Stattic (1 μM), a small molecule inhibitor of STAT3, was used as a positive 

control in Western blotting assays. These findings demonstrate that chrysoeriol 

inhibits the Src/STAT3 signaling pathway in melanoma cells. 

 

Figure 5.7 Chrysoeriol inhibited the phosphorylation of Src and STAT3 in 

melanoma cells. (A) Western blot analyses of A375 cell. (B) Western blot analyses 

of B16F10 cells. Cells were treated with indicated concentrations of chrysoeriol for 

48 h. Stattic (1 μM) served as a positive control. Protein levels of Src (60 kDa), 

phosphorylated Src (Tyr416, p-Src; 60 kDa), STAT3 (79, 86 kDa) and 

phosphorylated STAT3 (Tyr705, p-STAT3; 79, 86 kDa) were examined by 

Western blotting. GAPDH (37 kDa) was used as an endogenous control. 
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Representative bands from each group are shown in the upper panels. Band 

intensity was analyzed using Image J software. The relative protein level of control 

group was normalized to 1. Quantification results are shown in the lower panels. 

Data presented in bar charts are mean ± SD of three independent experiments. *P 

< 0.05, **P < 0.01 versus the DMSO-treated control group. 

 

Figure 5.8 Chrysoeriol downregulated mRNA levels of STAT3-target genes in 

melanoma cells. (A) RT-qPCR analyses of A375 cells. (B) RT-qPCR analyses of 

B16F10 cells. Cells were cultured in 5% FBS DMEM medium and treated with 

indicated concentrations of chrysoeriol for 24 h. Total RNA was extracted using the 

Trizol reagent and reversely transcripted with MMLV reverse transcriptase. MRNA 

levels of Bcl-2, Cyclin D1, MMP-2 and IL-17 were examined. Quantification 

analysis was performed using the comparative CT method. The relative mRNA 

level of control group was normalized to 1. Data are presented as mean ± SD of 
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three independent experiments. *P < 0.05, **P < 0.01 versus the DMSO-treated 

control group. 

5.7 Chrysoeriol inhibited tumor growth and angiogenesis in a B16F10 allograft 

mouse model 

To determine the anti-melanoma effects of chrysoeriol in vivo, we established 

B16F10 melanoma bearing mouse model. Mice were divided into four groups of 5 

each. They were then i.p. administered with vehicle control (PBS solution 

containing 5% PEG400 and 5% Tween 80), 5 or 10 mg/kg of chrysoeriol, or 10 

mg/kg of stattic (10 mg/kg, positive control) once per day for 14 consecutive days. 

As shown in Figure 5.9A, daily administration of different doses of chrysoeriol or 

stattic for 14 days inhibited melanoma growth in mice. Chrysoeriol at 10 mg/kg 

exhibited the strongest anti-melanoma effects. After 14 days’ intervention, the 

average tumor volume and tumor weight in chrysoeriol (10 mg/kg) group were 20.7% 

(Figure 5.9B) and 23.9% (Figure 5.9A), respectively, of that of the control group. 

Angiogenesis plays a critical role in melanoma development and progression. By 

comparing the tumor vascular profiles of mice receiving different treatments, we 

found that both chrysoeriol and stattic visibly inhibited intradermal melanoma 

angiogenesis (Figure 5.9D). No animal death, abnormalities at necropsy and clinical 

signs, nor significant differences in food and water consumptions were observed 

during daily toxicity monitoring. Body weight results showed that chrysoeriol and 

stattic had no obvious influence on body weight (Figure 5.9C).  
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Figure 5.9 Anti-melanoma effects of chrysoeriol in C57BL/6 mice bearing 

B16F10 melanomas. B16F10 cells (5 ×105) were subcutaneously inoculated at the 

right flank of C57/BL6 mice. Immediately after cell injection, mice were randomly 

divided into four groups (n = 5) and i.p. administered with vehicle control, 5 mg/kg 

of chrysoeriol, 10 mg/kg of chrysoeriol or stattic (positive control, 10 mg/kg) once 

daily. Tumor volume was measured at the indicated days. At day 14, mice were 

sacrificed and tumors were dissected. (A) Representative photos of collected 

B16F10 tumors (left panel) and tumor weights (right panel). (B) Tumor volume of 

mice during treatment. (C) Body weight of mice during treatment. (D) 

Representative photos of vascular growth in tumor sites. Data are presented as mean 

± SD of 5 mice. **P < 0.01 versus vehicle control group. 
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The inhibitory effects of chrysoeriol on melanoma growth were also evidenced 

by suppressing cell proliferation and inducing cell apoptosis. Ki-67 protein, which 

is expressed during active phases of cell cycle (G1, S, G2 and mitosis) but is absent 

in G0 phase, is a cellular marker for proliferation. As shown in Figure 5.10, the 

percentages of Ki-67 positive cells in B16F10 melanomas dissected from mice 

treated with 5 mg/kg chrysoeriol (20.2%, P < 0.01), 10 mg/kg chrysoeriol (11.4%, 

P < 0.01), or stattic (10.7%, P < 0.01) were all lower than that in melanomas from 

control mice (35.6%). To verify the anti-angiogenic activity of chrysoeriol, 

melanoma tissue sections were immunostained with a CD31 (an endothelial cell 

maker) antibody. Administration of 5 mg/kg chrysoeriol (34870), 10 mg/kg 

chrysoeriol (41210) or stattic (29740) elevated the level of cleaved-caspase 3 (an 

apoptotic marker) in melanoma tissues. Fewer CD31-positive microvessels were 

observed in melanomas of mice treated with 5 mg/kg chrysoeriol (39, P < 0.01), 10 

mg/kg chrysoeriol (7, P < 0.01) or stattic (36, P < 0.01) than in melanomas from 

control mice (131).  
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Figure 5.10 IHC staining of Ki-67, cleaved-caspase 3, and CD31 in melanoma 

tissues. Tumor tissues were collected from mice treated with vehicle control, 

chrysoeriol (5 or 10mg/kg) or stattic (positive control, 10 mg/kg). Representative 

B16F10 melanoma sections from mice with different treatments were respectively 

immunostained with Ki-67, cleaved-caspase 3, CD31 (left panels). Relative 

positive rates (right panels) were analyzed by the Image J software. **P < 0.01 

versus vehicle control group.  

TUNEL assay is a common method for detecting DNA fragmentation resulting 

from apoptotic signaling cascades. To investigate whether chrysoeriol induces cell 

apoptosis in vivo, TUNEL assays were performed. As shown in Figure 5.11, more 

apoptotic cells were found in melanoma tissues from mice receiving 5 mg/kg of 

chrysoeriol (4.0%), 10 mg/kg of chrysoeriol (7.8%, P < 0.01), or stattic (4.7%, P < 

0.05) than in melanomas from control mice (2.5%). The results are consistent with 

that found in IHC staining. 
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Figure 5.11 TUNEL staining of melanoma tissues. Tumor tissues were collected 

from mice treated with vehicle control, chrysoeriol (5 or 10 mg/kg) or stattic (10 

mg/kg, positive control). TUNEL staining images are shown in the upper panel. 

The lower images (10 u magnification) were magnified from the areas encircled in 

red squares from the corresponding large-scale images (2 u magnification). 

Percentages of TUNEL positive cells are shown in the lower panel. Relative 

TUNEL positive cells were analyzed by the Image J software. *P < 0.05, **P < 

0.01 versus vehicle control group.  

5.8 Chrysoeriol altered percentages of immune cells in B16F10 melanoma 

tissues  

Melanoma onset and progression trigger an immune response of the body defense 

system, recruiting immune cells to tumor sites. The tumor-infiltrating DCs, NKs 

and effector lymphocytes attack melanoma cells. MDSCs suppress the function of 

tumor-attacking immune cells. To determine the influence of chrysoeriol on the 
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numbers of these tumor-infiltrating immune cells, flow cytometric analyses were 

employed. As shown in Figure 5.12, chrysoeriol significantly increased percentages 

of Th cells, Tc cells, DCs and NKs, and decreased percentages of MDSCs in 

melanomas compared to the control. Similar results were observed in melanomas 

of the stattic group. 

Results of the above animal experiments indicate that chrysoeriol exerts anti-

melanoma effects in mouse model. 
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Figure 5.12 Chrysoeriol altered percentages of immune cells in B16F10 

melanoma tissues. Tumor tissues were collected from mice treated with vehicle 

control, chrysoeriol (5 or 10 mg/kg) or stattic (10 mg/kg, positive control). 

Percentages of tumor-infiltrating Th, Tc, DCs, NKs, and MDSCs in melanomas 

were detected by flow cytometry. Representative results from each group were 

shown in the left panels, quantitative results were shown in the right panels. Data 

are presented as mean ± SD of 3 mice. **P < 0.01 versus vehicle control group. 

5.9 Chrysoeriol inhibited the Src/STAT3 pathway in B16F10 melanoma tissues 

Western blot and RT-qPCR analyses were conducted to prove the inhibitory action 

of chrysoeriol on the Src/STAT3 signaling in melanoma tissues.  
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Protein levels of Src, STAT3, phospho-Src (Tyr 416) and phospho-STAT3 

(Tyr 705) in melanoma tissues were detected by Western blot assays. Chrysoeriol 

(5 or 10 mg/kg) markedly reduced the protein levels of phospho-Src and phospho-

STAT3 compared to the control, while scarcely affected the protein levels of Src 

and STAT3 (Figure 5.13A). Similar results were observed in the stattic group. 

RT-qPCR assays were used to measure mRNA levels of STAT3 target genes 

in the B16F10 melanomas. IL-10, IL-17, and TNF-α are involved in tumor immune 

evasion; Cyclin D1, Bcl-2 and Mcl-1 are related to tumor cell proliferation/survival; 

and MMP-2 and MMP-9 are relevant to tumor migration and angiogenesis. They 

all are transcriptionally regulated by STAT3. As shown in Figure 5.13B, 

chrysoeriol (5 or 10 mg/kg) obviously reduced mRNA levels of all the mentioned 

STAT3 target genes, compared to the control. Stattic also downregulated mRNA 

levels of these genes.  
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Figure 5.13 Chrysoeriol inhibited the Src/STAT3 pathway in B16F10 

melanomas. Melanomas were collected from mice treated with vehicle control, 

chryoseriol (5 or 10 mg/kg) or stattic (positive control, 10 mg/kg). (A) Protein levels 

of Src (60 kDa), phospho-Src (Tyr 416; 60 kDa), STAT3 (79, 86 kDa), phospho-

STAT3 (Tyr 705; 79, 86 kDa) in melanomas were determined by Western blotting. 

GAPDH (37 kDa) served as a loading control. Representative bands from each 

group were presented, and the relative band intensity was analyzed by the Image J 

software. (B) mRNA levels of STAT3 target genes, IL-10, IL-17, Cyclin D1, Bcl-

2, Mcl-1, MMP-2 and MMP-9, were examined by RT-qPCR. Data are presented as 

mean ± SD of 3 mice. * P < 0.05, **P < 0.01 versus vehicle control group. 

5.10 Over-activation of STAT3 diminished the cytotoxic effect of chrysoeriol 

in melanoma cells 

To confirm the involvement of STAT3 signaling in chrysoeriol’s anti-melanoma 

effects, stable A375STAT3C (overexpressing a constitutively active STAT3 mutant) 

and A375NC cell lines (expressing the empty vector) were used. Western blotting 
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results showed that protein levels of total STAT3 and phospho-STAT3 (Tyr705) 

were higher in A375STAT3C cells than in A375NC cells, indicating that STAT3 was 

over-activated in A375STAT3C cells (Figure 5.14A). The effects of chrysoeriol on the 

viability of A375NC cells and A375STAT3C cells were compared. After being treated 

for 48 h, the cytotoxic effects of different concentrations of chrysoeriol (10, 20, 30 

and 40 μM) were less potent toward A375STAT3C cells than A375NC cells (Figure 

5.14B), indicating that over-activation of STAT3 weakened the anti-proliferative 

effects of chrysoeriol. These results suggest that inhibiting STAT3 signaling 

contributes to chrysoeriol’s anti-melanoma effects. 

Figure 5.14 Over-activation of STAT3 diminished the cytotoxic effect of 

chrysoeriol in melanoma cells. (A) Protein levels of STAT3 (79, 86 kDa), 

phospho-STAT3 (Tyr705, p-STAT3; 79, 86 kDa), and Flag in A375STAT3C and 

A375NC cells. (B) CCK8 assays in A375STAT3C and A375NC cells. Cells were 

cultured in 5% FBS DMEM medium and treated with indicated concentrations of 

chrysoeriol for 48 h. Data are presented as mean ± SD of three independent 

experiments. *P < 0.05, **P < 0.01. 

5.11 Summary 

In this chapter, we have identified chrysoeriol as an active compound responsible 

for the anti-melanoma effects of SLE. MD simulations showed that chrysoeriol has 

the potential to directly bind to the Src protein. MST assays confirmed the 
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interaction between chrysoeriol and Src. Results of cell experiments showed that 

chrysoeriol dose-dependently reduced the proliferation, induced apoptosis, and 

suppressed migration of A375 and B16F10 melanoma cells. Chrysoeriol inhibited 

the phosphorylation of STAT3 and Src, and downregulated the expression of 

STAT3-targeted genes involved in cell survival and invasion in melanoma cells. 

Animal studies showed that chrysoeriol restrained melanoma growth and tumor-

related angiogenesis, altered the compositions of tumor microenvironment, and 

inhibited the Src/STAT3 signaling in B16F10 allografts. Moreover, chrysoeriol’s 

proliferation-inhibiting effects were diminished by STAT3 over-activation in A375 

cells.  

Our results demonstrate that chrysoeriol suppresses melanoma progression. 

Inhibiting the Src/STAT3 pathway via directly targeting Src contributes to the anti-

melanoma effects of chrysoeriol. This study suggests that chrysoeriol is one of the 

active compounds responsible for the anti-melanoma effects of SLE, and indicates 

that chrysoeriol has the potential to be developed as a chemo-preventative agent 

against melanoma.  
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Chapter VI 
 

Upregulating syndecan-3 contributes 

to the effects of chrysoeriol in treating 

vemurafenib-resistant melanoma 
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6.1 Experimental design 

More than half of melanoma patients harbor a BRAFV600E mutation. Despite the 

clinical success of BRAFV600E inhibitors (e.g. vemurafenib), most of the responses 

observed are transient, with relapse and resistance occurring in most BRAFV600E-

mutant melanoma cases within 5 to 8 months. Combined treatments with 

vemurafenib and individual MEK inhibitors have been shown to delay the onset of 

resistance compared to vemurafenib monotherapy. However, resistance occurs 

ultimately. Candidate drugs such as hydroxychloroquine (autophagy inhibitor), PX-

866 (PI3K inhibitor), and XL888 (Hsp90 inhibitor) have been clinically tested for 

their ability to overcome vemurafenib resistance (https://clinicaltrials.gov). 

Unfortunately, most trials have been discontinued due to severe adverse events. 

Novel drugs that overcome vemurafenib resistance in melanoma are needed. 

Flavonoids isolated from TCM-based herbs are regarded as a potential source of 

anti-cancer drugs. Based on previous findings that chrysoeriol exerts anti-

melanoma effects in cell and animal models, we further tested whether chrysoeriol 

can overcome vemurafenib resistance in melanoma in this chapter. 

CCK8 assays and flow cytometric analyses were employed to study the effects 

of chrysoeriol on viability and apoptosis in vemurafenib-resistant human melanoma 

cells. Vemurafenib-resistant melanoma bearing mouse model was used to study the 

effects of chrysoeriol on tumor growth and angiogenesis. To understand the 

mechanisms responsible for overcoming vemurafenib resistance by chrysoeriol, we 

have performed RNA-seq analyses and found that mRNA levels of a number of 

genes are different in A375, A375-VR and chrysoeriol-treated A375-VR melanoma 

cells. Of the differentially expressed genes, SDC3 (encoding syndecan-3 protein) 
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mRNA level is lower in A375-VR cells than in A375 cells, and chrysoeriol reverses 

this vemurafenib resistance-associated downregulation. In this chapter, RT-qPCR 

analyses and Western blotting were used to confirm the results.  

6.2 Chrysoseriol overcame vemurafenib resistance in melanoma cell models 

To explore whether chrysoeriol overcomes vemurafenib resistance in melanoma 

cells, we examined the cytotoxic effects of chrysoeriol (0, 5, 10, 20, 30, 40 μM) on 

human acquired vermurafenib-resistant A375-VR melanoma cells (established by 

us, carrying the BRAFV600E mutation), and inherent vemurafenib-resistant A2058 

melanoma cells (carrying the BRAFV600E mutation) using CCK8 assays. We also 

detected the cytotoxic effects of chrysoeriol on human immortalized keratinocyte 

HaCaT cells. Trametinib (20 Μm, MEKi) was used as a positive control. As shown 

in Figure 6.1A, chrysoeriol reduced the proliferation of A375-VR and A2058 cells 

in a dose-dependent manner. The proliferation inhibiting rates of chrysoeriol in 

HaCaT cells were obviously lower than in A375-VR and A2058 cells.  

To determine whether chrysoeriol induced melanoma vermurafenib-resistant 

cell apoptosis, Annexin V/PI double staining assay was conducted. The flow 

cytometry scatter plots illustrate that chrysoeriol dose-dependently induced both 

early and late apoptosis of A375-VR cells (Figure 6.1B). Statistical results showed 

that 20 μM, 30 μM and 40 μM of chrysoeriol at 24 h remarkably increased apoptotic 

cell ratios to 4.3%, 7.5% and 10.1%, respectively, compared to control cells (3.2 %) 

(Figure 6.1B). These results indicate that chrysoeriol overcomes vemurafenib 

resistance in melanoma cell models. 
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Figure 6.1 Chrysoeriol overcame vemurafenib-resistance in melanoma cells. 

The vemurafenib-resistant melanoma cell line A375-VR was established by 

culturing the parental A375 human melanoma cells in DMEM with 5% FBS and 

increasing concentrations of vemurafenib (0.1-1 μM) for 3 months and then 

maintained in 1 μM of vemurafenib thereafter. Human melanoma cell line A2058 

(inherent resistance to vemurafenib) and human immortalized keratinocytes cell 

line HaCaT were obtained from ATCC. (A) Viability of A375-VR, A2058 and 

HaCaT cells. Cells were treated with DMSO (control), different concentrations of 

chrysoeriol (Csr, 5, 10, 20, 30, 40 μM), and trametinib (20 μM, positive control) for 

48 h. (B) Apoptosis of A375-VR cells. Cells were treated with DMSO (control) and 

different concentrations of chrysoeriol (Csr, 20, 30, 40 μM) for 24 h. Representative 

photos from each group are presented in the left panel, apoptosis rates of A375-VR 

cells are shown in the right panel. Data are from three independent experiments and 

are presented as mean ± SD. Statistical significance was determined using one-way 

ANOVA followed by Tukey's test. *P < 0.05, **P < 0.01 vs. control group. 
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6.3 Chrysoseriol overcame vemurafenib resistance in a melanoma mouse 

model 

We have found that chrysoeriol overcame vemurafenib resistance in melanoma cell 

models. To determine the effects of chrysoeriol in vivo, we established A375-VR 

melanoma bearing mouse model. BALB/c-nu/nu mice were divided into three 

groups of 4 each. They were then i.p. administered with vehicle control (PBS 

solution containing 5% PEG400 and 5% Tween 80), 10 mg/kg of chrysoeriol (the 

optimal dose found in chapter 5), or 1 mg/kg of trametinib (positive control) once 

per day for 14 consecutive days. As shown in Figure 6.2A, daily administration of 

different doses of chrysoeriol or trametinib for 14 days inhibited melanoma growth 

in mice. Chrysoeriol at 10 mg/kg exhibited anti-melanoma effects. After 14 days’ 

intervention, the average tumor weight and tumor volume in chrysoeriol (10 mg/kg) 

group were 33.9% (Figure 6.2A) and 34.5% (Figure 6.2B), respectively, of that of 

the control group. Trametinib shows comparable inhibitory effects on A375-VR 

melanoma growth. No animal death, abnormalities at necropsy and clinical signs, 

nor significant differences in food and water consumptions were observed during 

daily toxicity monitoring. Body weight results showed that chrysoeriol and 

trametinib had no obvious influence on body weight (Figure 6.2C). 
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Figure 6.2 Chrysoeriol inhibited A375-VR tumor growth in BALB/c-nu/nu 

mice. A375-VR cells (3×106) were s.c. injected into the flank of individual 

BALB/c-nu/nu mice. After cell injection, mice were randomly divided into three 

groups of 4 each. The mice were subjected to daily i.p. treatment with vehicle (PBS, 

vehicle control), 10 mg/kg of chrysoeriol (Csr), or trametinib (1 mg/kg, positive 

control) for 14 continuous days. (A) Tumor weights. Representative images of 

tumors are shown in the left panel. Weights of tumors are shown in the right panel. 

(B) Tumor volume during treatments. Tumor volume of each mouse in different 

groups was measured at indicated time points. (C) Mouse body weight during 

treatments. Body weight of each mouse in different groups was measured at 

indicated time points. Data are shown as the mean ± SD of 4 mice. **P < 0.01 vs. 

vehicle group. (one-way ANOVA followed by Tukey's test). 

6.4 Upregulating syndecan-3 is involved in the effects of chrysoeriol in 

overcoming vemurafenib resistance in melanoma 

To understand the mechanisms responsible for overcoming vemurafenib resistance 

by chrysoeriol, we performed RNA-seq analyses and found that mRNA levels of a 
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number of genes are different in A375, A375-VR and chrysoeriol-treated A375-VR 

melanoma cells. Of the differentially expressed, mRNA level of SDC3 (encoding 

syndecan-3 protein) is lower in A375-VR cells than in A375 cells (Figure 6.3A), 

and chrysoeriol reverses this vemurafenib resistance-associated downregulation 

(Figure 6.3A). These results were confirmed by RT-qPCR analyses (Figure 6.3B). 

Western blotting showed that syndecan-3 protein level is lower in A375-VR cells 

than in A375 cells, while chrysoeriol diminishes this change (Figure 6.3C). 

Analyses based on TCGA data retrieved from the human protein atlas showed that 

melanoma patients with higher expression levels of syndecan-3 survive longer 

(https://www.proteinatlas.org/ENSG00000162512-SDC3/pathology)(Figure 6.3D). 

These findings suggest that upregulation of syndecan-3 is involved in the 

mechanisms of chrysoeriol for overcoming vemurafenib resistance in melanoma. 
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Figure 6.3 Upregulation of syndecan-3 is involved in the effect of chrysoeriol 

in overcoming vemurafenib resistance in melanoma. (A) RNA-Seq data 

demonstrated that mRNA levels of SDC3 (encoding syndecan-3 protein) are 

different in A375, A375-VR, and chrysoeriol (Csr, 20 μM)-treated A375-VR 

(A375-VR-Csr) cells. RNA-Seq was conducted by Gene Denovo Co. Ltd., 

Guangzhou, China. (B) The RNA-seq result of SDC3 was verified by RT-qPCR 

analyses. SDC3 mRNA level in A375 group was regarded as 1. Data of three 

independent experiments are shown as the mean ± SD. **P < 0.01 vs. A375 group, 
##P < 0.01 vs. A375-VR control group (one-way ANOVA followed by Student's t 

test). (C) Representative immunoblots of syndecan-3 (43 kDa) in A375 and A375-

VR cells. (D) Survival time of melanoma patients with low or high expression of 

syndecan-3. High expression of syndecan-3 is favorable.  

6.5 Other mechanisms underlying the effects of chrysoeriol in overcoming 

vemurafenib resistance in melanoma 
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By analyzing the results of RNA-seq, we found that mRNA level of BCL3 is lower 

in A375-VR cells than in A375 cells (Figure 6.4A), and chrysoeriol reverses this 

vemurafenib resistance-associated downregulation (Figure 6.4A). The mRNA level 

of NFKB2 was not able to be detected in A375 cells, but chrysoeriol upregulated its 

mRNA level in vemurafenib-resistant A375-VR cells. These results were 

confirmed by RT-qPCR analyses (Figures 6.4B and E). Then, we detected the 

mRNA levels of BCL3 and NFKB2 in A375-VR melanoma tissues. Results showed 

that mRNA levels of BCL3 or NFKB2 were higher in 10 mg/kg chrysoeriol-treated 

group than in control group (Figures 6.4C and F). Trametinib upregulated mRNA 

level of BCL3, but downregulated mRNA level of NFKB2. Analyses based on 

TCGA data retrieved from the human protein atlas showed that melanoma patients 

with higher expression levels of BCL3 or NFKB2 survive longer (Figures 6.4D and 

G).   
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Figure 6.4 Upregulation of BCL3 and NFKB2 is related to the effect of 

chrysoeriol in overcoming vemurafenib resistance in melanoma. (A) RNA-Seq 

data demonstrated that mRNA levels of BCL3 and NFKB2 are different in A375, 

A375-VR, and chrysoeriol (20 μM)-treated A375-VR (A375-VR-Csr) cells. RNA-

Seq was conducted by Gene Denovo Co. Ltd., Guangzhou, China. (B) The RNA-

seq result of BCL3 was verified by RT-qPCR analyses. BCL3 mRNA level in A375 

group was regarded as 1. Data of three independent experiments are shown as the 

mean ± SD. **P < 0.01 vs. A375 group, ##P < 0.01 vs. A375-VR control group. (C) 

RT-qPCR analyses of BCL3 in A375-VR melanoma tissues from mice treated with 

vehicle control, chrysoeriol (Csr, 10 mg/kg) or trametinib. **P < 0.01 vs. vehicle 

control group (D) Survival time of melanoma patients with low or high expression 

of BCL3. High expression of BCL3 is favorable. (E) The RNA-seq result of NFKB2 

was verified by RT-qPCR analyses. NFKB2 mRNA level in A375 group was 

regarded as 1. Data of three independent experiments are shown as the mean ± SD. 

**P < 0.01 vs. A375 group, ##P < 0.01 vs. A375-VR control group. (F) RT-qPCR 

analyses of NFKB2 in A375-VR melanoma tissues from 3 mice treated with vehicle 

control, chrysoeriol (Csr, 10 mg/kg) or trametinib. **P < 0.01 vs. vehicle control 
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group. (G) Survival time of melanoma patients with low or high expression of 

NFKB2. High expression of NFKB2 is favorable.  

We also applied Network Pharmacology methods to explore other possible 

mechanisms of action of chrysoeriol. We searched potential targets of chrysoeriol 

on STITCH version 5.0 website. Results are shown in Figure 6.5. Most of the 

predicted functional partners with high scores are members of ATP-binding cassette 

(ABC) transporters. Analysis of RNA-seq results also indicate that ABC 

transporters are closely related to the effect of chrysoeriol in overcoming 

vemurafenib resistance (Figure 6.6). It is known that ABC transporters play an 

important role in drug resistance. Other signaling pathways, including ECM-

receptor interaction, cytokine-cytokine receptor interaction, and PPAR signaling 

pathways, are also possibly associated with chrysoeriol’s effects. These findings 

need to be further verified. 
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Figure 6.5 Functional partners of chrysoeriol predicted by STITCH. (A)The 

schematic diagram of molecules that may be related to chrysoeriol. (B) Predicted 

functional partners of chrysoeriol. 
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Figure 6.6 Heat map of the most altered pathways. RNA-seq was conducted in 

A375-VR cells treated with vehicle or chrysoeriol (Csr, 20 μM). 

6.6 Summary 

In this chapter, we tested whether chrysoeriol overcomes vemurafenib resistance in 

melanoma. It was found that chrysoeriol significantly reduces viability of, and 

induces apoptosis in, acquired vemurafenib-resistant A375 (A375-VR) human 

melanoma cells. The compound also reduces viability of inherent vemurafenib-

resistance A2058 human melanoma cells. Moreover, we observed that chrysoeriol 

inhibits A375-VR melanoma growth in BALB/c-nu/nu mice without significant 

influence on mouse body weight. These data suggest that chrysoeriol is a safe and 

effective adjuvant drug for treating patients with vemurafenib-resistant BRAFV600E-

mutant melanoma. 
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RNA-seq analyses showed that mRNA level of syndecan-3 is lower in A375-

VR cells than in A375 cells, and chrysoeriol reverses this vemurafenib resistance-

associated downregulation. These results were confirmed by RT-qPCR and 

Western blotting. Analyses based on TCGA data retrieved from the human protein 

atlas showed that melanoma patients with higher expression levels of syndecan-3 

survive longer. These findings suggest that upregulation of syndecan-3 is involved 

in the mechanisms of chrysoeriol for overcoming vemurafenib resistance in 

melanoma. Further studies are needed to confirm the role of upregulating syndecan-

3 in the effects of chrysoeriol in overcoming vemurafenib resistance in melanoma. 

Meanwhile, further studies are needed to establish the tumor suppressor role of 

syndecan-3 in vemurafenib-resistant melanoma. 

Besides syndecan-3, we observed other molecules altered by chrysoeriol 

treatment in A375-VR cells, such as BCL3 and NFKB2. The role of these molecules 

in the effects of chrysoeriol in overcoming vemurafenib resistance in melanoma is 

worthy to be further studied. 

Targets of chrysoeriol were also predicted and analyzed using STITCH and 

RNA-seq. Some signaling pathways are possibly associated with chrysoeriol’s anti-

melanoma effects. These findings need to be further verified. 
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Chapter VII 

General discussion, Conclusion,  

and Future plans 
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7.1 General discussion  

TCM has been recognized as an alternative approach for cancer management 

(Wang et al., 2014). In a TCM classic Yi Xue Qi Meng, written 600 years ago, an 

herbal formula comprising SF and LJF was documented to be effective in managing 

TCM symptoms that resemble melanoma. It was recorded that the formula SL (SF 

and LJF at a 5:1 ratio) is decocted with rice wine (30% alcohol). In this work, we 

prepared the extract of SL with 30% ethanol. SLE exerted potent prophylactic 

effects on melanoma growth in B16F10 melanoma-bearing mice, suggesting that 

SLE is an option for melanoma management. 

In chapter 3, we found that SLE, at the dose of 1.2 g/kg, exhibited comparable 

anti-melanoma effects to DTIC (50 mg/kg), a first-line drug for treating melanoma. 

DTIC caused significant weight loss in mice; while SLE had no obvious influence 

on body weight. No abnormalities in clinical signs and gross pathology were 

observed in SLE-treated mice (data not shown). These findings suggest that SLE is 

relatively safe in managing melanoma.  

STAT3 is aberrantly activated (tyrosine phosphorylation) in most malignancies 

(Siveen et al., 2014). Its activation plays an important role in the formation of tumor 

immunosuppressive microenvironment (Casey et al., 2015; Peng et al., 2016). 

Constitutively activated STAT3 inhibits the expression of molecules necessary for 

immune activation, and promotes the production of immunosuppressive factors that 

activate STAT3 in diverse immune-cell subsets, altering the expression of STAT3 

target genes and, thereby, restraining anti-tumor immune responses (Yu et al., 2007). 

Inactivation of STAT3 revealed an anti-tumor response, in which the 
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immunosuppressive microenvironment is remodeled, resulting in the suppression 

of tumor growth in multiple syngeneic tumor models (Hsu et al., 2015). Therefore, 

inhibiting STAT3 signaling has become an attractive strategy for modulating tumor 

microenvironment and for treating melanoma (Kane et al., 2014; Zhang et al., 2015). 

Our animal experiments demonstrated that SLE exerted anti-melanoma effects, 

inhibited STAT3 activation, and reprogramed tumor microenvironment in B16F10 

tumors. In vitro results indicated that inhibiting STAT3 signaling is responsible, at 

least in part, for the effects of SLE in reprograming melanoma microenvironment 

and in inhibiting melanoma growth. These findings support the notion that targeting 

STAT3 signaling to remodel immune microenvironment is a viable strategy for 

melanoma management. Besides melanoma, activation of STAT3 is found in many 

other malignancies (Campo et al., 2015). We speculate that SLE can be used to treat 

other cancers, which needs to be tested. 

Phytochemicals occurring in SF and LJF have been shown to regulate signaling 

pathways that involved in the formation of tumor immunosuppressive 

microenvironment. For example, baicalein, genistein, luteolin, and quercetin 

suppress NF-κB signaling; quercetin and genistein enhance p53 signaling; genistein, 

kaempferol, luteolin, and quercetin inhibit VEGF signaling (Park & Surh, 2017; 

Yin et al., 2017; Apaya et al., 2016). It is warranted to investigate the involvement 

of these pathways in SLE’s effects on melanoma microenvironment. 

To control the quality of SLE, we have quantified the contents of rutin, 

chlorogenic acid (Figure 3.1) and chrysoeriol (Figure 5.1). In addition, we have 

established a library contained 134 compounds in SF and LJF. Using LC-MS 

analyses, we have identified 20 more components in the extract SLE. Further 
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studies are needed to determine which component(s) is/are responsible for and 

whether these components produce synergism in inhibiting melanoma. According 

to the record in Yi Xue Qi Meng, the clinical dose of SL formula is about 100 g (SF 

and LJF in a 5:1 ratio) per day per person. This dosage is equivalent to 1.2 g/kg/d 

of SLE in mice. Data of chapter 3 showed that among the three tested doses (0.6, 

1.2, 2.4 g/kg/d), SLE at the bioequivalent dose exerted the most potent anti-

melanoma effects in mice. This provides modern scientific evidence for the rational 

dose setting of the formula SL in ancient China. 

Our group previously observed that SLE inhibits melanoma cell migration and 

invasion (Li et al., 2017), suggesting an anti-metastatic effect for SLE in managing 

melanoma. In this work, we found that SLE inhibits melanoma metastasis in mice. 

Our previous and current findings indicate that SLE has a potential to be developed 

into a novel agent for treating metastatic melanoma.  

In chapter 3, we found that SLE inhibits nuclear accumulation of STAT3 in 

A375 cells and lowers the protein and mRNA levels of STAT3-transcriptionally 

regulated molecules, including MMP-2 and MMP-9, in both A375 and B16F10 

cells. Over-activation of STAT3 weakened the inhibitory effects of SLE on 

melanoma cell invasion (Li et al., 2017). These findings indicate that inhibiting 

STAT3 signaling is one of the mechanisms responsible for the anti-metastatic 

effects of SLE. In chapter 4, we investigated the involvement of the miR-let-7a/f-

CCR7 pathway in SLE’s anti-metastatic effects. It has been reported that miR-let-

7a/f can directly bind to the 3’UTR of CCR7 mRNA [miR-let-7a and miR-let-7f 

share the same 3'UTR sequence of CCR7 in mice and humans] to inhibit its 

functions (Kim et al., 2012), and that overexpression of CCR7 promotes tumor 
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metastasis (Legler et al., 2014). In breast cancer cells, regulating miR-let-7a-CCR7 

signaling was shown to suppress cell migration and invasion (Kim et al., 2012). We 

found that SLE upregulated miR-let-7a/f levels in B16F10 tumors, and regulated 

miR-let-7a/f-CCR7 signaling in cultured melanoma cells. In melanoma-invaded 

lung tissues, SLE also regulated miR-let-7a/f-CCR7 signaling: upregulated levels 

of miR-let-7a/f, and lowered protein levels of CCR7, p-p38, p-JNK, MMP-2 and 

MMP-9. Knockdown of miR-let-7a/f or overexpression of CCR7 attenuated the 

anti-metastatic effects of SLE in melanoma cells. These results demonstrate that 

regulation of the miR-let-7a/f-CCR7 pathway is another anti-metastatic mechanism 

of SLE. Apart from miR-let-7a/f, results of the miRNA sequencing showed that 

other miRNAs are altered by SLE treatment, such as miR-125-b and miR-6538. 

The involvement of these miRNAs in SLE’s anti-melanoma effects can be 

investigated in the future. 

A study has shown that STAT3 activation is positively correlated with CCR7 

expression in squamous cell carcinoma of the head and neck (Liu et al., 2014). 

Whether a crosstalk between the miR-let-7a/f-CCR7 pathway and STAT3 signaling 

exists in melanoma remains to be addressed. 

The pathogenic role of the miR-let-7a/f-CCR7 pathway has been investigated 

in breast cancer (Thammaiah & Jayaram, 2016). Whether this pathway is involved 

in melanoma pathogenesis needs further studies.  

 Downregulation of miR-let-7 family can be found in cancers other than 

melanoma, such as lung cancer, breast cancer, and gastric cancer (Chen et al., 2012). 

Whether SLE can be used in managing these cancers is a question to be answered.  
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Phytochemicals occurring in SF and LJF, e.g. genistein, rutin and quercetin, are 

effective in inhibiting melanoma metastasis (AlQathama & Prieto, 2015; Cao et al., 

2014). We are going to investigate whether regulating the miR-let-7a/f-CCR7 

pathway is involved in the anti-metastatic effects of these compounds. 

DTIC, is widely used for treating metastatic melanoma. In chapter 4, DTIC was 

used as a positive control. We found that DTIC inhibited lung metastasis of 

melanoma in mice. It has been reported that DTIC suppresses MMP-2 and MMP-9 

expression and secretion in U87MG human glioblastoma multiforme cells 

(Pazhouhi et al., 2018). We demonstrated that DTIC reduced MMP-2 and MMP-9 

production in melanoma-invaded mouse lung tissues. Additionally, we, for the first 

time, found that DTIC significantly lowered protein level of CCR7, and inhibited 

phosphorylation of CCR7’s downstream molecules including p38 and JNK. These 

findings indicate that inhibiting CCR7 signaling might be a new mechanism of 

action of DTIC. Whether DTIC exerts anti-metastatic effects by regulating the miR-

let-7/CCR7 pathway remains to be studied.  

Exploration of active compounds responsible for SLE’ inhibitory effects on 

melanoma is necessary and meaningful. According to the previous study of our 

group, inhibition of the Src/STAT3 pathway partially contributes to the anti-

melanoma effects of SLE (Li et al., 2017), we have performed molecular docking 

to identify potential Src binding compounds existing in SF or LJF. Multiple 

compounds are predicted to be able to directly interact with the Src protein, 

including luteolin and quercetin. In our previous studies, quercetin (Cao et al., 2016) 

and luteolin showed anti-melanoma activities partially by inhibiting the Src/STAT3 

signaling. In chapter 5, we have identified another active compound chrysoeriol in 
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SLE. Chrysoeriol is a natural flavonoid occur in many plants, including LJF. The 

chemical structure of chrysoeriol is similar to luteolin and quercetin. Our obtained 

data showed that chrysoeriol directly bound to kinase domain of Src. Chrysoeriol 

has been reported to possess biological and pharmacological activities that benefit 

body health and against cancer progression (Choi et al., 2005). Several studies have 

shown that chrysoeriol exerts inhibitory effects in breast cancer (Takemura et al., 

2010), multiple myeloma (Yang et al., 2010) and lung cancer (Wei et al., 2019). 

However, the anti-melanoma effects and the mechanisms of action of chrysoeriol 

remain poorly understood. In chapter 5, we examined the anti-melanoma effect of 

chrysoeriol on human melanoma A375 and murine melanoma B16F10 cells. 

Chrysoeriol inhibited proliferation, induced apoptosis and prevented migration of 

human and murine melanoma cells. Moreover, the in vivo anti-melanoma activity 

of chrysoeriol was also demonstrated.  

A previous study has shown that chrysoeriol is noncarcinogenic (Takemura et 

al., 2010). In the present study, C57BL/6 mice were i.p. administrated with 5 or 10 

mg/kg of chrysoeriol daily for 14 days. During the treatment period, no abnormal 

clinical signs or behaviors were observed, and chrysoeriol showed no obvious 

influence on mouse body weight (Figure 5.9). Current chemotherapy for melanoma 

often carries toxicity (Shannan et al., 2016). Chrysoeriol showed advantage in this 

aspect. Chrysoeriol has a great potential to be developed into a melanoma-

preventing and -treating agent. 

 Our mechanistic studies revealed that chrysoeriol inhibited the 

phosphorylation of Src and STAT3, and downregulated the mRNA levels of 

STAT3 transcriptionally-regulated genes, including IL-10, IL-17, Bcl-2, Mcl-1, 
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Cyclin D1, MMP-2 and MMP-9 in melanoma cells and tissues. Chrysoeriol also 

reprogramed STAT3-mediated tumor microenvironment. Over-activation of 

STAT3 in A375 human melanoma cells lessened the inhibitory effects of 

chrysoeriol on cell proliferation. As we mentioned in the Introduction section, other 

mechanisms like the inhibition of DNA adduct formation (Takemura et al., 2010) 

and the suppression of the PI3K-AKT-mTOR pathway (Yang et al., 2010) were 

involved in the anti-cancer effects of chrysoeriol, we speculate that modulation of 

these signaling also contributes to the anti-melanoma mechanisms of chrysoeriol. 

Further studies can be conducted to determine whether chrysoeriol can also regulate 

these signaling in melanoma cell and animal models.  

STAT3 can directly regulate the expression of genes linked to cell survival, 

cell apoptosis and cell migration. The apoptosis related genes Mcl-1 and Bcl-2 are 

upregulated during melanoma progression (Ji et al., 2013). It has been reported that 

the expression of both Bcl-2 and Mcl-1 were positively connected with the 

phosphorylation of STAT3 (Kortylewski et al., 2005). Inhibiting STAT3 signaling 

results in the downregulation of Bcl-2 and Mcl-1 (Dong et al., 2011). We found that 

chrysoeriol downregulated the mRNA levels of Mcl-1 and Bcl-2 in melanoma 

tissues. These results demonstrate that the apoptotic effect of chrysoeriol in 

melanoma cells is, at least partially, by inhibiting Bcl-2 and Mcl-1. MMP-2 and 

MMP-9 have been reported to play essential roles in melanoma progression, 

especially in the metastasis process and angiogenesis (Redondo et al., 2005). 

Activation of STAT3 can upregulate the expression of MMP-2 (Xie et al., 2004) 

and MMP-9 (Chen et al., 2012). We found that chrysoeriol decreased mRNA levels 

of MMP-2 and MMP-9, and restrained melanoma cell migration and tumor-related 
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angiogenesis. These data demonstrated that the suppressive effects of chrysoeriol 

on migration and angiogenesis can be ascribed to the inhibition of MMP-2 and 

MMP-9. 

In chapter 5, we have shown that chrysoeriol exerts in vitro and in vivo anti-

melanoma effects. Chrysoeriol directly bound to Src and restrained the Src/STAT3 

pathway, and the cell proliferation-inhibiting effect of chrysoeriol can be prevented 

by STAT3 over-activation. These data demonstrated that inhibition of the 

Src/STAT3 pathway at least partially contributes to the anti-melanoma activity. 

These findings suggest that chrysoeriol has a great potential to be developed into a 

therapeutic agent for treating melanoma. Futhermore, this study confirms that 

inhibiting the Src/STAT3 pathway is a feasible strategy for melanoma prevention 

and treatment.  

Additionally, in chapter 6, we examined the effects of chrysoeriol in 

overcoming vemurafenib resistance in melanoma. We found that chrysoeriol 

inhibited viability and induced apoptosis in vemurafenib-resistant A375-VR and 

A2058 human melanoma cells. We further observed that chrysoeriol inhibited 

A375-VR melanoma growth in BALB/c-nu/nu mice without significant influence 

on mouse body weights. These data suggest that chrysoeriol is a safe and effective 

adjuvant drug for treating patients with vemurafenib-resistant BRAFV600E-mutant 

melanoma. 

Results of mechanism studies showed that mRNA level of syndecan-3 is lower 

in A375-VR cells than in A375 cells, and chrysoeriol reverses this vemurafenib 

resistance-associated downregulation. Previous clinical data showed that high 

expression levels of syndecan-3 melanoma is favorable in melanoma patients. 
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These findings suggest that upregulation of syndecan-3 contributes to the 

mechanisms of chrysoeriol for overcoming vemurafenib resistance in melanoma. 

Our long-term goal is to develop chrysoeriol into an adjuvant drug of vemurafenib 

for treating vemurafenib-resistant melanoma. In the future, experiments need to be 

conducted to further validate the effect of chrysoeriol in overcoming vemurafenib 

resistance in more cell and animal models, and to determine the role of upregulating 

syndecan-3 expression in chrysoeriol’s ability to overcome vemurafenib resistance 

in melanoma. Further studies need to be done to establish the tumor suppressor role 

of syndecan-3 in vemurafenib-resistant melanoma.  

7.2 Conclusion 

 

Figure 7.1 Summary of this study. 

In this study, we have demonstrated that 1) reprograming immune 

microenvironment, mediated by inhibiting STAT3 signaling, contributes to the 

anti-melanoma mechanisms of SLE; 2) regulation of the miR-let-7a/f-CCR7 

pathway is involved in SLE’s effects on melanoma metastasis; 3) chrysoeriol, an 

active components in SLE, exerts anti-melanoma effects partially by regulating the 

Src/STAT3 signaling pathway via direct binding to Src; 4) chrysoeriol overcomes 

vemurafenib resistance in melanoma and upregulating syndecan-3 is involved in 
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these effects of chrysoeriol. These findings provide further pharmacological and 

chemical groundwork for developing SLE and SLE-derived compounds as a 

modern agent for melanoma prevention/treatment, and provide further justifications 

for the traditional use of the formula SL in treating melanoma. This study supports 

the notions that reprograming immunosuppressive microenvironment and 

enhancing miR-let-7a/f expression are viable anti-melanoma strategies. Moreover, 

this study provides pharmacological groundwork for developing chrysoeriol as a 

modern agent for melanoma prevention/treatment, especially for treating 

vemurafenib-resistant melanoma. This study suggests that syndecan-3 is a new 

target for overcoming vemurafenib resistance in melanoma. Finally and importantly, 

our data indicate that syndecan-3 is a potential tumor suppressor in vemurafenib-

resistant melanoma. The conclusive figure of this study is shown as Figure 7.1.  

TCM has been recognized as an alternative/complementary approach for 

cancer management, while it has not been globally accepted. The main difficulties 

for bringing TCM-based medicines into mainstream medicine are their unclear 

mechanisms of action and undetermined active constituents. This study uncovers 

some mechanisms of action and identifies chrysoeriol as an active compound 

responsible for the anti-melanoma effects of SLE. This should facilitate this 

formula getting 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, and the mechanisms underlying the 
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effects of chrysoeriol in overcoming vemurafenib resistance, we will conduct the 

following studies. 

7.3.1 To establish the pathogenic role of the miR-let-7a/f-CCR7-STAT3 

signaling pathway in melanoma 

We have found that elevating miR-let-7a/f levels lowers the protein level of CCR7, 

and inhibits the phosphorylation of CCR7 downstream kinases (JNK and p38) in 

B16F10 and A375 melanoma cells. Knockdown of miR-let-7a/f diminishes the 

effects of SLE on CCR7 signaling and tumor cell invasion; and overexpression of 

CCR7 lessens SLE’s effects on tumor cell invasion. It has been shown that the 

phosphorylation of STAT3 is correlated with CCR7. To test whether the miR-let-

7a/f-CCR7-STAT3 pathway plays a pathogenic role in melanoma, we will further 

determine 1) if overexpression of miR-let-7a/f lowers protein level of CCR7, 

inhibits STAT3 phosphorylation, and suppresses cell proliferation in melanoma 

cells; 2) if miR-let-7a/f knockdown elevates the protein level of CCR7, activates 

STAT3, and promotes cell proliferation in melanoma cells; then a miR-let-7a/f 

knockdown melanoma cell model will be used to determine 3) if deletion of CCR7 

diminishes the activation of STAT3 and the enhancement of cell proliferation; 4) if 

deletion of STAT3 attenuates the enhancement of cell proliferation; moreover, 5) 

immunostaining will be used to examine whether downregulation of miR-let-7a/f, 

upregulation of CCR7, and activation of STAT3 are correlated in melanoma tissues 

from patients. 

7.3.2 To identify SLE’s active components that exert anti-melanoma effects by 

regulating the miR-let-7a/f-CCR7-STAT3 pathway 
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By searching the database, we have found 134 compounds in SF and LJF. Using 

LC-MS analyses, we have predicted that more than 100 compounds exist in SLE, 

and have identified 20 more compounds. Reference compounds will be used to 

determine the rest compounds in SLE. For the peaks without reference compounds, 

separation techniques such as TLC, column chromatography, flash chromatography, 

Sephadex chromatography and/or HPLC, will be used to obtain pure compounds. 

Then, multiple modern spectral techniques such as 1H, 13C-NMR, DEPT, FAB-

MS, EI-MS (HR-EI-MS), 2D-NMR (including 1H-1H COSY, HMQC, HMBC, 

NOESY, etc.), CD and X-ray diffraction will be employed to determine the 

structure of these compounds. Molecular modelling will be performed to predict 

whether these identified compounds in SLE can bind to the ligand-binding site of 

CCR7. Whether the candidate compounds inhibit melanoma cell proliferation, and 

whether miR-let-7a/f-CCR7-STAT3 signaling is involved in the effect will be 

examined in melanoma cell models. Compounds that can inhibit melanoma cell 

proliferation by regulating the miR-let-7a/f-CCR7-STAT3 pathway will be 

regarded as active components of SLE. 

7.3.3 To further determine the contribution of upregulating syndecan-3 to the 

effects of chrysoeriol in overcoming vemurafenib resistance in melanoma 

We have shown that chrysoeriol inhibits the proliferation of A375-VR and A2058 

cells and induces apoptosis of A375-VR cells, and also suppresses the growth of 

A375-VR melanoma in mouse model. In the future, we will further validate the 

effect of chrysoeriol in overcoming vemurafenib resistance in more melanoma cell 

and animal models with more parameters. We will use both acquired and intrinsic 

human vemurafenib-resistant melanoma cells to detect the effect of chrysoeriol on 
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cell proliferation, apoptosis, cycle distribution, migration and invasion. We will 

also detect the function of chrysoeriol on syndecan-3 expression. A2058 melanoma-

bearing mouse model will be employed to verify the inhibitory effect of chrysoeriol 

on vemurafenib-resistant melanoma growth and angiogenesis, as well as its effect 

in upregulating syndecan-3 in tumor tissues. Luciferase transfected A2058-Luc 

stable cell line will be used to construct a melanoma metastasis model. A 

fluorescence imaging system will be used to dynamically detect and quantify tumor 

metastasis, and to evaluate the effect of chrysoeriol on the metastasis of 

vemurafenib-resistant melanoma. Expression of syndecan-3 in primary tumors and 

metastatic tumors will also be detected. 

To study the contribution of upregulating syndecan-3 expression in the effect 

of chrysoeriol in overcoming the resistance of vemurafenib, we will silence 

syndecan-3 and test whether the effect of chrysoeriol is attenuated/eliminated. 

Syndecan-3 silenced vemurafenib-resistant melanoma stable cell lines will be 

established by shRNA lentivirus transduction. Syndecan-3 silenced cell and animal 

models will be used to determine whether upregulation of syndecan-3 expression is 

one of the mechanisms by which chrysoeriol overcomes the resistance to 

vemurafenib. 

7.3.4 To establish the suppressor role of syndecan-3 in vemurafenib-resistant 

melanoma  

Melanoma patients with syndecan-3-high expression survive longer than syndecan-

3-low expression patients. We have found that syndecan-3 level is lower in A375-

VR cells than in A375 cells. Thus, we speculate that syndecan-3 plays a suppressor 
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role in vemurafenib-resistant development in melanoma. To test this hypothesis, we 

will first analyze the correlation of syndecan-3 expression and vemurafenib 

resistance in human melanomas. We expect to find that syndecan-3 expression and 

vemurafenib resistance are negatively correlated in human melanomas. Then we 

will study whether syndecan-3 silencing accelerates vemurafenib resistance, and 

whether overexpression of syndecan-3 delay/abolish vemurafenib resistance in 

melanoma using cell and animal models. Omics approaches will be employed to 

explore the downstream signaling components of syndecan-3 signaling in 

melanoma.  
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