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CHAPTER |

INTRODUCTION

Background and Rationale

Breast cancer is the most common and the leading cause of death in women

around the world and Thailand [1, 2]. Breast cancer patients are categorized into three

major subtypes depending on their hormonal receptor expression including estrogen

receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor

2 (HER2). Tamoxifen, a selective ER modulator (SERM), is commonly used as adjuvant

therapy for ER-positive breast cancer [3]. However, approximately 40 percent of

advanced stage breast cancer developed acquired resistance after taking tamoxifen for

five years [4].

Increased expression of nuclear receptor coactivator-3 (NCOA3) and a loss of

nuclear receptor corepressor-1 (NCOR1) were established as hallmarks of anti-

hormonal-resistant breast cancer resulted in tumor recurrence and metastasis [5, 6].

The overexpression of NCOAS is often detected in approximately 60% of breast cancer

patients and associated with short overall survival [5]. Ao et al. demonstrated that

NCOAS3 overexpression was able to induce AKT signaling pathway involved in cell

proliferation, apoptosis and drug resistance in breast cancer [7]. These findings are

similar to Sakunrangsit et al. [8] which reported that NCOA3 protein level was



21

significantly higher in anti-hormonal resistant cell lines when compared to wild-type ER-

positive breast cancer cells [8].

Accumulating evidences showed that tamoxifen-resistant breast cancer (TAM-R)

cells over-expressed important angiogenic factor which is vascular endothelial growth

factor (VEGF) leading to increased tumor angiogenesis [9, 10]. Likewise, Guo et al [11]

reported cancer stem cells increased tumor recurrence and liver metastasis in tamoxifen

resistant breast cancer [11]. Hence, the dual targeting of cancer stem-like features and

tumor angiogenesis in anti-hormonal resistant phenotype may provide a promising

strategy to improve survival in breast cancer patients.

A recent study has demonstrated that plumbagin, a plant-derived

naphthoquinone which isolated from Plumbago indica, has the potent effects on tumor

growth inhibition, drug resistance reversal and anti-invasion in anti-hormonal resistant

breast cancer cells. Plumbagin altered epithelial-mesenchymal transition (EMT) markers

by increasing an epithelial marker E-cadherin and decreasing mesenchymal markers

including Vimentin and Snail expression [8]. Snail, a transcriptional repressor of E-

cadherin, is a critical determinant of tumor growth, EMT and distant metastasis [12, 13].

A recent report indicated that both mMRNA and protein of Snail expression are triggered

by VEGF and its receptor Neuropilin-1 via the inhibition of glycogen synthase kinase-3

(GSK-3) in breast cancer [10].
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In addition, Snail also triggered cancer stem-like phenotypes and promoted

blood vessel formation in several types of tumor including breast [14-16]. Abundant

evidence demonstrated that Wnt/beta-catenin signaling plays an essential role in EMT

and contributes to cancer stem cell-like properties [17]. In the absence of Wnt ligand,

beta-catenin interacts with E-cadherin which located in the plasma membrane. Snail is

the transcription factor that activates EMT transition and Wnt pathway through the

nuclear accumulation of beta-catenin and a loss of E-cadherin [16]. Moreover, Loh et al.

[18] demonstrated that upregulation of Wnt-targeted genes in TAM-R cells resulted in

increased metastatic abilities [18].

Our previous studies found that plumbagin can inhibit EMT and tumor invasion

through the reduction of Snail expression which may decrease the activation of

Wnt/beta-catenin signaling. Furthermore, the activity of plumbagin on tumor

angiogenesis in breast cancer, especially in anti-hormonal resistant cells have not been

studied. Therefore, this study purposes to investigate the activity of plumbagin on

cancer stem-like characteristics, tumor angiogenesis and Wnt-mediated EMT in anti-

hormonal resistant breast cancer in vitro and in vivo.
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Research Questions

1. Does plumbagin inhibit cancer stem-like features and angiogenesis in anti-
hormonal resistant breast cancer in vitro?

2. Does plumbagin inhibit AKT signaling pathway in anti-hormonal resistant breast
cancer in vitro?

3. Does plumbagin decrease the cell proliferation and invasion in anti-hormonal
resistant breast cancer in vitro through Wnt signaling pathway?

4. Does plumbagin exhibit anti-tumor and anti-angiogenic effects in anti-hormonal
resistant breast cancer in vivo?

Hypothesis

1. Plumbagin inhibits cancer stem-like features and angiogenesis in anti-hormonal
resistant breast cancer in vitro.

2. Plumbagin inhibits AKT signaling pathway in anti-hormonal resistant breast
cancer in vitro.

3. Plumbagin decreases the cell proliferation and invasion in anti-hormonal
resistant breast cancer in vitro through Wnt signaling pathway.

4. Plumbagin exerts anti-tumor and anti-angiogenic effects in anti-hormonal

resistant breast cancer in vivo.
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Research Objectives

1. To investigate the effect of plumbagin on cancer stem-like features and

angiogenesis in anti-hormonal resistant breast cancer in vitro.

2. To investigate the effect of plumbagin on AKT signaling pathway in anti-

hormonal resistant breast cancer in vitro.

3. To investigate the effect of plumbagin on the cell proliferation and invasion in

anti-hormonal resistant breast cancer in vitro through Wnt signaling pathway.

4. To investigate the inhibitory effects of plumbagin on tumor growth and

angiogenesis in anti-hormonal resistant breast cancer in vivo.

Expected Benefit and Application

Our findings could provide new insights on the potential therapeutic effects and

mechanism of plumbagin in anti-hormonal resistant breast cancer by decreasing cancer

stem-like features and inhibiting tumor growth, angiogenesis and metastasis. Therefore,

plumbagin may use as a treatment to prevent tumor recurrence and improve survival

rate of anti-hormonal resistant breast cancer patients.

Keywords

Plumbagin, Wnt/beta-catenin signaling, Anti-hormonal resistance, Cancer stem-

like cells, FGF2-mediated angiogenesis, Metastasis.
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CHAPTER I

LITERATURE REVIEWS

Breast Cancer

According to World Health Organization (WHQ) reports, breast cancer is

indicated as the highest numbers of new cases in women worldwide in 2019 [1, 19].

Approximately 29% of women aged over fifty are commonly diagnosed with breast

cancer. Breast cancer can occur in men accounting for 1% of total population. Globally,

breast cancer is the second leading cause of death which is estimated of 14% (40,450)

of all patients [1]. The evidence from National Cancer Institute (NCI) of Thailand

demonstrated that approximately 21.6% of Thai women was diagnosed with breast

cancer which is the most common sites of tumor [2, 20]. Recently, the mortality rate of

advanced-stage breast cancer patients remains high and very challenge for new

treatment strategies.

Molecular Subtypes of Breast Cancer

Breast cancer is divided into 5 categories based on the molecular

profiling expression. There are luminal (A and B), human epidermal growth factor

receptor 2 (HER2)-overexpressed, claudin-low and basal-like tumors. Luminal A

is the most common type of breast cancer showing hormone receptor such as



26

estrogen receptor (ER) and progesterone receptor (PR)-positive and HER2-

negative. Luminal B is hormone receptors (ER and PR)-positive with the

presence or absence of HER2 and higher proliferation markers such as Ki-67

(MKI67). In addition, basal-like breast cancer is a highly aggressive phenotype

which is lack of ER, PR and HER2 expression (also known as triple-negative).

Lastly, claudin-low is a recently proposed subtype of breast tumor characterized

by the absence of proteins involved in tight junction such as claudin 3, E-

cadherin, and exhibited high expression of mesenchymal markers and low

expression of luminal biomarkers [3]. The molecular profiling is used to classified

the treatment for each subtype such as hormonal therapy for ER-positive breast

cancer patients.

Hormonal therapy for ER-positive Breast Cancer

Most cases of breast cancer will receive systemic treatment after surgery

with either radiation therapy or pharmacotherapy. These patients also received

hormonal (also known as anti-hormonal or endocrine) therapy, HER2-targeted

drugs or chemotherapy regarding to their intrinsic molecular expression or

breast cancer subtypes. Anti-hormonal therapy is often used to treat estrogen

receptor (ER)-positive breast cancer patients. There are selective estrogen
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receptor modulators (SERMs), aromatase inhibitors (Als), and selective estrogen
receptor degraders (SERDs) [21].

Tamoxifen (TAM) is commonly used as the first-line drug in ER-positive
breast cancer patients. TAM metabolism is mediated by cytochrome P450 (CYP)
with major contribution from CYP2D6 and CYP3A4 isoforms for the formation of
active metabolites 4-hydroxytamoxifen (4-OHT) and endoxifen [22]. 4-OHT is a
nonsteroidal SERM acts as an ER-antagonist in breast tissues, while it functions
as an ER-agonist in bone and endometrium [3, 22]. Fulvestrant is used to treat
metastatic estrogen receptor (ER)-positive breast cancer, which functions by
binding competitively to ER, acts as an antagonist and stimulates ER
degradation [23]. Aromatase inhibitor (Als) works as an inhibitor of aromatase
enzyme which converts estrone (E,) or androstenedione (as a precursor to
testosterone and E,) to estradiol (E,) such as Anastrozole, Letrozole, and
Exemestane [24]. Hormonal therapy has common adverse drug reactions
(ADRs) including hot flashes, night sweats, irregular menstruation and vaginal
dryness. In addition, tamoxifen treatment is correlated with an increased
incidence of vaginal bleeding, endometrial polyps and thromboembolic events,
while ADRs of fulvestrant and Als include nausea, bone pain and risk of bone

fractures [3, 24].
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Anti-hormonal Resistance
Anti-Hormonal Resistance in ER-positive Breast Cancer

Approximately 40% of advanced-stage ER-positive breast cancer

patients who received tamoxifen more than five years developed tumor

recurrence which led to high aggressive disease and low survival rate [4].

Almost all patients developed distant metastasis which resulted from poor

response to anti-hormonal therapy (endocrine resistance). Several mechanisms

involved in anti-normonal resistant breast cancer include (i) loss of ER function

and expression [5, 25], (ii) alteration of ER coregulator proteins such as

increased nuclear receptor coactivator (NCOA1 or NCOA3) and decreased

corepressor (NCOR1) proteins [26, 271, (iii) crosstalk between ER-independent

signaling and other growth factors such as MAPK ERK1/2 and PI3K-AKT

pathways [7, 28] and (iv) cancer stem-like features and expression of putative

breast cancer stem cell pathways, especially Wnt signaling [6, 25, 29].

Our previous study confirmed that anti-hormonal resistant breast cancer

(LCC9) cell line which developed the resistance to both tamoxifen and

fulvestrant treatment exhibited EMT-like behaviors through the downregulation of

epithelial biomarker (e.g. E-cadherin) and upregulation of mesenchymal markers

(e.g. Snail and Vimentin) at the mRNA and protein levels, resulting in more

aggressive invasive phenotype [8].
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Anti-hormonal Resistant Breast Cancer and Metastasis

An epithelial-mesenchymal transition (EMT) is a hallmark of tumor

metastasis in advanced-stage ER-positive breast cancer [13]. EMT process is

the cause of cancer cell migration and invasion from primary tumor where

epithelial cells lose their polarity and cell-cell interaction. The invaded cells gain

fibroblast-like behaviors with the low expression of epithelial markers (such as E-

cadherin, claudins, cytokeratin) and the high expression of mesenchymal

biomarkers including N-cadherin, Fibronectin, Snail and Vimentin [30].

Several growth factors and cytokines play roles in regulating EMT

progression including Snail, Slug, Zeb1/2 and Twist transcription factors led to

the change in phenotypes of cancer cell from epithelial to mesenchymal-like

cells resulted in tumor invasion, metastasis, and drug resistance (Figure 1) [31].

Our previous study indicated Snail mMRNA and protein were increased in

anti-hormonal resistant breast cancer cells [8]. These data suggested that these

cell line had mesenchymal-like properties, resulted in increased metastatic

ability and resistance to anti-hormonal tamoxifen which may contribute to cancer

stem-like characteristics.
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Figure 1. EMT associated with drug resistance and stemness [31].

Cancer Stem-like Features in Anti-hormonal Resistance

Many studies reported that drug resistance developed from cancer

stem-like cells (CSLCs) surviving in the bulks tumor after treatment of

conventional or hormonal therapy [13]. Moreover, EMT characteristics contribute

tumor cells to increase migration and invasion in breast cancer [16, 32]. EMT-

like phenotypes can also generate tumor cells with stem-like features [16]. The

properties of CSLCs include increased proliferative potential in vitro and

tumorigenicity in vivo, self-renewal capacity, apparent resistance to hormonal

therapy or chemotherapeutic agents, and altered profile of cell surface cancer

stem cell (CSC) markers depending on distinct types of cancer [33] as listed in

Table 1.In case of breast cancer, expression of the cell surface molecule (high

level of the CD44 expression and low level of CD24) with high aldehyde
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dehydrogenase 1 (ALDH1) activity are well-established markers for identifying

breast CSLCs [34].

Table 1. Cancer stem cells (CSCs) biomarkers in several tumors [33].

Type of cancer Phenotype of CSCs markers

Leukemia CD34", CD38 , HLA-DR-, CD71,CD90 ", CD117 , CD123"

ESA", CD44'CD24™"" ALDH1""

Liver CD133", CD49f", CD90"

Brain CD133", BCRP1", A2B5", SSEA1"

Lung CD133", ABCG2"

Colorectal CD133", CD44", CD166°, EPCAM", CD24"
Whnt Signaling

Whnt Signaling and EMT

Tamoxifen resistant breast cancer cells underwent EMT which is

activated by Wnt signaling pathways [18, 35]. When Wnt ligand is absence

(Figure 2, left), the destruction complex is formed. This complex is consisted of

APC (adenomatous polyposis coli), Axin1, GSK-3 (glycogen synthase kinase 3)

and CK1 (casein kinase 1). the complex binds and phosphorylates cadherin-

associated beta-catenin and can be targeted for destruction by the proteasome.

In the nucleus, DNA-binding proteins of the T cell factor (TCF) and lymphoid

enhancer-binding factor 1 (LEF1) family are bound by transducin-like enhancer
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proteins (TLEs) resulted in transcriptional repression in breast cancer [36]. The
right of Figure 2 represents the canonical Wnt pathway activation when secreted
Whnt ligands (e.g. Wnt1 or Wnt3a) bind to Frizzled cognate receptor which is
conjugated with lipoprotein receptor-related protein 5/6 (LRP5/6) then the
complex changes its conformation and leads to the phosphorylation of the LRP6
coreceptor. The affinity of Axin1 binding site is increased which promotes the
disruption of APC-GSK3-CK1 complex. beta-catenin can accumulate in
cytoplasm and then translocate into the nucleus. beta-catenin binds to TCF
which causes TLE repressor to dislocate from TCF, resulting in  the
transcriptional activation of Wnt target genes (e.g. Cyclin D1, MYC, AXIN2,

VEGF and CD44) involved in tumor growth, angiogenesis, and metastasis [37,

38].
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Figure 2. Wnt/beta-catenin signaling in tumor metastasis [37].
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Loh et al. [18] demonstrated that Wnt-related genes were upregulated

and increased EMT-like behaviors in tamoxifen-resistant TAM-R cells [18]. A

study also showed the overexpression of Snail was able to induce EMT and

enhance stem cell-like phenotypes with mammosphere formation in non-

tumorigenic epithelial breast MCF-10A cells [12]. Our previous study

demonstrated that the increase of Snail and decrease of E-cadherin mRNA

expression were observed in anti-hormonal resistant breast cancer cells [8].

Moreover, Snail was able to induce EMT-like behaviors and triggered Wnt

signaling activation through the downregulation of E-cadherin [16].

Our previous study also reported that plumbagin reduced the expression

of Snail MRNA and protein in anti-hormonal resistant breast cancer cells [8].

Snail is a transcription factor which acts as a repressor of the E-cadherin (CDH1)

expression and is regulated by Wnt signaling. Snail is also involved in tumor cell

invasion and metastasis [37]. Hence, we hypothesized that plumbagin may

inhibit Wnt/beta-catenin signaling that regulates stem-like characteristics and

drug resistance in ER-positive breast cancer.
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Whnt Signaling and Tumor Angiogenesis

Angiogenesis plays a significant role in tumor growth and metastasis and

involves in both primary and metastatic sites of cancer. This process includes

endothelial cell migration, growth, vessel sprouting, vessel branching and

stabilization as in Figure 3. Vascular endothelial growth factor (VEGF), a direct

target of Wnt signaling, is a key angiogenic factor that induces the growth of new

blood vessels from pre-existing vessels or tumor angiogenesis [10]. VEGF

expression significantly increased in several types of cancer including

colorectal, prostate, liver, and breast cancers [37]. Furthermore, activated

stromal cells in microenvironment can release VEGF which induces

angiogenesis in ER-positive breast cancer in vitro and in vivo [39]. VEGF and

fibroblast growth factor (FGF2) increased expression in ER-negative breast

cancer [37].

As illustrated in Figure 3 shows the role of VEGF in tumor angiogenesis.

VEGF interacts with its cognate receptors (such as VEGFR1 and VEGFR2) or

Neuropilin-1 (NRP-1 as a co-receptor for VEGF) on endothelial cells and

pericytes. In parallel, activated proteases MMPs (such as MMP2 and MMP9)

degrade the extracellular matrix (ECM), resulting in tumor cell intravasation and

forming vasculature. Endothelial cells secrete platelet-derived growth factor

(PDGF) to recruit pericytes. Endothelial cells and other perivascular
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mesenchymal cells secrete angiopoietin 1 (Ang1) which binds tyrosine kinase

receptor (Tie1) on tumoral endothelial cells and promote vessel stability [40].

Figure 3. VEGF signaling in tumor angiogenesis [40].

The upregulation of VEGF expression in TAMR cells and breast cancer

tissues from patients contributed to tumor metastasis and angiogenesis [10, 39].

Bevacizumab was used to inhibit angiogenesis in breast cancer patients.

However, this VEGF inhibitor decreased overall survival of breast cancer

patients due to the enhancement of metastasis. Thus, the indication of this drug

to use in breast cancer was withdrawn in 2011 by the United States Food and

Drug Administration (US FDA) [40]. Since there are so many pathways involved

in angiogenesis, inhibition of only VEGF may cause the crosstalk to other
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redundant pathways. Approximately 60% of breast tumors upregulated FGF2

expression which is the other important pro-angiogenic factor [41].

Consequently, the ongoing studies on the safety and efficacy of anti-angiogenic

agents for the treatment of breast cancer are still required.

Wnt Signaling and Cancer Stem-like Features

Cancer stem-like cells (CSLCs) can survive from traditional cancer

therapies, resulting in tumor recurrence and drug resistance in many types of

tumor including colorectal, prostate and breast cancers [42-44]. Drug resistant

phenotypes acquired the characteristics of CSLCs and undergone EMT through

numerous signaling cascades include the Wnt pathway [18, 45]. As mentioned,

Snail acts as a negative regulator of E-cadherin which causes beta-catenin

accumulation in cytoplasm and leads to the activation of Wnt signaling that

promotes transcription of Wnt-targeted genes involved in CSC-like features [13,

14, 46]. Therefore, eradication of CSC-like features in resistant breast cancer is

an effective anti-cancer therapeutic strategy.
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Plumbagin

Plumbagin (PLB) is the major bioactive naphthoquinone compound which

isolated from the root of Plumbago indica in Plumbaginaceae family. The 2-dimensional

(2D) structure of PLB as showed in Figure 4 [47]. PLB exerts several therapeutic

activities in the treatment of human diseases in preclinical studies. According to NCBI

databases, PLB is one of the most studied compounds from 1968 to 2016. The

pharmacological activities of PLB include antibacterial properties [48-52], antifungal

effects [53-55], antimalarial effects [56, 57], cardioprotective effect [58], neuroprotective

effects [59, 60], antidiabetic properties [61, 62], antioxidant activities [59, 63, 64], anti-

inflammatory [65-67], anti-invasive [8, 68, 69], anti-metastatic effects [70-72], and anti-

proliferative activities [73, 74] in cell cultures and animal models.

(o]
CH3 CH;3
(o] OH 0
Vitamin K3 Plumbagin
(2-methyl- (5-hydroxy-2-methyl-
1,4-naphthoquinone) 1,4-naphthoquinone)

Figure 4. The 2D structure of plumbagin [47].
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Anticancer Effects

PLB has been studied as an anti-cancer agent with anti-angiogenesis

and the inhibition of cancer stem-like cells (CSCs) in several types of cancer

including brain [75-78], pancreas [79, 80], gastric [81, 82], liver [83-85], ovarian

[86], bone [73, 87], skin [74, 88], blood cells [89-92], head and neck [93-95],

colon [96-99], lung [100-103], prostate [70, 104-106], and breast cancers [107-

113] which are concluded in Table 2.

The anti-tumor effects of PLB were studied in some types of breast

cancer. PLB reduced G1 cell cycle regulators and increased expression of p53

and p21 levels in MCF-7 cells [107]. PLB also caused DNA damage, telomere

dysfunction and genome instability in breast cancer cells [108]. Dandawate et

al. [109] reported that PLB derivative exhibited anti-cancer effect associated

with autophagy, mTOR and Notch signaling pathways by using molecular

docking method in ER-positive MCF-7 and triple negative MDA-MB-231 breast

cancer cell lines [109]. Moreover, PLB inhibited the proliferation of MCF-7 breast

cancer cell line and stimulated apoptosis induction of SKBR3 and BT474 breast

cancer cells through the mitochondrial-mediated pathway [112-114].

Interestingly, Yan et al. [110] reported that PLB suppressed cell migration and

invasion by inhibiting IL-10QL, MMP2/9 expression and downregulating
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STAT3/TGF-beta crosstalk in triple negative breast cancer MDA-MB-231 cells

and intracardially bone metastatic model [110]. Similar cellular responses were

observed in vivo studies that PLB reduced osteolytic lesions and inhibited the

growth of MDA-MB-231 tumor-bearing mouse [115].

Drug Resistant Reversal Effects

PLB has synergistic effects with some chemotherapeutic drugs in

overcoming resistance in human cancers [8, 116-119]. Gowda et al. [118]

demonstrated the combination of celecoxib and PLB significantly reduced cell

viability by the inhibition of cyclooxygenase 2 (COX2) and signal transducer and

activator of transcription 3 (STAT3) in melanoma cells [116]. Additionally, Qiao et

al. [117] reported that PLB combined with zoledronic acid (ZA) inhibited MDA-

MB231 cell line [117]. PLB had synergistically cytotoxic effect with ZA

(combination index (Cl) = 0.26) through the modulation of mitogen-activated

protein kinase (MAPK)/JNK/ERK pathways [119]. In our study also demonstrated

that a fixed low concentration of PLB and tamoxifen resulted in synergistic effect

(Cl = 0.58) in LCC2 cell line and additive effect (Cl = 0.94) in anti-hormonal

resistant breast cancer LCC9 cells [8].



40

Antiangiogenic Effects

Wei et al. [83] demonstrated that PLB inhibited angiogenesis by

decreasing endothelial cell migration and invasion through the regulation of

PIBK/AKT, VEGF/KDR and Angiopoietins/Tie2 in hepatocellular carcinoma [83].

PLB suppressed tumor angiogenesis in ovarian cancer cell line and animal

models via the downregulation of VEGF expression [86]. Additionally, Lai et al.

[120] reported that PLB inhibited VEGF-induced cell proliferation and migration

of human umbilical vein endothelial cells (HUVECs) and decreased

angiogenesis in mouse corneal and chicken chorioallantoic membrane (CAM)

neovascularization in prostate cancer in vivo by reducing RAS/RAC and

RAS/MEK pathways [120].

Inhibitory Effects on Cancer Stem Cells

PLB can inhibit cancer stem cells (CSCs) of head and neck cancer

through the suppression of EMT via the reduction of Keap1-Nrf2 expression in

SCC25 cells [14]. According to the study of Somasundaram et al. [34], PLB

inhibited breast CSCs by inducing ROS generation in BRCA1-mutated triple

negative HCC1937 cell line [34]. Furthermore, Reshma et al. [121] demonstrated

that PLB suppressed prostate CSCs and induced cell apoptosis of BRCA1/2

silencing PC-3 and DU145 cells [121].
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Table 2. A summary of previous studied on pharmacological activities of PLB.

In In In
Types of cancer Main mechanisms Ref.
silico | vitro | vivo

Anticancer Effects

Leukemia - c-Myb and BCL2 expression / [89-91]
- p65 and NF-KB signaling /

Multiple myeloma | - PISK/AKT/mTOR / [92]
Skin -BCL2 / [74, 88]
- TRAIL and DR5 expression /

Liver - Glutathione reductase and / [84, 85]
thioredoxin reductase /
- UPA and MMP2 /

Glioma - Apoptosis induction / [75-78]
- FOXM1 expression / /
- Telomere dysfunction, PTEN, /

and caspase-3/7 activity

Lung - PIBK/AKT/mTOR pathway / [100-103]
- AP1, NF-KB and MAPK ERK /

Gastric - SHP1, STAT3, BCL2 and / [81, 82]

NF-KB

Pancreas - PIBK/AKT/mTOR and EMT / [79, 80]
- EGFR, STAT3 and NF-KB / /

Head and neck - PIBK/AKT and p38 MAPK / [93, 94,
- Caspase-3/7 activity / 122]
- BAX/BCL2 ratio /
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Colorectal - p53-independent signaling / [96-99]
- COX2 and ROS generation /
- AMPK signaling pathway /
Osteosarcoma - Apoptosis induction / [117]
Prostate - AMPK/p38 MAPK and / [104-1006,
PISK/AKT/mTOR signaling / 123]
- PKC/STAT3/COX2 crosstalk / /
- Interacted with 78 proteins /

involved in cell proliferation,

apoptosis, autophagy and EMT

Breast - p53 and p21 expression / [107, 108,
- Telomere dysfunction and / 110-113,
genome instability 115]
- Diminished osteolytic lesions / /
- STAT3, TGF-beta, MMP2/9 /
- mTOR and Notch pathway /
- ROS generation /

Liver - VEGF, FGF2, connective tissue / [83]

growth factor CTGF, ET-1,

PISK/AKT, KDR and

AGO/TIE2
Ovarian - VEGF signaling / / [86]
Prostate - RAS/RAC and RAS/MEK / / [120]

signaling pathways
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Inhibitory Effects of Cancer Stem Cells

Head and neck - EMT and NRF2 / [95]
Prostate - Apoptosis induction / [121]
Breast - ROS generation / [34]

Pharmacokinetics

The pharmacokinetic profile of PLB includes absorption, distribution,

metabolism and excretion has been studied in human volunteers and animal

model. PLB was able to moderately cross the colon epithelial Caco2 cells and

was transported by passive transport. Oral bioavailability of PLB was 38.78% in

Spragu-Dawley rats [124]. After mice taking single dose of PLB at 100 mg/kg

body weight (b.w.) via oral route, the area under the curve (AUC) was 271.9

mg/kg b.w. C__, was 0.35 mg/ml at 1 hour and then declined quickly. T__ was 2

hours 30 minutes. PLB was excreted about 49% through feces. Conjucated

metabolites were detected in the urine [124]. Sumsakul et al. also observed

these parameters in Wistar rats as shown in Table 3 [125].

In addition, the effects of PLB on drug metabolism by several

cytochrome P450 enzymatic activities were studied [125, 126]. Chen et al.

demonstrated that PLB was the mixed inhibition of CYP1A2, CYP2D1, and

competitive inhibition of CYP2B1, CYP2C11 and CYP2E1 with Ki values less than

9.93 uM in rodent. Moreover, PLB was CYP2B6, CYP2C9, CYP2D6, CYP2E1 and
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CYP3A4 mixed inhibitor and of CYP1A2 non-competitive inhibitor with less Ki

values 2.16 uM in humans [126].

Table 3. The PK parameters of PLB after oral administration in Wistar rats.

Parameters PLB 100 mg/kg bw
(Median  interquartile range)

T,, (half-life) 9.63 +3.04 h

T o 5.00£0.00 h

Co 0.46 + 0.15 pg/mL

AUC, 46 roune 6.51 % 1.16 ug h/mL

AUC, 6.71 + 1.41 ug h/mL

MRT (mean residence time) 12.88 £2.49h

Vd/F (volume of distribution) 2.2 £ 0.00 mL/mg dose/kg bw

CL/F (oral clearance) 0.15 + 0.30 L/h/mg dose/kg bw

Safety and Toxicity

PLB, a vitamin K, derivative, is a medicinal plant-derived
naphthoquinone compound that has been showed anti-cancer properties in
preclinical studies with no evidence of normal cells and tissue toxicity [70-72,
115, 120]. Vitamin K,, a synthetic water-soluble compound, is functionally like
vitamin K which associated with an increased risk for clotting [54]. Based on

toxicity testing, Sumsakul et al. [125] demonstrated that oral PLB-feeding rats
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(25 mg/kg body weight) had normal behaviors, body weights without changes in

blood chemistry and hematology for 28 days [125]. Similarly, Vijayakumar et al.

[127] indicated that 4-weeks after treatment with PLB (2 mg/kg body weight)

showed no change in the platelet counts in the treated group [127].

In vitro studies, PLB significantly inhibited human breast cancer cell

growth with no effect on human peripheral blood mononuclear (PBMC) cells [89,

99] and non-tumorigenic epithelial breast MCF-10A cells [128]. These results

consisted with Aziz et al. [129] that PLB was unable to induce normal prostate

epithelial RWPE-1 cell death [129]. The recent study confirmed that PLB has a

potent cytotoxicity in several types of tumor with a high selectivity index (SI) in

breast cancer MCF-7 cells (SI = 1,128) and showed non-toxic effect on human

CRL2120 normal fibroblasts [130]. Therefore, PLB has a safety profile in cell line

and animal models to investigate further for anti-cancer activity.
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Rationale for the Study

The acquisition of anti-hormonal resistance is still a critical problem for

the treatment of breast cancer due to limited choices of drug. In our previous

study, PLB displayed growth inhibition, drug resistance reversal and anti-

invasive effects in anti-hormonal resistant LCC9 cells by the reduction of EMT

process [8]. We also found that PLB significantly increased E-cadherin and

significantly decreased Snail protein expression [8] which Snail is well-known as

a transcription factor that is modulated by Wnt signaling pathway [131]. More

evidences suggested that Wnt signaling contributed to EMT, cancer stem-like

features and metastasis. Moreover, tamoxifen-resistant (TAM-R) cells expressed

high-level expression of VEGF which led to increased tumor growth and

angiogenesis [9, 39].

However, the effects of PLB in targeting cancer stem-like characteristics

and tumor angiogenesis in breast cancer remains to be studied, especially in

anti-hormonal resistant phenotype. Taken together, more animal-based and

molecular mechanistic studies need to be performed. Therefore, this study

aimed to investigate the biological and pharmacological activities of PLB on

stem cell-like properties, tumor angiogenesis and Wnt-mediated EMT in anti-

hormonal resistant breast cancer in vitro and in vivo.
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Abbreviations: ER, estrogen receptor; SERMs, selective estrogen receptor modulators;

Als, aromatase inhibitors; SERDSs, selective estrogen receptor degradators; CSC, cancer

stem cells; AKT/PKB, protein kinase B; WNT, wingless-related integration; EMT,

epithelial-mesenchymal transition; FGF2, fibroblast growth factor 2; VEGF, vascular

endothelial growth factor.
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CHAPTER I

MATERIALS AND METHODS

Cell Lines and Cultures

Wild-type MCF-7 cells (ER-positive breast cancer cell line) was purchased from

American Type Culture Collection (ATCC, Manassas). Anti-hormonal resistant cell lines

consist of LCC2 cells (tamoxifen-resistant cell line) and LCC9 cells

(fulvestrant/tamoxifen-resistant cell line). The details of each cell line were summarized

in the Table 4. The anti-hormonal resistant cells were kindly provided by Prof. Dr. Robert

Clarke (Georgetown University School of Medicine). Cell lines were maintained in MEM

medium supplemented with 5% heat-inactivated fetal bovine serum (FBS) (Hyclone,

USA), 1% penicillin-streptomycin and 0.1% amphotericin B (Gibco, USA) in a humidified

incubator (95% air, 5% CO,) at 37°C.
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Table 4. The characterization of cell lines used this study.

Expression Morphology of cells in
Cell line
ER | PR HER2 Snail | E-cadherin culture
MCF-7 / / - / / Epithelial-like cells
LCC2 | | ! ! | Mesenchymal-like cells
LCC9 | ! ! ! | Mesenchymal-like cells
Ref. (unpublished data) [8] (8]

Note: ( /) represents the presence of hormone receptors or EMT markers. ( I ) and ( | )

denote upregulation and downregulation, respectively when compared to MCF-7 cells.

Tested Compound

Plumbagin (PLB, 98% purity) was purchased from Sigma-Aldrich (Missouri,
USA). PLB powder was dissolved in dimethyl sulfoxide (DMSQ) to obtain a
concentration of 10 mM, and then was stored at -20°C and protected from the light. The

final concentration of DMSO of 0.1% (v/v) was used as a negative control.

Chemicals and Reagents

The following chemicals and reagents were used in this study; amphotericin B
(Gibco, USA), chloroform (Merck, Germany), crystal violet dye (Sigma-Aldrich, USA),
deoxynucleotide (dNTP) solution mix (Promega, USA), diethyl pyrocarbonate; DEPC-
treated water (Molekula, UK), dimethyl sulfoxide; DMSO (Sigma-Aldrich, USA), absolute

ethanol (Merck, Germany), fetal bovine serum; FBS (Hyclone, USA), hematoxylin and
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eosin (Abcam, UK), human recombinant Wnt1 ligand (Peprotech, USA), Improm-II™
reverse transcription system (Promega, USA), isopropanol (Merck, Germany),
MammoCult™ serum-free (Human) basal medium (STEMCELL Technologies Inc, USA),
I\/Iatrigel® growth factor reduced (GFR) matrix (Corning, USA), minimum essential
medium eagle; MEM (Gibco, USA), penicillin-streptomycin,100X (Gibco, USA),
phosphate buffer saline; PBS (Sigma-Aldrich, USA), proliferation supplement (Human)
medium (STEMCELL Technologies Inc, USA), recombinant human insulin zinc solution
(Gibco, USA), soluble Wnt inhibitor IWP2 (Sigma-Aldrich, USA), Thiazolyl blue
tetrazolium bromide; MTT (Sigma-Aldrich, USA), TRIzol reagent (Invitrogen, USA),
0.25% Trypsin/EDTA (Gibco, USA), 0.4% Trypan blue solution (Sigma-Aldrich, USA),
10% Neutral buffered formalin NBF (Sigma-Aldrich, USA), 4% formaldehyde solution

(Sigma-Aldrich, USA).

Instruments and Equipment

The following instruments and equipment were used in this study; autopipette
(Brand, USA), bunsen burners (Thomas Scientific, USA), C-DiGit blot scanner (LI-COR
Biosciences, USA), 15-mL, 50-mL centrifuge tubes (Corning, USA), CO, incubator
(Thermo Scientific, USA), coverslips (Menzel Glaser, Germany), cryogenic freezing
container (Thermo Scientific, USA), digital balance (Thomas Scientific, USA), digital

Vernier Caliper 0-150mm (nvech, China), disposable pipette tip (Corning, USA),
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disposable syringe (Terumo, Japan), 5804R refrigerated centrifuge (Eppendorf, USA),
Mastercycler nexus thermal cycler (Eppendorf, USA), freezers (-20, -80°C), glass slide
25 mm x 75 mm (Sigma-Aldrich, USA), hemacytometer (Hausser Scientific, Germany),
insulin syringe with needle, 1-mL 27G (0.4 mm) x 12.7mm (Terumo, Japan), laminar flow
hood (Labconco, USA), phase contrast microscope with digital Nikon camera (Carl
Zeiss, Germany), liquid nitrogen (N,) storage (Linde, Thailand), microcentrifuge (Hettich
zentrifugen, Germany), microcentrifuge tube (Corning, USA), microplate reader (MTX
Lab Systems, USA), minicentrifuge (Alc, UK), Mice cages (Techniplast, USA), NanoDrop
One UV-Vis spectrophotometer (Thermo Scientific, USA), needle 25G x 16mm (Terumo,
Japan), normal saline, 0.9% NSS (A.N.B. Laboratories, Thailand), PCR tube (Corning,
USA), pH-meter (Knick, Germany), pipette gun (Gilson, USA), refrigerators (4-8°C)
(Toshiba, Thailand), reservoir for cell culture (Thermo Scientific, USA), sodium citrate
vacuum tubes (Becton Dickinson, USA), StepOnePlus Real-Time PCR system (Applied
Biosystems, USA), invasion chamber, 8.0 um PET membrane 24-well plates (Corning,
USA), ultra-low attachment 6-well plates (Corning, USA), vacuum aspirator pump
(Thermo Scientific, USA), vortex (Scientific Industries, USA), water bath (Thermo
Scientific, USA), waste containers (Thermo Scientific, USA), 25-cm” tissue culture (T25)
flasks (Corning, USA), 75-cm’ tissue culture (T75) flasks (Corning, USA), 6-wells culture
plate (Corning, USA), 24-wells culture plate (Corning, USA), 96-wells culture plate

(Corning, USA), 100-mm culture plates (Corning, USA).
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Subculturing Adherent Cells

The cells were splited into the new culture container after three days of culture or

eighty percent confluence in the culture container. First, the media were removed and

the cells were washed by sterile 1X PBS to remove the remaining FBS. After washing,

cells were trypsinized by adding 0.25% Trypsin-EDTA (Gibco, USA) and incubated at 37

°C for 3 minutes. The reaction was stopped by adding the complete media and

transferred into conical tube for centrifugation at 1500 rpm for 5 min. The supernatant

was removed and fresh media were added to cells. After mixing, cells were transferred

into the new culture container and incubated in 5% CO, incubator.

Cell Counting

After trypsinization and centrifugation, 10 uyL of the resuspended cells were

aliguoted and transferred in equal volume. 0.4% tryphan blue solution (Gibco, USA) was

added to cells in 1.5-mL microcentrifuge tube and mixed up and down several times by

using a micropipette. 10 uL microliters of tryphan blue-staining cells were further added

to a hemacytometer chamber (Hausser Scientific, Germany) with cover slip. The number

of cells were counted by using the light microscope with 10x objective. Unstained and

stained tryphan blue cells represented live and dead cells, respectively.
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The viability and density of cells were calculated as follow;

%Cell viability = the number of live cells x 100

the number of live and dead cells

Total cells/mL = the number of live and dead cells  x 2 (dilution factor) x 10*

4
Over 95% percentage of cell viability in the exponential growth phase was
accepted to use in each experiment. All cell-based assays were achieved at least three

independent experiments in triplication.

Clonogenic Assay

Colony-forming (clonogenic) assays were performed to determine the inhibitory
effect of PLB on cell proliferation in anti-hormonal resistant breast cancer cells in 2-
dimensional (2D) culture. LCC2 and LCC9 cells at the density of 1x10° cells were
seeded into a 6-well plate (Corning, USA) with the 0.5, 0.75, and 1 uM of PLB. 0.1%
dimethy! sulfoxide (DMSO) was used as the negative control. After that, the plates were
incubated for 7 days. After washing with PBS, cells were fixed and stained with 4%
formaldehyde and 0.1% crystals violet, respectively. The colonies were observed under
a digital microscope camera. Large colony containing at least 50 ym was counted by

using Imaged (NIH).
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The inhibitory effect of PLB on colony formation was analyzed as the percentage

of colony-forming ability (%CFA) as follow;

%CFA = Mean of colonies number in treated cells x 100

Mean of colonies number in untreated control

Mammosphere Formation Assay

3D mammosphere assays were performed to determine the inhibitory effect of
PLB on cancer stem-like features in non-adherent condition and serum-free media
(SFM) in anti-hormonal resistant breast cancer in vitro. LCC2 and LCC9 cells at the
density of 2x10° cells were seeded in ultra-low attachment 6-well plate (Corning, USA) in
MammoCult™ basal and proliferation supplement medium (StemCell Technologies). At
the same time, resuspended cells were treated with the 0.5 or 1 yM of PLB for 7-10
days. 0.1% DMSO was used as a negative control. After the culture period, the
mammospheres were photographed by an inverted microscope with a digital Nikon
camera (Carl Zeiss, Germany). Mammospheres with the diameter greater than 50 pm
were counted using Imaged software (NIH). The inhibitory effect of PLB on stem-like
features was analyzed as the percentage of mammosphere-forming efficiency (%MFE)
which was calculated as follow:

%MFE = Mean of mammospheres number in treated cells x 100

Mean of mammospheres number in untreated control
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MTT assay

MTT assays were performed to determine the inhibitory effect of PLB on Wnt-
mediated cell viability in anti-hormonal resistant breast cancer in vitro. LCC2 and LCC9
cells at the density of 5x10° cells were seeded into a 96-well plate (Corning, USA) with
the different concentrations of PLB at 0.5, 1.0, and 1.5 pM with or without Wnt inhibitor
IWP2 (5 uM) or Wnt1 ligand (200 ng/mL). 0.1% DMSO was used as a negative control.
The plates were incubated for 24 and 48 hours for Wnt inhibitor and Wnt1 ligand,
respectively. After adding MTT (5 mg/ml), cells were incubated for 4 hours at 37°C. After
4-h incubation, formazan crystals were dissolved by DMSO. Viable cells were evaluated
by absorbance measurements at 570 nm using Synergy HTX multi-mode microplate
reader (BioTek, USA). The values of optical density (OD570) in triplicate were
proportional to the degree of survival rate. The inhibitory effect of PLB on tumor cell
growth was analyzed as the percentage of cell viability relative to control as follow:

%Cell viability = Mean of OD570 in treated cells x 100

Mean of OD570 in untreated control

Matrigel Invasion Assays

Matrigel invasion assays were performed to determine the inhibitory effect of

PLB on Wnt pathway-mediated cell invasion in anti-hormonal resistant breast cancer in

vitro. Upper chambers of transwells were coated with Matrigel (1:30 dilution) in serum-
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free MEM before seeding. LCC2 and LCC9 cells at the density of 5x10" cells were
seeded into the upper chamber and treated with PLB (0.5 and 1 uM) with or without Wnt
inhibitor (5 uM) or Wnt1 ligand (200 ng/mL), while 5% FBS in MEM was added in the
lower chamber. After treatment for 48 h, Non-invaded cells in the insert were rinsed with
PBS and swiped out with a cotton swab. Invaded cells were fixed and stained with 4%
formaldehyde and 0.1% crystal violet, respectively. Images were taken by a light
microscope with digital camera at least 5 random fields per chamber. For data analysis,
invaded cells were counted using Imaged (NIH) software. The inhibitory effect of PLB on
cancer cell invasion was analyzed as the percentage of cell invasion relative to control
which was calculated as follow:

%Cell invasion = Mean of invaded cells in treated group x 100

Mean of invaded cells in untreated control

Tumor Growth in Xenograft Mice

Eighteen female BALB/c nude mice at 7-8 weeks of age (approximately weight

20 grams) were used to determine the anti-cancer effect of PLB on tumor growth of anti-

hormonal resistant breast cancer in orthotopic xenografts. Nude mice were obtained

from the Nomura Siam International company which jointly established by Central

Institute for Experimental Animals (CLEA) Japan, Inc. Each mouse was housed under 12

h light and 12 h dark controlled light at 24+2 °C room temperature and 55-60% humidity
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in the animal house facility at the Faculty of Medicine, Chulalongkorn University. All
animals were fed with a standard diet and water ad libitum. Healthy mice were
implanted with anti-hormonal resistant breast cancer (LCC9) cells under general
anesthesia with isoflurane. A million cells of LCC9 cell line in 1:1 proportion of complete
medium and Matrigel (Corning, USA) were implanted into mammary fat pads of each
mouse. Treatment of PLB was started when the tumors reached volume at least 50-60
mm’. The sample sizes of mice were 6 animals per group which were calculated by

using G-Power statistical power analysis v3.1.9.4 software (http://www.psycho.uni-

duesseldorf.de/abteilungen/aap/gpower3/) [125]. Animals were randomly separated

into three groups.

Group 1: Normal saline alone (Control)

Group 2: PLB 2 mg/kg/body weight (Low-dose)

Group 3: PLB 4 mg/kg/body weight (High-dose)

Twenty microliters of PLB or normal saline was injected through intraperitoneal
(i.p.) route for 5 times a week [115, 132]. Body weight and tumor size of each mouse
was monitored every other day using digital balance and caliper. Measurement of
primary tumor volume in mm°® was calculated by the following equation:

Tumor volume = 0.5 x the length diameter x (the width diameter)” [133].


http://www.psycho.uni-duesseldorf.de/abteilungen/aap/gpower3/
http://www.psycho.uni-duesseldorf.de/abteilungen/aap/gpower3/
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After 3 weeks of PLB treatment, anti-hormonal resistant breast tumor-bearing

mice were sacrificed by overdosing isoflurane inhalation (4% v/v for 5 minute), Tumor

mass, major organs such as lung tissues and blood plasma were collected. Tumor

samples were weighted and divided for real-time PCR, western blot and histological

studies. For histopathological assessment, the thin-sliced sections of tumors and lung

were stained for Hematoxylin and Eosin staining. PECAM/CD31 staining was performed

in tumor section for angiogenesis.

H&E Staining of Lung Tissues

Hematoxylin and Eosin (H&E) sections were carried out to determine the

inhibitory effect of PLB on lung metastasis of anti-hormonal resistant breast cancer in

orthotopic xenograft mice. For micrometastasis examination, the lung tissues were

stained with hematoxylin solution for 10 minutes at a temperature of 60-70°C and were

washed in tap water until the water was colorless. Next, 10% acetic acid and 85%

ethanol in water were used 2 times, and the tissue sections were rinsed with tap water.

The sample was soaked in saturated lithium carbonate solution for 2 hours and then

washed with tap water. Lastly, staining was performed with eosin Y solution for 5

minutes. Sliced sections were dehydrated, cleared and mounted, respectively. The

stained tissues were scanned using a Leica ScanScope CS slide scanner (Aperio

Technologies, USA). The inhibitory effect of PLB on metastasis was analyzed as the
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incidence of mice observed with lesions containing tumor cells in the lung tissues

relative to control group.

Immunohistochemistry Staining (PECAM)

PECAM/CD31 is platelet-endothelial cell adhesion molecule/CD31 which is

highly expressed in endothelial cells. Hence, staining with PECAM/CD31 has also been

widely accepted to measure angiogenesis in tumor sections. PECAM staining was

performed to determine the anti-cancer effect of PLB on angiogenesis of anti-hormonal

resistant breast cancer in orthotopic xenografts. The paraffin-embedded tumor sections

were stained with anti-PECAM/CD31 (clone JC70A, 1:100) in 10% human serum and

incubated for 2 hours at room temperature. Alkaline phosphatase labeling was

performed by HRP-polymer linked secondary antibody (Thermo Scientific, USA)

following 3,3'-diaminobenzidine (DAB) substrate and then counterstained with

hematoxylin (nuclear). The slides were scanned using a Leica ScanScope CS slide

scanner (Aperio Technologies, USA) with 40x magnification. For data analysis, brown

spots showing vessels density of angiogenesis in tumor xenografts were chosen at least

5 random fields per slide and analyzed using the Microvessel algorithm by ImageScope

(Aperio Technologies) software. The inhibitory effect of PLB on tumor angiogenesis was

analyzed as the percentage of microvessel area (MVA) relative to control which was

calculated as follow:
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%MVA = Mean of PECAM/CD31 staining in treated group x 100

Mean of PECAM/CD31 staining in control group

Blood Coagulation

PLB is a vitamin K, derivative that may affect the bleeding time in blood samples
of mice. A prothrombin time (PT) was used to determine the extrinsic pathway (factor
VIl) and common pathway (Factor |, Il or thrombin and X) of coagulation which is
activated by adding tissue factor [134]. The blood plasma was collected in 3.2% citrate
tubes and centrifuged at 1500 g for 10 minutes. The time was optically recorded until a
clot formed using a semi-automated Sysmex CA104 analyzer (Sysmex Europe GmbH)
as described in the manufacturer’s instructions. The citrated plasma (100 uL) of each
mouse was used to estimate PT value.

The mean + S.E.M of PT is 11.9 + 0.30 seconds in healthy female mice (Normal

range = 10.0-15.2 seconds) [134, 135].

RNA Extraction and cDNA preparation

The total RNA was extracted from cell lines and tissues by using Trizol reagent
(Invitrogen, USA). A260/A280 value of RNA was analyzed to prove the isolation efficacy.
The accepted range should be between 1.8-2. One microgram of RNA and Oilgo(dT),,
primers were mixed and the volume was brought up to 5 uL per reaction with DEPC-

treated water. The samples were plated on ice followed by mixing and spinning down.



62

PCR tubes were tightly closed and placed into a I\/Iastercycler® thermocycler
(Eppendrof, USA), incubated at 70°C for 5 minutes and immediately chilled on ice at
least 5 minutes. PCR tubes were vortexed and spun down for 20 seconds. While the
master mix solutions were prepared, tubes were kept on ice at all time.

The reverse transcription reaction mater mix was prepared by adding the
following components of the ImProm-II™ Reverse Transcription System in a sterile 1.5-
mL microcentrifuge tube. Master mix solutions were frequently vortexed and kept on ice
prior to aliquot into the reaction tubes. The reverse transcription reaction master mix

contained the following reagents;

1) Nuclease-Free Water (to a final volume of 15 uL) 7.3 uL
2) ImProm-II™ 5X Reaction Buffer 4.0 uL
3) 25 mM MgCI2 (final concentration 2.0 mM) 1.2 uL
4) dNTP Mix (0.5 mM each of dATP, dCTP, dGTP and dTTP) 1.0 uL
5) Recombinant RNasin® Ribonuclease Inhibitors (20U) 0.5 pL
6) ImProm-II™ Reverse Transcriptase 1.0 uL

Total volume 16 ul

Each reaction tube was added with 15 yL master mix solutions on ice for a total

reaction volume of 20 pL per tube. The reaction tubes were placed into a Mastercycler

nexus thermal cycler (Eppendorf, USA) to generate cDNA using the following
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conditions; annealing step at 25°C for 5 minutes, extension step at 42°C for 90 minutes,

and inactivated Reverse Transcriptase at 70°C for 15 minutes. The cDNA sample was

kept at -20°C to use for the determination of mRNA expression.

Quantitative real-time PCR (qRT-PCR)

Table 5 represents the primer sequences used for quantitative real-time PCR
analysis to investigate the effect of PLB on gene expression involved in cancer stem-like
features (NANOG, OCT4 and ALDH1), angiogenic factors (VEGF and FGF2) and Wnt-
targeted genes (AXIN2, DKK1 and TCF4). The PCR products were amplified by using
SYBR green master mix and StepOnePlus real-time PCR system (Applied Biosystems).
For data analysis, the expressions of interested genes were analyzed using Z'AACT

method normalized to beta-actin  (ACTIN) or glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) which is used as the loading control.

Table 5. Primer sequences used for quantitative real-time PCR analysis.

Gene Primer sequences

GAPDH Forward: 5-GAG AAG GCT GGG GCT CAT TT-3'

Reverse: 5-AGT GAT GGC ATG GAC TGT GG-3

ALDH1 Forward: 5-TCC TGG TTATGG GCC TAC AG-3’

Reverse: 5-CTG GCC CTG GTG GTA GAA TA-3

NANOG Forward: 5-ATAACCTTG GCT GCC GTC TC-3
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Reverse: 5-AGC CTC CCA ATC CCA AAC AA-3’
OCT4 Forward: 5-CCT TCG CAA GCC CTC ATT TC-3’
Reverse: 5-GAA GCT TAG CCA GGT CCG AG-3’
CCND1 Forward: 5-TTC GCT TTC TCC TGA CCG AC-3’
Reverse: 5-TGC TTC AAG CCA GGT CCG AG-3’
MYC Forward: 5-GCT TCT CTG AAA GGC TCT CCT-3
Reverse: 5-CCATTC CCGTTT TCC CTC TG-3
AXIN2 Forward: 5-CTG GCT TTG GTG AAC TGT TG-3’
Reverse:  5-AGT TGC TCA CAG CCA AGA CA-3’
TCF4 Forward: 5-GAT GCT CTG GGG AAA GCA CT-3’
Reverse: 5-ATG GAG GAG AGC CAA CAG GA-3
DKK1 Forward: 5-TAG CAC CTT GGA TGG GTATT-3’
Reverse: 5-ATC CTG AGG CAC AGT CTG AT-3’
VEGF Forward: 5-CTT TCT GCT GTC TTG GGT G-3
Reverse: 5-ACT TCGTGA TGATTC TGC C-3’
FGF2 Forward: 5-AGG AGA GCG ACC CAC ACATCA A-3
Reverse: 5-AGC CAG CAG TCT TCC ATC TTC C-3’
SDF1 Forward: 5-TCT GCT CTG GCG CTT TGT AA-3’
Reverse: 5-TAC CGT CAG GTT TGA GCA CC-3
MMP9 Forward: 5-ACA CCT CTG CCT CAC CAT-3’
Reverse: 5-TCG ACT CTC TCC ACG CAT CTC C-3’
ACTIN Forward: 5-ATC GTG CGT GAC ATT AAG AAG-3’

Reverse:

5-AGG AAG GAA GGC TGG AAG GTG-3’
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Protein Extraction and SDS-PAGE Preparation

The total proteins were isolated using lysis buffer containing proteases inhibitor

cocktail (Merck Millipore) and then centrifuged at 14000 g for 20 minutes [8]. The

supernatant was transferred into a new 1.5-mL microcentrifuge tube and stored in -20°C

until further use. Total protein concentration was measured by a protein A280 method

using NanoDrop One (Thermo Scientific, USA). Bovine serum albumin (BSA) was used

as a protein concentration standard.

Sodium dodecy! sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is used

to separate proteins depend upon the isoelectric point, molecular weight and electric

charge of each protein. The separating (lower) gels were prepared depend on the

protein size of interested protein. For example, 10% gels were prepared by adding the

following reagents;

1) Ultrapure water 5.76 mL
2) 40% acrylamide/bis-acrylamide (29:1) 3 mL
3) Tris base (1.5 M, pH 8.8) 3mL
4) 10% sodium dodecyl sulfate (SDS) 0.12 mL
5) 10% ammonium persulfate (APS) 0.12 mL
6) Tetramethylethylenediamine (TEMED) 5puL

Total volume 12 mL
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After adding TEMED, the solution was mixed in 15 mL tube and transferred to

the casting chamber between the glass plates. Once lower gel has polymerized,

stacking (5%) gel was prepared by adding the following reagents;

1) Ultrapure water 3.65 mL
2) 40% acrylamide/bis-acrylamide (29:1) 0.625 mL
3) Tris base (0.5 M, pH 6.8) 0.625 mL
4) 10% sodium dodecyl sulfate (SDS) 0.05 mL
5) 10% ammonium persulfate (APS) 0.05 mL
6) Tetramethylethylenediamine (TEMED) 5puL
Total volume 5mL

Finally, upper layer was added by stacking gel and the comb was carefully

inserted. The stacking gel was allowed to polymerize for 30 minutes. The gels were

plastic wrapped and kept at 4-8°C until further use.

Western Blot Analysis

Western blotting was performed to determine the inhibitory effect of PLB on

protein expression involved in stem-like phenotypes, angiogenesis and EMT during

metastasis. Equal amount of protein was loaded followed by transferring into

nitrocellulose membrane, then blocked non-specific proteins with 5% non-fat dried milk
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for 1 hour at room temperature (RT). Immunoblots were rinsed with tris-buffered saline

supplemented with 0.1% Tween 20 (TBST) solution for 3 times and then incubated with

primary antibody against anti-rabbit beta-Catenin (1:1000) (Cell Signaling, #8084), anti-

rabbit phospho-AKT-Ser473 (1:1000) (Cell Signaling, #9271), anti-rabbit AKT-pan

(1:1000) (Cell Signaling, #4691), anti-mouse FGF2 (1:1000) (Merck Millipore, #05118) at

4°C overnight. After washing with TBST, the blots were incubated with the horseradish

peroxidase (HRP)-labeled anti-rabbit (1:2500) (Cell Signaling, #7074) or anti-mouse

(1:3000) (Cell Signaling, #7076) secondary antibody for 1 hour at room temperature

(25°C). The band density was detected using the Luminata Crescendo Western HRP

chemiluminescent substrate (Merck Millipore) and then scanned by C-DiGit blot scanner

(LI-COR Biosciences). Protein levels were analyzed using ImgaeStudio software (LI-

COR) normalized to GAPDH as the internal control.

Ethical Statement

The in vitro study using human cell lines was exempted by the Institutional

Review Board of the Faculty of Medicine, Chulalongkorn University (IRB Number:

371/2559 BE). Animal protocol was approved from ethics committee of Chulalongkorn

University Animal Care and Use (License Number: 24/2560 BE). All experiments were

carried out in accordance with the Guidelines for the Care and Use of Laboratory

Animals [125].



68

Statistical analysis

The IBM SPSS 24.0 software (Chicago, USA) was used to analyze the results. All

graphs were created by GraphPad Prism for Windows, version 7 (GraphPad Software,

San Diego, CA). Data were shown as the average + standard error of the mean (S.E.M)

from three-independent experiments (n = 3) and each experiment was performed in

triplicates for cell-based assays. In vivo studies, Data were shown as the average +

S.E.M from six individual mice (n = 6 each group). Comparisons between two groups

and more than 2 groups were determined by paired student t-test and one-way ANOVA

with post-hoc Tukey HSD test, respectively. A P-value less than 0.05 was accepted

statistically significant in both in vitro and in vivo studies.
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CHAPTER IV

RESULTS

Characterization of cancer stem-like features in anti-hormonal resistant breast cancer
cell lines.

It has been reported cancer stem-like features were observed in resistant breast

cancer cells by increasing EMT phenotypes, mesenchymal expression and decreasing

4-OHT sensitivity [8, 43], resulted in increasing cell survival and tumorigenicity in vivo

[43]. As shown in Figure 5, anti-hormonal resistant cells enriched cancer stem-like

features by increasing mammosphere-forming capacity and amplifying cancer stem cell

(CSC)-related genes such as ALDH1, NANOG and OCTH4, respectively as showed in

Figure 6-8. The results demonstrated that the mammosphere formation in serum-free

medium (SFM) is suitable to show cancer stem-like features in anti-hormonal resistant

breast cancer cells that express CSC-related genes. Therefore, these resistant cell lines

could be used to evaluate the inhibitory effect and mechanism of plumbagin on cancer

stem-like features.
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Figure 5. Characterization of cancer stem-like features in anti-hormonal resistant

breast cancer cell lines. Morphology of MCF-7, LCC2 and LCC9 cells cultured in

serum-supplement medium (SSM) and serum-free mammocult (SFM) conditions.

Scale bar = 100 ym.
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Figure 6. ALDHT mRNA expression of anti-hormonal resistant cells grown under
adherent monolayer and mammosphere cultures. The bar graph showed relative
MRNA expression of ALDH7 normalized to GAPDH. Data were showed as the
mean * S.E.M from three-independent experiment (n = 3). “p<0.01, *p<0.001

vs. SSM of each cell line.
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Figure 7. NANOG mRNA expression of anti-hormonal resistant cells grown
under adherent monolayer and mammosphere cultures. The bar graph showed
relative mRNA expression of NANOG normalized to GAPDH. Data were showed
as the mean = S.E.M from three-independent experiment (n = 3). “p<0.05,

##p<0.01 vs. SSM of each cell line.
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Figure 8. OCT4 mRNA expression of anti-hormonal resistant cells grown under
adherent monolayer and mammosphere cultures. The bar graph showed relative
MRNA expression of OCT4 normalized to GAPDH. Data were showed as the
mean + S.E.M from three-independent experiment (n = 3). “p<0.05, “p<0.01 vs.

SSM of each cell line.
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Aberrant activation of Wnt/beta-catenin signaling in anti-hormonal resistant breast

cancer cell lines.

Snail is the transcriptional repressor of E-cadherin that can decrease E-cadherin

expression. The decrease of E-cadherin activates Wnt/beta-catenin pathway [46]. The

protein levels of beta-catenin expression in anti-hormonal resistant cells were increased

approximately 2.8-fold higher than MCF-7 wild-type cells as showed in Figure 9. The

expression levels of genes involved in canonical Wnt pathway including CCND1, MYC,

VEGF, AXIN2, and TCF4 were significantly increased (Figure 10-11). DKK1 (negative

regulator of Wnt pathway) was decreased in anti-hormonal resistant cell lines (Figure

12). Thus, both of resistant cell lines increased beta-catenin and expression of Wnt-

targeted genes, suggesting the activation of Wnt/beta-catenin signaling.
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Figure 9. Protein expression of beta-catenin in breast cancer cell lines include

MCF-7 (ER-positive cells) and LCC2 and LCC9 (anti-hormonal resistant cells).

Data were showed as the mean + S.E.M from three-independent experiment (n

= 3). *p<0.05 vs. MCF-7 cells.
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Figure 10. The canonical Wnt-targeted gene expression involved in cell

proliferation (CCND7 and, MYC) in anti-hormonal resistant cells. Data were

showed as the mean + S.E.M from three-independent experiment (n = 3).

*0<0.05 vs. MCF-7 cells.
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Figure 11. The canonical Wnt-targeted gene expression involved in

angiogenesis and invasion (VEGF and AXIN2) in anti-hormonal resistant cells.

Data were showed as the mean + S.E.M from three-independent experiment (n

= 3). *p<0.05 vs. MCF-7 cells.
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Figure 12. The canonical Wnt-targeted gene expression involved in EMT and
metastasis (TCF4 and DKK1) in anti-normonal resistant cells. Data were showed
as the mean = S.E.M from three-independent experiment (n = 3). ***p<0.001 vs.

MCEF-7 cells.
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PLB inhibited cell proliferation and the expression of Wnt-targeted genes in anti-
hormonal resistant breast cancer cell lines.

One of the major caused of tumor recurrence is the ability of resistant cells to

proliferate. Wnt signaling pathway plays role in regulating cell proliferation. Over-

expression of Wnt-targeted genes was observed in anti-hormonal resistant breast

cancer cells [136]. These findings demonstrated PLB decreased the clonogenicity in

resistant cells as shown in Figure 13. PLB at the concentration of 0.75 and 1.0 yM

significantly repressed the colony formation with reduction ranged from 37% to 73% and

38% to 79% in both cell lines. However, the concentration below IC, of PLB at 0.5 uM

slightly reduced colony forming by 13%-18% inhibition in anti-hormonal resistant cells

(Figure 13).

Interestingly, PLB at the concentrations below IC,, of 0.5 and 1.0 yM dramatically

reduced Wnt-targeted genes include AXIN-2, TCF4 levels and increased DKK1

expression (Figure 14-16). PLB significantly downregulated the protein expression of

beta-catenin in resistant LCC9 cells (Figure 17). FGF2, the important angiogenic factor,

increased in anti-hormonal resistant breast cancer cells when compared to wild-type

MCF-7 cells (Figure 18). In addition, PLB reduced gene and protein expression of FGF2

(Figure 19) and VEGEF in both cell lines (Figure 20).
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Figure 13. The inhibitory effect of PLB on colony formation of LCC2 and LCC9

cells after the treatment with 0.5, 0.75 and 1.0 uM PLB for 7 days. Data were

showed as the mean = S.E.M from three-independent experiments (n = 3).

*p<0.05, **p<0.01 vs. untreated control. Scale bar = 100 um.
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Figure 14. AXIN2 mRNA expression in anti-hormonal resistant cells after the
treatment with 0.5 and 1.0 pM of PLB for 24 hours. Data were showed as the
mean = S.E.M from three-independent experiments (n = 3). *p<0.05, **p<0.01

vs. untreated control.
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Figure 15. TCF4 mRNA expression in anti-hormonal resistant cells after the
treatment with 0.5 and 1.0 pM of PLB for 24 hours. Data were showed as the
mean = S.E.M from three-independent experiments (n = 3). *p<0.05, **p<0.01

vs. untreated control.
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Figure 16. DKK7 mRNA expression in anti-hormonal resistant cells after the
treatment with 0.5 and 1.0 uM of PLB for 24 hours. Data were showed as the
mean * S.E.M from three-independent experiments (n = 3). *p<0.05 vs.

untreated control.
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Figure 17. Protein expression of beta-catenin in anti-hormonal resistnt LCC9

cells after the treatment with 0.5 and 1.0 yM of PLB for 24 hours. Data were

showed as the mean + S.E.M from three-independent experiments (n = 3).

*p<0.05 vs. untreated control.
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Figure 18. Protein expression of FGF2 in breast cancer cell lines include MCF-
7 (ER-positive cells) and LCC2 and LCC9 (anti-hormonal resistant cells).
Results were represented as the mean + S.E.M from three experiment (n = 3).

*p<0.05 vs. MCF-7 cells.
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Figure 19. Protein and mRNA expression of FGF2 in anti-hormonal resistant
cells after the treatment with 0.5 and 1.0 yM PLB for 24 hours. Data were

showed as the mean + S.E.M from three-independent experiments (n = 3).

*p<0.05, **p<0.01, **p<0.001 vs. untreated control.
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Figure 20. VEGF mRNA expression in anti-hormonal resistant cells after the

treatment with 0.5 and 1.0 uM of PLB for 24 hours. Data were showed as the

mean * S.E.M from three-independent experiments (n = 3). *p<0.05, **p<0.01

vS. untreated control.
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PLB decreased stem-like features and the expression of cancer stem cell genes in anti-

hormonal resistant breast cancer cell lines.

Our previous study reported PLB inhibited cell invasion through the suppression

of EMT in anti-hormonal resistant cells [8]. EMT process is a vital property of CSLCs.

This study determined whether PLB inhibited stem-like features in anti-hormonal

resistant cells by evaluating mammosphere-forming efficiency (MFE). As shown in

Figure 21, PLB significantly reduced MFE in both LCC2 and LCC9 cell lines in the

second passage of mammosphere formation by 47-52% and 78-83% inhibition at the

concentration of 0.5 and 1.0 pM, respectively. The same concentrations of PLB also

reduced MFE in the third passage by 46-82% and 51-76% inhibition in both cell lines

(Figure 22). In addition, PLB downregulated the mRNA expression of cancer stem cell

markers including ALDH1, NANOG and OCT4 in anti-hormonal resistant cells as shown

in Figure 23-25. These results suggested that PLB diminished stem-like properties by

the inhibition of CSC-related gene expression in anti-hormonal resistant cells.
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Figure 21. The inhibitory effect of PLB on the secondary mammospheres-
forming efficiency (MFE) of LCC2 and LCC9 cells. Both cell lines were
treated with 0.5 and 1.0 uM of PLB for 7-10 days. Results were represented
as the mean * S.E.M from three experiment (n = 3). **p<0.01 vs. untreated

control. Scale bar = 100 pm.
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Figure 22. The inhibitory effect of PLB on the tertiary mammospheres-

forming efficiency (MFE) of LCC2 and LCC9 cells. Both cell lines were

treated with 0.5 and 1.0 yM of PLB for 7-10 days. Results were represented

as the mean + S.E.M from three experiment (n = 3). **p<0.01, *p<0.001 vs.

untreated control. Scale bar = 100 ym.
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Figure 23. ALDHT mRNA expression in anti-hormonal resistant LCC2 and
LCC9 cells after treatment with 0.5 and 1.0 uM PLB for 24 hours. Results
were represented as the mean + S.E.M from three experiment (n = 3).

*p<0.05, **p<0.01, **p<0.001 vs. untreated control.
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Figure 24. NANOG mRNA expression in anti-hormonal resistant LCC2 and
LCC9 cells after treatment with 0.5 and 1.0 uM PLB for 24 hours. Results
were represented as the mean + S.E.M from three experiment (n = 3).

*p<0.05, **p<0.01, **p<0.001 vs. untreated control.
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Figure 25. OCT4 mRNA expression in anti-hormonal resistant LCC2 and LCC9
cells after treatment with 0.5 and 1.0 pM PLB for 24 hours. Results were
represented as the mean + S.E.M from three experiment (n = 3). *p<0.05,

**p<0.01, ***p<0.001 vs. untreated control.
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PLB decreased Akt phosphorylation in anti-hormonal resistant breast cancer cell lines.

Our previous study showed that nuclear receptor coactivator 3 (NCOA3) protein

level in anti-hormonal resistant cells was significantly higher than wild-type ER-positive

breast cancer cell line [8]. Elevated NCOA3 expression can induce AKT signaling

activation leading to promote cell proliferation, survival, and stem-like features resulted

in antihormonal resistance in breast cancer [7, 28, 29]. This study determined whether

PLB inhibited AKT signaling pathway in anti-hormonal resistant cells by using western

blot analysis. As shown in Figure 26, AKT phosphorylation (p-AKT) increased 2.7-fold

and 6.8-fold higher in the anti-hormonal resistant breast cancer LCC2 and LCC9 cell

lines, respectively compared to wild-type MCF-7 cells. In addition, PLB at the

concentration of 1 uM significantly decreased p-AKT expression in both cell lines

(Figure 27-28). This finding suggested that PLB was able to decrease AKT signaling

pathway in anti-hormonal resistant breast cancer cells.
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Figure 26. Protein expression of Akt phosphorylation at Ser473 in breast
cancer cell lines include MCF-7 (ER-positive cells), LCC2 and LCC9 (anti-
hormonal resistant cells). Results were represented as the mean + S.E.M from

three experiment (n = 3). *p<0.05 vs. MCF-7 cells.



96

| — e e | O-AKT

| —— — | AKT

1.57 EA Control
Ed PLB 0.5 uM
E1 PLB 1.0 uM

phospho-AKT / total-AKT
(arbitrary units)

Figure 27. Protein expression of phosphorylated Akt in anti-hormonal resistant

LCC2 cells after treatment with 0.5 and 1.0 uM of PLB for 24 hours. Data were

showed as the mean + S.E.M from three-independent experiments (n = 3).

**p<0.01 vs. untreated control.
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Figure 28. Protein expression of phosphorylated Akt in anti-hormonal resistant

LCC9 cells after the treatment with 0.5 and 1.0 uM of PLB for 24 hours. Data

were showed as the mean + S.E.M from three-independent experiments (n =

3). ***p<0.001 vs. untreated control.
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PLB abrogated Wnt-mediated proliferation and invasion via the modulation of CCND1
and MYC in anti-hormonal resistant cell lines.

Wnt signaling was implicated in part of the cell proliferation and invasion of

aggressive breast cancer cells in several studies [137, 138]. To determine whether the

effect of PLB was mediated by Wnt sigaling in anti-hormonal resistant cells, human Wnt1

recombinant and Wnt inhibitor (IWP2) were used. Wnt1 ligands dramatically increased

cell proliferation approximately 1.4-fold in anti-hormonal resistant cells. Moreover, PLB

treatment significantly decreased Wnt1-induced cell proliferation (Figure 29). In

contrast, the growth inhibitory effect of PLB was attenuated in both cell lines when pre-

treated with 10 uM IWP2. However, pre-treated cells with IWP2 alone did not change cell

viability from untreated controls in these resistant cells as showed in Figure 30.

Cyclin D1 and c-MYC are the direct targets of canonical Wnt pathway and play

important roles in cell proliferation [137, 139]. PLB decreased the levels of CCND7 and

MYC in both cell lines. However, the inhibitory effect of PLB was abrogated in cells pre-

treated with IWP2 whereas pre-treatment with IWP2 alone did not alter mRNA expression

of CCND1 and MYC (Figure 31-32). To determine whether Wnt signaling mediated anti-

invasive effect of PLB in anti-hormonal resistant cells, IWP2 inhibitor was used to pre-

treat the cells in Matrigel invasion assay. The pre-treatment of 5 yM IWP2 and PLB

significantly decreased cell invasion by 11.7% inhibition in LCC2 cells and 11.2%

inhibition in LCCY cells when compared with PLB alone (Figure 33-34). While pre-
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treated cells with IWP2 alone did not affect invasive ability in resistant cell lines as

shown in Figure 35-36. These results suggested that the inhibitory effects of PLB on cell

proliferation and invasion were mediated in-part by canonical Wnt signaling in anti-

hormonal resistant cells.
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Figure 29. Cell viability of LCC2 and LCC9 treated with 0.5, 1.0, and 1.5 pM of PLB
for 24 hours with or without the pre-treatment with 100 ng/mL Wnt1 ligand. Results
were represented as the mean + S.E.M from three experiment (n = 3). *p<0.05,

**p<0.01 vs. untreated control; #p<0.05, vs. PLB alone (without Wnt1).
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Figure 30. Cell viability of LCC2 and LCC9 treated with 0.5, 1.0, and 1.5 pM of PLB
for 24 hours with or without the 5 uM IWP2 (Wnt inhibitor). Results were represented
as the mean + S.E.M from three experiment (n = 3). *p<0.05, **p<0.01 vs. untreated

control; “p<0.05, “p<0.01 vs. PLB alone (without IWP2).
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Figure 31. CCND1 mRNA expression after the treatment with 0.5 and 1.0 uM of

PLB with or without pre-treatment with 5 uM IWP2 (Wnt inhibitor) for 24 hours.

Results were represented as the mean + S.E.M from three experiment (n = 3).

**p<0.01, ***p<0.001 vs. untreated control; #p<0.05, ##p<0.01,

alone (without IWP2).
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Figure 32. MYC mRNA expression after the treatment with 0.5 and 1.0 uM of PLB

with or without pre-treatment with 5 uM IWP2 (Wnt inhibitor) for 24 hours. Results

were represented as the mean

***n<0.001 vs. untreated control; #p<0.05, ##p<0.01,

(without IWP2).

+ S.E.M from three experiment (n = 3). **p<0.01,

#

*p<0.001 vs. PLB alone
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Figure 33. Cell invasion of LCC2 treated with 0.5 and 1.0 yM of PLB for 48
hours with or without the pre-treatment with 100 ng/mL Wnt1 ligand. Results
were represented as the mean + S.E.M from three experiment (n = 3). *p<0.05,
**p<0.01 vs. untreated control; “p<0.05, “p<0.01 vs. PLB alone (without Wnt1).

Scale bar =100 pm.
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Figure 34. Cell invasion of LCC9 treated with 0.5 and 1.0 pM of PLB for 48 hours

with or without the pre-treatment with 100 ng/mL Wnt1

represented as the mean + S.E.M from three experiment (n

ligand. Results were

= 3). *p<0.05, **p<0.01

vS. untreated control; #p<0.05, ##p<0.01 vs. PLB alone (without Wnt1). Scale bar =

100 pm.
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Figure 35. Cell invasion of LCC2 treated with 0.5 and 1.0 pM of PLB for 48 hours
with or without the pre-treatment with 5 uM IWP2 (Wnt inhibitor). Results were
represented as the mean + S.E.M from three experiment (n = 3). *p<0.05, *p<0.01

vs. untreated control: “p<0.05 vs. PLB alone (without IWP2). Scale bar = 100 pm.
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Figure 36. Cell invasion of LCC9 treated with 0.5 and 1.0 pM of PLB for 48 hours
with or without the pre-treatment with 5 uM IWP2 (Wnt inhibitor). Results were
represented as the mean + S.E.M from three experiment (n = 3). *p<0.05, *p<0.01

vs. untreated control: “p<0.05 vs. PLB alone (without IWP2). Scale bar = 100 pm.
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PLB significantly inhibited tumor growth without serious adverse effects in anti-hormonal
resistant breast cancer orthotopic xenografts in mice.

Colonies were highly formed in anti-hormonal resistant breast cancer LCC9 cells
than MCF-7 and LCC2 cell lines (unpublished data), suggested that LCC9 cells
exhibited the clonogenicity in vitro and tumorigenesis in vivo. To determine whether PLB
inhibited tumor growth in orthotopic xenograft mouse model, LCC9 cells were inoculated
into the mammary fat pads of female nude mice. The palpable tumors were observed in
every mouse inoculating with anti-hormonal resistant breast cancer LCC9 cells at least 7
days. In comparison to the control group, PLB treatment at low-dose (2 mg/kg/day) and
high-dose (4 mg/kg/day) significantly reduced the tumor growth. The average of tumor
volume was about 50-60 mm’ after 2.5 weeks of cell inoculation (Figure 37). The
intraperitoneal administration of PLB did not affect the body weight and behaviors of
animals throughout the treatment (Figure 38). The tumor weights in mice treated with
PLB at 2 mg/kg/day (low-dose) and 4 mg/kg/day (high-dose) declined by 49% and 76%
when compared to control group (Figure 39). Moreover, prothrombin time (PT) did not
significantly different in each group (Figure 40). These results suggested that PLB
inhibited tumorigenesis without effects on body weight and blood coagulation in

orthotopic xenografts of anti-normonal resistant breast cancer.
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Figure 37. Time schedule of treatments and tumor volume in mice treated

with 0.1% DMSO in normal saline (control), 2 mg/kg/day PLB (low-dose) and

4 mg/kg/day PLB (high-dose), intraperitoneal injection, 5 times/week for 3

weeeks. Results were showed as the mean + S.E.M from six individual mice

(n = 6 each group). **p<0.01, **p<0.001 vs. control group.
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Figure 38. The body weight in grams of mice treated with 0.1% DMSO in
normal saline (control), 2 mg/kg/day PLB (low-dose) and 4 mg/kg/day PLB
(high-dose) was monitored every other day throughout the treatment.
Results were showed as the mean + S.E.M from six individual mice (n = 6

each group).
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Figure 39. The average of tumor weight in mice treated with 0.1% DMSO in

normal saline (control), 2 mg/kg/day PLB (low-dose) and 4 mg/kg/day PLB

(high-dose), intraperitoneal injection, 5 times/week for 3 weeks. The tumor

was measured when resected the tumors after the first treatment for 23

days. Results were showed as the mean + S.E.M from six individual mice (n

=6 each group). *p<0.05, **p<0.01 vs. control group.
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Figure 40. The prothrombin time (PT) in seconds in blood sample collected from

mice treated with PLB on the sacrificed day (after the first treatment for 23 days). The

data were recorded from the automated machine. The mean + S.E.M of PT is 11.9 +

0.30 seconds in mice (Normal range = 10.0-15.2 seconds) [134, 135]. Results were

showed as the mean + S.E.M from six individual mice (n = 6 each group).
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PLB inhibited tumor angiogenesis and metastasis in anti-hormonal resistant breast
cancer orthotopic xenograft mice.

The injection of cancer cells into mammary fat pads (orthotopic xenografts)

represented more clinical relevance than the injection of cancer cells to tail veins of

mice. Orthotopic xenografts provide the microenvironment in supporting tumor growth,

EMT and metastatic process. In addition, these resistant ER-positive breast cancer cell

type often metastasized to the lungs similar to breast cancer patients [140]. Lung

metastases of LCC9 tumor-bearing mice were observed in the control group after cell

inoculation for 38-41 days (Figure 41). The number of mice with lung metastasis was

reduced in PLB treated groups compared to control group (Figure 41) which did not

change the weight of lung in each group of mice (Figure 42). The expression levels of

genes involved in metastasis were also diminished in mice treated with 4 mg/kg/day of

PLB for SDF-1 expression (Figure 43) and PLB significantly reduced MMP9 mRNA level

in mice treated with 2 mg/kg/day (low-dose group) and 4 mg/kg/day (high-dose group)

when compared to control group (Figure 44).

Results from IHC analysis of endothelial marker (PECAM/CD31) was markedly

lower in mice treated with PLB than the control group as showed in Figure 45. Moreover,

tumor-associated neovascularization as indicated by the PECAM/CD31 staining was

quantified. The brown spots of PECAM/CD31 was markedly lower in mice treated with

both low dose and high dose of PLB groups than the control group by 48% to 86%
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(Figure 45). PLB also significantly downregulated angiogenesis-related genes including

VEGF and FGF2 in mice treated with PLB 4 mg/kg/day (high-dose group) compared to

control group (Figure 46-47). These results indicated that PLB was able to inhibit lung

metastasis and angiogenesis in vivo.
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Figure 41. The micrometastasis and the incidence of lung metastasis in mice

treated with 0.1% DMSOQ in normal saline (control), 2 mg/kg/day PLB (low-

dose) and 4 mg/kg/day PLB (high-dose) intraperitoneal injection, 5

times/week for 3 weeks. Data were showed as number of mice from six

individual animals counted from H&E staining (n = 6 each group).
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Figure 42. The mean lung weight in grams of mice treated with 0.1% DMSO
in normal saline (control), 2 mg/kg/day PLB (low-dose) and 4 mg/kg/day PLB
(high-dose). Data were showed as the mean + S.E.M from six individual

animals (n = 6 each group).
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Figure 43. SDF17 mRNA expression levels in lung tissues of mice after
treatment with 0.1% DMSO in normal saline (control), 2 mg/kg/day PLB (low-
dose) and 4 mg/kg/day PLB (high-dose) intraperitoneal injection, 5
times/week for 3 weeks. Data were showed as the mean + S.E.M from six

individual animals (n = 6 each group). *p<0.01 vs. control group.
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Figure 44. MMP9 mRNA expression levels in lung tissues of mice after
treatment with 0.1% DMSO in normal saline (control), 2 mg/kg/day PLB (low-
dose) and 4 mg/kg/day PLB (high-dose) intraperitoneal injection, 5
times/week for 3 weeks. Data were showed as the mean + S.E.M from six

individual animals (n = 6 each group). ***p<0.001 vs. control group.
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45. PECAM staining showed the relative microvessel area of

PECAM/CD31 in tumor tissues. Mice were treated with 0.1% DMSO in

normal saline (control), 2 mg/kg/day PLB (low-dose) and 4 mg/kg/day PLB

(high-dose) intraperitoneal injection, 5 times/week for 3 weeks. Brown

stainings were chosen at least 5 random fields per slide and analyzed using

the Microvessel algorithm. Data were showed as the mean + S.E.M from six

individual animals (n = 6 each group). **p<0.01, ***p<0.001 vs. control

group.
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Figure 46. VEGF mRNA expression levels in lung tissues of mice after
treatment with 0.1% DMSQ in normal saline (control), 2 mg/kg/day PLB (low-
dose) and 4 mg/kg/day PLB (high-dose) intraperitoneal injection, 5
times/week for 3 weeks. Data were showed as the mean = S.E.M from six

individual animals (n = 6 each group). *p<0.05 vs. control group.
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Figure 47. FGF2 mRNA expression levels in lung tissues of mice after treatment
with 0.1% DMSO in normal saline (control), 2 mg/kg/day PLB (low-dose) and 4
mg/kg/day PLB (high-dose) intraperitoneal injection,5 times/week for 3 weeks.
Data were showed as the mean + S.E.M from six individual animals (n = 6 each

group). *p<0.05 vs. control group.
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CHAPTER V

DISCUSSION AND CONCLUSION

Tamoxifen has been used as a first-line drug in anti-hormonal therapy for ER-

positive breast cancer patients [26, 141]. Although tamoxifen is very effective, the long-

term exposure of tamoxifen finally causes resistance, tumor recurrence and metastasis

[26]. Recent studies showed mechanisms of acquired resistance to tamoxifen can

cause by cancer stem-like characteristics (CSLCs) in bulk tumor which induce epithelial-

to-mesenchymal transition (EMT), enhanced cancer stem cells (CSC) markers, and

tumorigenicity in vivo [32, 43, 136]. Our findings are consistent with previous studies

[18, 43] that the properties of cancer stem-like cells enriched in anti-hormonal resistant

cells with increased markers of CSC, overexpression beta-catenin and Wnt-targeted

genes. Our previous study reported that PLB inhibited EMT process by the reduction of

Snail transcription factor and re-expression of epithelial marker E-cadherin in resistant

cells [8]. This recent study observed 0.75 uM and 1 uyM of PLB were able to inhibit

colony formation in anti-hormonal resistant breast cancer cells, but the minimal

concentration of PLB (0.5 uM) was not statistically significant in inhibiting colony-forming

ability when compared to untreated control (p>0.05). However, 0.5 uM of PLB

significantly inhibited mammosphere formation. Thus, the concentrations of 0.5 and 1

UM of PLB were chosen for determining the inhibitory effect of PLB for the rest of
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experiments. In transcriptional level, 0.5 pM and 1 pM of PLB significantly

downregulated the expression of Wnt responsive genes. Additionally, PLB dramatically

reduced the secondary and tertiary mammosphere formation cells and downregulated

expression of cancer stem-like genes in both anti-hormonal resistant breast cancer

LCC2 and LCC9. However, the inhibitory mechanism of PLB on cancer stem-like

characteristics has not been fully understood in this study and required further

investigation.

The important mechanisms involved in anti-hormone resistant are the crosstalk

between estrogen receptor (ER) and human epidermal growth factor receptor 2 (HER2)

and increased expression of NCOA3 [25]. NCOA3 acts as a key transcription factor to

drive transcription of ER-targeted genes resulted in breast cancer cell survival from

adjuvant hormonal therapy [25, 28]. NCOAS3 has been demonstrated to be activate AKT

signaling pathway in advanced breast cancer led to increase cell proliferation and

avoiding apoptosis [7, 29, 123]. This study indicated that AKT phosphorylation was

increased in anti-hormonal resistant breast cancer cell lines. Moreover, PLB inhibited

AKT signaling in both cell lines.

Furthermore, PLB treatment decreased cell proliferation and invasion in both cell

lines of anti-hormonal resistant cancer in vitro. The inhibitory effects of PLB on cell

proliferation and invasion was further determined whether they were partly mediated by

Wnt signaling pathway in anti-hormonal resistant cells. This study exhibited that PLB



124

significantly inhibited Wnt-mediated proliferation and invasion in anti-hormonal resistant

cancer cells by using Wnt1 ligand and Wnt inhibitor IWP2. PLB treatment significantly

decreased Wnt1-induced cell proliferation and invasion in both cell lines. On the other

hand, Wnt inhibitor IWP2 abrogated the inhibitory effect of PLB on cancer cell invasion in

anti-hormonal resistant cells. This finding suggested Wnt signaling pathway might be

invovled in the inhibitory mechanism of PLB.

Since the beta-catenin can modulate Wnt-targeted genes including ¢c-MYC and

Cyclin D1 which associated with the progression of breast cancer [142, 143]. In

molecular level, the inhibitory effect of PLB on MYC and CCND71 mRNA expression was

decreased when treated cells with Wnt inhibitor in anti-hormonal resistant cell lines.

These findings demonstrated that the inhibitory mechanisms of PLB on cell growth and

invasion were mediated in part through Wnt/beta-catenin pathway in anti-hormonal

resistant breast cancer cells which were consisted with previous studies [138, 143, 144].

Importantly, Wnt inhibitor IWP2 (5 uM and 10 uM) used in this study was not statistically

significant in inhibiting cell viability compared to untreated control.

As mentioned above, beta-catenin plays critical roles in Wnt signaling, cell fate

specification and EMT process in metastatic phonotypes [145]. Elevated beta-catenin

expression also correlated with drug resistance and tumor recurrence in breast cancer

patients [18, 146]. This study demonstrated that PLB could significantly reduce the

protein levels of beta-catenin-dependent canonical Wnt signaling in anti-hormonal
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resistant cells. We also investigated whether PLB regulates AXIN-2, TCF4, and negative

regulator dickkopf-1 (DKK7) expression involving in canonical Wnt pathway which might

regulate cell invasion and angiogenesis. The results indicated that PLB markedly

downregulated AXIN-2, TCF4 and upregulated DKK1 expression levels in both resistant

cell lines. Our result confirmed that PLB plays a critical role in regulating downstream

targets of Wnt-signaling involved in cell proliferation and EMT process in anti-hormonal

resistant cells.

Up to 90% of deaths from breast cancer cause by distant metastasis to vital

organs such as bone, lung, brain and liver [26]. Tumor metastasis is a multi-step

process starting from EMT process to enhance cell migration and invasion. Matrix

metalloproteases (MMPs), especially MMP9 function in promoting angiogenesis,

invasion, migration, and colonization [147]. The colonization of breast cancer cells at the

metastatic sites relies on the growth-promoting chemokine CXCL12/SDF1 level which is

secreted at the metastatic sites and acts as a chemoattractant for its cognate receptor

(CXCR4) on cancer cells and could potentially enable cancer cells to homing to lung

tissues [148]. Therefore, invasive ability of cancer cells is an important factor of

metastasis. The chemoattractant in microenvironment niches may be the effective target

for the inhibition of tumor metastasis. Our result showed that PLB inhibited lung

metastasis in vivo and did not change the weight of lung tissues by the downregulation

of SDF1 and MMP9 mRNA expression.
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Angiogenesis is another important hallmark of cancer which assist tumor growth

and metastasis [149]. A novel anti-angiogenic candidate will be benefited to treat

metastatic phenotype of anti-hormonal resistant breast cancer since the indication of

anti-VEGF has been removed for the treatment of breast cancer due to inducing of

tumor progression and metastasis [149, 150]. Because our result demonstrated PLB

inhibited Wnt signaling which involved in angiogenesis in resistant cell lines, we further

studied the inhibitory effect of PLB on angiogenesis in xenograft model. PECAM/CD31 is

the endothelial marker of tumor angiogenesis [40]. Our result demonstrated that PLB

significantly reduced the area of PECAM/CD31 positive staining. PLB also suppressed

tumor growth in orthotopic xenograft mice. The depletion of angiogenesis may be one of

the mechanisms of the reduction of tumor growth. This finding are consistent with the

previous study reported that PLB could inhibit angiogenesis by decreasing

VEGF/NEGFR2 through the suppression of RAS/MEK signaling pathways in endothelial

and cancer cells [120].

Basic fibroblast growth factor (FGF2) overexpression was observed in

aggressive cancer and correlated with anti-hormonal resistance and poor prognosis in

breast cancer [151, 152]. A report demonstrated that FGF2 had a synergistic effect in

inducing tumor angiogenesis with the combination with VEGF [153]. In addition, FGF2

interacts with Wnt/beta-catenin in angiogenesis process in tumors [154]. FGF2 is a

potent vascular growth factor in activating angiogenic events, whereas Wnt signaling
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assists guiding cell fate determination that appropriately shapes the new blood vessels
[136]. These findings suggested that Wnt/beta-catenin and FGF2 are good therapeutic
targets in advance- stage breast cancer [149, 154, 155]. A possible mechanism
involved in anti-VEGF resistance is alternative signaling pathways, such as FGF2,
resulting in increased endothelial cell proliferation and tumor angiogenesis [149, 153].
Interestingly, we found that the level of FGF2 significantly upregulated in both anti-
hormonal resistant cell lines. PLB reduced the mRNA expression of FGF2 level in tumor-
bearing mouse tissues. This finding in mice is similar with the effect of PLB in both
resistant cell lines. These results suggested that PLB can significantly inhibit tumor
angiogenesis and metastasis. The dose of PLB used in this animal study based on the
median lethal dose (LD,,) of PLB in rodents at 65 mg/kg [125]. From our pilot study, we
observed PLB at 2 mg/kg and 4 mg/kg were able to decrease tumor size. Therefore, our
findings showed PLB effectively inhibited tumor growth in anti-hormonal resistant breast
cancer in vivo without any serious adverse effects such as body weight, daily activities,
food intake and blood clot formation. These findings are similar to other studies
demonstrated that PLB administration exhibited a potent anti-cancer effect [70] and

safety in rodents [125].

In conclusion, the recent study exhibited the anti-cancer effects of PLB on the

elimination of CSLCs, inhibition of tumor growth, angiogenesis and metastasis. Our
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previous study reported PLB inhibited cell invasion through EMT marker which was able

to modulate Wnt signaling pathway. This study further confirmed that the mechanism of

PLB on cell proliferation and invasion was mediated by Wnt/beta-catenin in anti-

hormonal resistant breast cancer cells. This study also showed the potent inhibitory

effect of PLB on tumor growth and angiogenesis in orthotopic xenograft mouse model

without any effects on body weight and blood coagulation. Furthermore, PLB was able

to inhibit FGF-2 expression which is the important angiogenic factor in both cell lines

and xenograft tumors. PLB may be developed as an effective anti-cancer agent for anti-

hormonal resistant breast cancer.
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Future Perspective

This study demonstrated the Wnt-mediated inhibitory mechanisms of PLB on cell

proliferation and invasion in anti-hormonal resistant breast cancer cell lines. However,

the inhibitory mechanisms of PLB in vivo have not been clearly understood. To provide

more information on this mechanism, (i) Wnt1 siRNA knockdown cells will be determine

in anti-hormonal resistant breast cancer cells and (ii) pre-treatment with Wnt inhibitor will

be performed in orthotopic xenograft mouse model. These further experiments will

confirm the role of Wnt signaling in anti-cancer mechanism of PLB.
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APPENDIX

Buffers and Reagents

1. Incomplete MEM medium 1 liter

MEM powder 10.4 o]
NaHCO, 3.7 g
Ultrapure H,O 900 mL

Adjust pH to 7.3 with 1 N HCl or 2 N NaOH.

Add ultrapure H,O to 1 liter and sterilize by filtering through a 0.2 sterile membrane filter.

2. Completed MEM medium 100 mL

Incomplete MEM solution 94 mL
Fetal bovine serum 5.0 mL
Penicillin/Streptomycin 1.0 mL

Store the refrigerator temperature at or below 4°C.

Warm the solution to 37°C before use.

3. Freezing MEM medium 100 mL

Incomplete MEM solution 69 mL

Fetal bovine serum 20 mL



Dimethyl sulfoxide 10

Penicillin/Streptomycin 1.0

Store the refrigerator temperature at or below 4°C.

4. 10x Phosphate Buffered Saline (PBS) 1 liter

NaCl 80.65
KCI 2.0
KH,PO, 2.0
Na,HPO, 1.5
Ultrapure H,O 900

Adjust pH to 7.4 with 1N HCI or 2N NaOH.

Add ultrapure H,O to 1 liter and sterilize by autoclaving.

5. Crystal violet staining (0.1% w/v) solution 100 mL

Crystal violet dyes 0.05

Ultrapure H,O 50.0

Add ultrapure H,O to 100 mL and sterilize by filtering through a 0.2 membrane filter.

Store the room temperature at 25°C.

mL

mL

mL

mL
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6. Formaldehyde (3.7% v/v) solution 1 litter

37% Formaldehyde solution 100 mL

Ultrapure ddH,O 900 mL

Sterilize by autoclaving.

Store the room temperature at 25°C.

7. SDS Buffer 10% (w/v) solution 100 mL

SDS 10.0 g

Ultrapure H,O 50.0 mL

Add ultrapure H,O to 200 mL and store the room temperature at 25°C.

Prepare the solution in a ventilated fume hood due to SDS powder is hazardous.

8. 10X Tris-Glycine SDS Running Buffer 1 liter

Tris base 30.0 g
Glycine 144.0 g
SDS 10.0 g
Ultrapure H,O 900 mL

Adjust pH to 8.3 with TN HCI or 2N NaOH.

Add ultrapure H,0 to 200 mL and store at 4°C and dilute to 1X before use.
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9. 10X Tris Buffered Saline (TBS) 1 liter

Tris base 24.2
NaCl 87.7
Ultrapure H,O 900

Adjust pH to 7.6 with 1N HCI or 2N NaOH.

Add ultrapure H,O to 1 liter and store at 4°C and dilute to 1X before use.

10. 1X Tris Buffered Saline with Tween 20 (TBST) 1 liter

10X TBS 100
Tween 20 1.0
Ultrapure H,O 900

Add ultrapure H,O to 1 liter.

Store the room temperature at 25°C.

11. Nonfat Dried Milk 5% (w/v) solution 100 mL
Nonfat dried milk 5.0
TBST 100

Store the room temperature at 25°C

mL

mL

mL

mL

mL
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12. 1X SDS Protein Lysis Buffer 100 mL

10% SDS 15.0 mL
1 M Tris, pH 6.8 1.0 mL
Ultrapure H,O 50 mL

Add ultrapure H,O to 100 mL and store the room temperature at 25°C.
Add protease and phosphatase inhibitor cocktail of a protein lysis buffer to produce a

1X final concentration.

13. 1 M Tris, pH 6.8 200 mL
Tris base 24.22 o]
Ultrapure H,O 100 mL
Adjust pH to 6.8 with 1N HCl or 2N NaOH.

Add ultrapure H,O to 200 mL and store at 4 °C up to 1 month.

14.1.5 M Tris, pH 8.8 200 mL
Tris base 36.33 g
Ultrapure H20 100 mL
Adjust pH to 8.8 with 1N HCI or 2N NaOH.

Add ultrapure H,O to 200 mL and store at 4 °C up to 1 month.



15. Ponceau S (0.5% w/v) solution 100 mL

Ponceau S

Acetic Acid

Ultrapure H,O

Add ultrapure H,O to 100 mL and store at 4 °C until use.

Protect from the light by wrapping a bottle in aluminum foil.

16. Bromophenol Blue (1% w/v) solution 100 mL

Bromophenol Blue

Ultrapure H,O

Add ultrapure H,O to 100 mL

Store the room temperature at 25°C.

17. 5X SDS Loading Buffer 50 mL

10% SDS

Glycerol

1M Tris, pH 6.8

1% Bromophenol Blue

Ultrapure H20

0.5

5.0

50

0.1

90

3.75

15.0

2.5

0.5

40

Add ultrapure H,O to 50 mL and store in aliquots of 1 cc at 4 °C.
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18. 1X Transfer Buffer 1 liter

Tris Base

Glycine

Methanol

Ultrapure H,O

Add ultrapure H,O to 1 liter and store at 4°C until use.

5.82

2.93

200

900

mL

mL
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