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CHAPTER 1

INTRODUCTION



1.1 Breast cancer stem cells

Female breast cancer has now surpassed lung cancer as the leading cause of global cancer
incidence in 2020, with an estimated 2.3 million new cases, representing 11.7% of all cancer
cases. It is the fifth leading cause of cancer mortality worldwide, with 685,000 deaths. Among
women, breast cancer accounts for 1 in 4 cancer cases and for 1 in 6 cancer deaths, ranking first
for incidence in the vast majority of countries [1]. According to the intrinsic molecular portraits
provided by transcriptome profiling, breast cancer has several major subcategories, such as
receptor tyrosine-protein kinase erbB-2 receptor (HER2), progesterone receptor (PR), estrogen
receptor (ER) and triple-negative breast cancer (TNBC). Compared to patients with other
subtypes, TNBC patients more frequently experience locoregional recurrence, chemoresistance
and metastasis. Recently, TNBCs have been divided into luminal androgen receptor (LAR),
basal-like 1 (TNBC-BL1), basal-like 2 (TNBC-BL2), immunomodulatory (TNBC-IM),
mesenchymal (TNBC-M), mesenchymal stem-like (TNBC-MSL) and unspecified (TNBC-UNS)

subtypes.

The standards of therapy for breast cancer are radiation, hormone therapy, surgery and
chemotherapeutic  drugs, including carboplatin, bevacizumab, cisplatin, epirubicin,
cyclophosphamide and docetaxel. The heterogeneity of breast cancer is believed to make it less

responsive to chemotherapy.

It has been demonstrated that one of the causes of tumor heterogeneity is cancer cells
exhibiting stem cell-like properties, which are named cancer stem cells (CSCs). The discovery of
stem cells among cancer cells has had a great impact on cancer biology research and the
understanding of cancer stem cell physiology for future anticancer drug development. Breast

cancer stem cells (BCSCs) have the ability to self-renew and differentiate within populations of
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breast cancer cells. BCSCs have been observed to express cellular markers, such as
CD44+/CD24- and ALDH+, in multiple studies. Moreover, multiple signaling pathways and
transcription factors are overactivated in BCSCs compared with those in non-BCSCs, including
the Wnt, Notch, Hippo, Hedgehog and signal transducer and activator of transcription (Stat)
pathways. The Stat pathway plays a critical role in various cellular functions, such as growth,
proliferation and the immune response, via various cytokines and growth factors. In addition,
CSCs can be regulated by stromal cells, such as mesenchymal stem cells (MSCs), tumor-
associated leukocytes (TILs) and cancer-associated fibroblasts (CAFs), in the tumor
microenvironment (TME) via extrinsic signals. The most distinguishing characteristic of CSCs

compared to cancer and normal cells is stemness; the self-renewal and unlimited ability to

proliferate into heterogeneous malignant cells under hypoxic and acidic conditions (Fig. 1-1).

Cancer stem cells

Normal cells Cancer stem cells
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Figure.1-1 Characteristics of CSCs, cancer cells, and normal cells.



The creation of a supportive TME for targeting CSCs has been successfully employed in
brain tumors in mice. Breast cancer stem cell functions can be influenced by different cytokines,
chemokines and growth factors secreted by various cell types in the TME, such as interleukin-6
(IL-6) and interleukin-8 (IL-8). IL-6 increases the CSC frequency by increasing the
CD44+/CD24- subpopulation. IL-6 signaling cascade activation results in the generation of
cancer stem cells by promoting epithelial-mesenchymal transition (EMT) in breast cancer cells.
IL-6-JAK1-Stat3 signaling blockade in endometrial cancer affects the ALDH"/CD126" stem-like
component and reduces the tumor burden. The IL-8 expression level is upregulated in breast
cancer compared with that in normal breast tissue. IL-8 promotes invasion and EMT in breast
cancer cells. Thus, inhibition of IL-6 and IL-8 may be necessary to achieve therapeutic effects in

tumors.



1.2 Color foods

The color of food is often associated with the flavor, safety, and nutritional value of the
product. Plant-derived pigments are the result of biochemical pathways within the organism that
result in a variety of organic compounds with unique physicochemical properties. These colored
compounds are abundant in nature and play important roles in photosynthetic pathways, attract
pollinators, and provide protection from predators and solar energy. Plant pigments include a
variety of chemical classes, such as flavonoids, porphyrins, carotenoids, anthocyanins, and

betalains.

Figure.1-2 Red beetroot

Red beetroot (Beta vulgaris var. rubra L.) contains many bioactive compounds, including
anthocyanin, betacyanin, folic acid, phenolic compounds, ascorbic acid, flavonoids, vitamin C,
and other biologically active components. The most important bioactive phytochemicals in red
beetroot are betalains, a class of tyrosine-derived pigments obtained from betalamic acid, whose

members are grouped into yellow betaxanthins and red betacyanins. Red dye E162 extract from



beetroot is approved for use in the food industry by the European Food Safety Authority.
Betalains have been demonstrated to have strong free radical scavenging, antioxidant, and anti-
inflammatory activities. In this report, we isolated a BCSC inhibitor, betavulgarin, based on

activity-guided fractionation. Betavulgarin was reported to be a fungus infection response

molecule and an antifungal molecule in beetroot.

1

Figure.1-3 Carrot

Carrot (D. carota L.) is the most important root vegetable, is cultivated worldwide, and is
rich in natural phytochemicals. Carrot root is widely utilized because of abundant carotenoids,
anthocyanins and dietary fiber. Carrots are the main source of carotenoids, and previous studies
have demonstrated that carrots may reduce cancer risk and play an important role in a cancer
prevention diet. Carrots are traditionally used for the treatment of gastric ulcers, diabetes, muscle

pain and cancer in Lebanon. Carrots have been reported to provide numerous biological activities,



including antibacterial, antifungal, diuretic, antilithic, anticancer, antiinflammatory and

antioxidant effects.

Figure.1-4 Artemisia

Artemisia princeps is a species of Artemisia. Artemisia comprises more than 4 hundred
important medicinal plants, and most of them have a bitter taste. Increasing attention is being
given to phytochemical substances from Artemisia due to their biological and chemical diversity,
which are caused by active ingredients and secondary metabolites. Artemisia princeps has been
found to be rich in phenolic acids, flavonoids, terpenes and other compounds. For instance,
isochromanone derivatives isolated from Artemisia princeps cultured with endophytic fungi

inhibit nitric oxide production in lipopolysaccharide (LPS)-stimulated RAW264.7 cells.



1.3 Breast cancer stem cell and signaling pathway
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Figure.1-5 Regulation of BCSCs

Multiple signaling pathways have been found to play a role in CSCs [2] (Figure. 1-5).
Interestingly, some of these pathways are associated with a developmental program called the
epithelial-mesenchymal transition (EMT) and regulate the stem cell properties of both normal

and cancer stem cells in the breast.



EMT was initially identified as a developmental program that enables polarized epithelial
cells to acquire a motile mesenchymal phenotype. This allows stationary epithelial cells to gain
the ability to migrate and invade during embryonic morphogenesis. In addition, EMT and its
reverse process, the mesenchymal-epithelial transition, are integral steps of cell fate specification
during gastrulation and organogenesis [3]. In carcinoma progression, reactivation of the EMT
program promotes tumor metastasis by driving tumor cell invasion and enhancing tumor cell

survival during the metastatic cascade [4].

The activation of EMT by multiple means, including transforming growth factor B (TGFp)
treatment and the expression of various EMT-inducing transcription factors, generates cells that
express BCSC markers, such as CD44""CD24"", and form mammospheres [5, 6]. In particular,
they highly express a key EMT transcription factor, Slug (also called Snail2), and Slug
overexpression greatly increases stem cell activity, as demonstrated by an in vivo gland

reconstitution assay [7]. In fact, Slug is a key target of several tumor and metastasis suppressors.

MicroRNAs have emerged as a class of key regulators of CSCs and EMT [8]. Among them,
the miR-200 family plays a particularly interesting role in integrating the EMT program and core
stem cell pathways [9]. The activation of p53 downregulates Snail and other EMT-inducing
transcription factors through the upregulation of the miR-34 family [10, 11]. Interestingly, Snail
and ZEBI, conversely, repress miR-34 expression, forming yet another reciprocal negative

feedback loop for regulating EMT.

The Sox family includes 20 different transcription factors in mammals that share homologous

high-mobility-group DNA-binding domains. Sox proteins play prominent roles in cell fate



regulation during development, including the specification of embryonic and somatic stem and

progenitor cells [12].

Multiple developmental signaling pathways have been implicated in regulating BCSCs,
including TGF-B, Wnt, and Notch. Treating certain nonmalignant mammary epithelial cells or
breast cancer cells with TGF-f efficiently activates EMT programs that are accompanied by the

expression of BCSC markers [5, 13, 14].

The role of Wnt signaling in stem cells has been well documented [15, 16]. In adult
mammary glands, MaSCs exhibit elevated Wnt signaling [17], and the overexpression of Wnt
proteins or activation of canonical Wnt by Axin2 mutation or MMP3 overexpression promotes
the expansion of MaSCs [18-20]. In contrast to Wnt, Notch induces the commitment of MaSCs
to luminal-specific progenitors [21, 22]. Interestingly, certain aggressive breast cancers,
including basal-like breast cancer, are likely to originate from luminal progenitor cells [23, 24].

Therefore, Notch may be particularly important for these breast cancer subtypes [25].

10



1.4 Breast cancer stem cell and cytokines

Macrophage
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Endothelial
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Figure.1-6 Cytokines secreted by cells in the tumor microenvironment regulate BCSC self-

renewal.

The link between inflammation and cancer is an old concept that was first proposed by
Virchow in 1864, when he observed that inflammatory cells frequently infiltrate tumor stroma
[26]. Considerable clinical evidence exists for links between inflammatory states and cancer

development, including the association of ulcerative colitis, hepatitis C, and chronic pancreatitis
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with cancers of the colon, liver, and pancreas, respectively [26]. Levels of chronic inflammation
as assessed by serum C-reactive protein or B-amyloid are correlated with risk of breast cancer
recurrence in women after primary therapy [27]. Chronic inflammation, as reflected in
expression of these markers, may be mediated by cytokines including IL-1p, IL-6, and IL-8 [28].
Genetic polymorphisms in these cytokine genes predispose affected individuals to cancer [29].
Cytokines generated by cells within the tumor microenvironment are shown in Figure 1-6. These
inflammatory cytokines stimulate CSC self-renewal, which then may promote tumor growth and

metastasis [30, 31].

IL-6 and IL-8 have been implicated in both chronic inflammation and in tumor growth [5,
32]. Within the tumor microenvironment, many cell types including mesenchymal cells,
macrophages, and immune cells secrete both IL-6 and IL-8 [32]. Furthermore, the serum levels
of both of these cytokines have been associated with poor patient outcome in breast cancer [33,
34]. In a variety of preclinical models, IL-6 has been shown to promote tumorigenicity,
angiogenesis, and metastasis [30, 35-37]. The clinical relevance of these studies is supported by
the demonstrated association between serum IL-6 levels and poor patient outcome in breast
cancer patients. IL-6 has been shown to be a direct regulator of BCSC self-renewal, a process
mediated by the IL-6 receptor/GP130 complex through activation of STAT3 [38]. Utilizing
mouse xenografts, we have recently demonstrated that bone marrow—derived MSCs are recruited
to sites of growing breast cancers by gradients of IL-6 [39]. IL-6 is a key component of a
positive feedback loop involving these MSCs and BCSCs [39]. Furthermore, Sethi et al. recently
demonstrated that IL-6—mediated Jaggedl/Notch signaling promotes breast cancer bone

metastasis [40]. These studies identify IL-6 and its receptor as attractive therapeutic targets.
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Utilizing gene expression profiling, we previously identified the IL-8 receptor CXCRI as
highly expressed on BCSCs and found that IL-8 was able to stimulate their self-renewal [31].
Blocking this receptor in mouse xenografts significantly reduced the number of BCSCs, leading
to decreased tumorigenicity and metastasis. The production of inflammatory cytokines including

IL-6 and IL-8 is regulated by the NF-kB signaling pathway [41].

The NF-xB pathway plays a crucial role in inflammation and carcinogenesis. The NF-kB
family is composed of five related transcription factors: p50, p52, RelA (p65), c-Rel, and RelB
[42, 43]. In resting cells, NF-kB proteins are predominantly found in the cytoplasm, where they
are associated with the IkB family; activation of NF-xB by diverse signals results in ubiquitin
ligase—dependent degradation of IkB and nuclear translocation of NF-kB protein complexes. The
transcription of a number of cytokines, including IL-6 and IL-8, is activated by NF-kB [41]. In
addition, a positive feedback loop has recently been shown to maintain a chronic inflammatory
state in tumor cells. Interestingly, this loop involves the microRNA let7, as well as Lin28, a
factor involved in embryonic stem cell self-renewal [38]. This feedback loop is maintained by
IL-6 through its activation of STAT3, which in turn activates NF-kB and its downstream targets
Lin28 and let7. The specific role of IL-6 in maintaining this inflammatory loop in BCSCs has
been recently demonstrated [38, 44]. NF-kB may play an important role in normal breast
physiology as well as carcinogenesis. In a HER2-neu model of mammary carcinogenesis,
suppression of NF-kB in mammary epithelium reduced the mammary stem cell compartment,
resulting in a delayed onset of HER2-neu—induced tumors that displayed reduced angiogenesis
and infiltration by macrophages [45]. NF-kB has also been implicated in the regulation of mouse
mammary stem cells during pregnancy. Elevated levels of progesterone during pregnancy induce

the production of RANKL by differentiated breast epithelial cells. RANKL in turn stimulates
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breast stem cell self-renewal via activation of NF-kB in these cells [46, 47]. The increased
incidence of aggressive breast cancers associated with pregnancy [48] may result from activation

of similar pathways in BCSCs [46, 47].
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CHAPTER 11

Betavulgarin 1solated from sugar beet (Beta vulgaris)
suppresses breast cancer stem cells through Stat3
signaling
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2.1 ABSTRACT

Breast cancer is a major health problem that affects lives worldwide. Breast cancer stem cells
(BCSCs) are small subpopulations of cells with capacities for drug resistance, self-renewal,
recurrence, metastasis, and differentiation. Herein, powder extracts of beetroot were subjected to
silica gel, gel filtration, thin layer chromatography (TLC), and preparatory high-pressure liquid
chromatography (HPLC) for isolation of one compound, based on activity-guided purification
using tumorsphere formation assays. The purified compound was identified as betavulgarin,
using nuclear magnetic resonance spectroscopy and electrospray ionization (ESI) mass
spectrometry. Betavulgarin suppressed the proliferation, migration, colony formation, and
mammosphere formation of breast cancer cells and reduced the size of the CD44+/CD24—
subpopulation and the expression of the self-renewal-related genes, C-Myc, Nanog, and Oct4.
This compound decreased the total level and phosphorylated nuclear level of signal transducer
and activator of transcription 3 (Stat3) and reduced the mRNA and protein levels of sex
determining region Y (SRY)-box 2 (SOX2), in mammospheres. These data suggest that
betavulgarin inhibit the Stat3/Sox2 signaling pathway and induces BCSC death, indicating

betavulgarin might be an anticancer agent against breast cancer cells and BCSCs.

2.2 INTRODUCTION

Recently, the study of the biological activity of red beetroot (Befa vulgaris rubra) has been
growing. Beetroot is a healthy vegetable rich in anthocyanin, betacyanin, folic acid, phenolic
compounds, ascorbic acid, flavonoids, vitamin C, and other biologically active components [49-
51]. Specifically, beetroot contains betalains, which are known for their antioxidant [50, 52, 53],

anti-inflammation [53], anticancer [49, 53, 54], and chemopreventive bioactivities[55]. Moreover,
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beetroot, as a cost-effective strategy, is considered an effective juice supplement for therapeutic

treatment of clinical pathologies related to oxidative stress and inflammation [51].

Breast cancer is a serious health problem diagnosed in women [56]. The treatment options
for breast cancer include mastectomy or breast-conserving surgery, hormone therapy,
chemotherapy, and radiotherapy. However, patients treated with conventional therapies suffer
from breast cancer relapse and metastasis [57]. The existence of cancer stem cells (CSCs) was
first identified by Bonnet and Dick [58]. BCSCs are self-renewing and contribute to tumor
recurrence; breast cancer stem cells (BCSCs) were first isolated by Al-Hajj [59]. A
subpopulation of breast cancer cells exhibit the surface phenotype CD44+CD24—. Subsequently,
this subpopulation can be detected in circulating breast cancer cells from patients and is
associated with breast cancer recurrence and distant metastasis [60]. It is essential to target
BCSCs in cancer treatment. Stemness proteins and signaling pathways involved in BCSC
maintenance include embryonic stemness transcription factors (octamer-binding transcription
factor 4 (Oct4), sex determining region Y (SRY)-box 2 (SOX2), c-myelocytomatosis (c-Myc),
and Chromosome-associated kinesin (KIF4A), the canonical and noncanonical wnt pathways,

Notch and the hedgehog pathway [57].

The oncogenic transcription factor Signal transducer and activator of transcription 3 (Stat3) is
associated with cancer progression, metastasis, chemoresistance, stem cell self-renewal and
maintenance, autophagy, and immune evasion [61-63]. In triple-negative breast cancer (TNBC),
Stat3 is constitutively activated and highly related to poor survival outcomes [64]. Many studies
have also demonstrated that Stat3 phosphorylation and activation upregulate the expression of

cMyc and Sox2, which promote the self-renewal of breast cancer cells [65-68].
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In this study, we selected Jeju beetroot to target BCSCs, and the active component was
isolated based on activity-guided fractionation. Betavulgarin, the isolated active component,
inhibited BCSC formation. We demonstrate that betavulgarin suppresses the proliferation of

breast cancer and BCSC formation through the regulation of Stat3/Sox2 signaling in BCSCs.

2.3 MATERIALS AND METHODS

2.3.1 Chemical and reagents

Silica gel 60 and TLC plates were purchased from Merck (Darmstadt, Germany), and
Sephadex LH-20 was obtained from Pharmacia (Uppsala, Sweden). Cell viability was measured
using the EZ-Cytox Cell Viability Assay Kit (DoGenBio, Seoul, Korea). Other compounds were

obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.3.2 Plant material

A sample of beet was obtained from verified market sources (Seogwipo, Jeju, Korea). The
beets were washed and freeze-dried, and the dried beet was ground. A voucher specimen
(No.018 010) was deposited in the Department of Biomaterial, Jeju National University (Jeju-Si,

Korea).

2.3.3 Isolation of an inhibitor

The ground samples of beet were extracted with methanol. The isolation method is

summarized in Figure 2-1A. The beet powder was solubilized with 10 L of methanol. The
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methanol extracts were concentrated and mixed with equal volumes of water, and the methanol
part was evaporated. The water-suspended part was extracted with equal volumes of ethyl acetate.
The solubilized ethyl acetate-concentrated part was loaded onto a silica gel column (3x35 cm)
and eluted with a solvent (chloroform-methanol, 10:1) (Figure S2-1). Five fractions were divided
and assayed by evaluating mammosphere formation. The #2 fraction potentially suppressed
mammosphere formation. The #2 fraction was loaded onto a Sephadex LH-20 open column
(2.5%30 cm) and fractionated into four fractions (Figure S2-2). The four fractions were further
fractionated and analyzed by evaluating mammosphere formation. Part #4 showed inhibition of
mammosphere formation. Part #4 was isolated using preparatory TLC (glass plate; 20x20 cm)
and developed in a TLC chamber. Individual bands were separated, and each fraction was
assayed by evaluating mammosphere formation (Figure S2-3). The #1 fraction was loaded onto a
Shimadzu HPLC instrument (Shimadzu, Tokyo, Japan). HPLC was performed with an ODS
10x250-mm column (flow rate; 2 ml/min). For elution, the acetonitrile proportion was initially

set at 30%, increased to 60% at 20 min and finally increased to 100% at 30 min (Figure S2-4).

2.3.4 4 Culture of human breast cancer cells and mammospheres

MCF-7 (ATCC HTB-22TM) and MDA-MB-231 (ATCC HTB-26TM) breast cancer cell
lines were purchased from the American Type Culture Collection (Rockville, MD, USA) and
incubated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (V/V) fetal
bovine serum (Gibco, ThermoFisher, CA, USA) and 1% penicillin/streptomycin (Gibco,
ThermoFisher, CA, USA) in a 5% CO, incubator. Breast cancer cells were incubated at 1 x 10*
cells per well in an ultralow-attachment 6-well plate with MammoCultTM culture medium

(StemCell Technologies, Vancouver, BC, Canada), supplemented with hydrocortisone and
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heparin for 7 days. The cancer cells were incubated for 7 days in a 5% CO, incubator at 37 °C.
Mammosphere formation was quantified using the NICE program [69]. Mammosphere

formation was determined by examining the mammosphere formation efficiency (MFE) (%) [70].

2.3.5 Cell proliferation assay

Breast cancer cells were seeded at 1.5 x 10* cells per well in a 96-well plate for 24 h and
incubated with betavulgarin (0, 50, 100, 200, 300, 400, or 500 uM) for 24 h. Then, proliferation
was assayed using the EZ-Cytox Kit (DoGenBio, Seoul, Korea) in accordance with the
manufacturer’s protocol. The optical density at 450 nm (OD4sp) was measured using a VERSA

max microplate reader (Molecular Device, San Jose, CA, USA).

2.3.6 Colony formation assay

MDA-MB-231 and MCF-7 cells were cultured at a low density (2 x 10° and 3 x 10°
cells/well) in a six-well plate and treated with betavulgarin in DMEM. After 7 days of incubation,
the medium was replaced, and the cells were washed with PBS, fixed with 3.7% formaldehyde,

and stained for 15 min with 0.05% crystal violet. Images were acquired using a scanner.

2.3.7 Assessment of CD44"/CD24" expression
We used a previously described method [71]. After incubation with betavulgarin for 24 h,
MDA-MB-231 cells were harvested and dissociated. Next, 1 x 10° cells were labeled with FITC-

labeled anti-CD44 and PE-labeled anti-CD24 antibodies (BD), and incubated at 4 C for 20 min.
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Then, the cells were washed two times with 1 x PBS and assayed using a cytometer (Accuri C6,

BD, San Jose, CA, USA).

2.3.8 Transwell assay

We followed a previously described method [72]. Migration assays were performed with 12-
well hanging inserts (Merck Millipore, Darmstadt, Germany). MDA-MB-231 cells were
suspended in 200 uL. of DMEM containing 1% FBS and added to the upper chamber (2 x 105
cells/chamber). The bottom chamber was filled with 750 pL of DMEM containing 20% FBS.
The cells were incubated for 24 h at 37 °C in a 5% CO, incubator. The lower surface of the
inserts was fixed with 3.7% paraformaldehyde and stained with 0.03% crystal violet. Images

were captured with a light microscope.

2.3.9 Real-time quantitative reverse transcription PCR

We used a previously described method [73]. RNA was extracted from MDA-MB-231
cancer cells and mammospheres and purified. Real-time RT-qPCR was performed with a one-
step RT-qPCR kit (Enzynomics, Daejeon, Korea). The specific primers are described in

Supplementary Table S1.

2.3.8 Immunofluorescence (IF)
Breast cancer cell lines were fixed with 4% paraformaldehyde for 20 min, permeabilized

with 0.5% Triton X-100 for 10 min, blocked with 3% bovine serum albumin (BSA) for 30 min,
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and stained with an anti-p-stat3 antibody (#9145, Cell Signaling Technology, Danvers,
Massachusetts, USA), followed by a secondary anti-rabbit Alexa 488-conjugated antibody
(A32723, ThermoFisher, Waltham, MA, USA). The nuclei were stained with DAPI, and pStat3

was visualized with a fluorescence microscope (Lionheart, Biotek, VT, USA).

2.3.10 Western blotting

Proteins derived from MDA-MB-231 mammospheres treated with/without betavulgarin were
separated using 10% SDS-PAGE and transferred to a PVDF membrane (Millipore, Billerica, MA,
USA). Membranes were blocked in Odyssey blocking buffer in PBS-Tween 20 (0.1%, v/v) at
room temperature for 1 h. The blots were incubated at 4 C overnight in a blocking solution
containing the following primary antibodies, anti-p-Stat3 (#9145, Cell Signaling Technology,
Denver, CO, USA), anti-p65 (LF-MA30327), anti-stat3 (sc-482), anti-Sox2 (sc-365923), anti-
Lamin B (sc-6216), and anti-B-actin (sc-47778) (Santa Cruz Biotechnology, Dallas, TX, USA).
After the membranes were washed with PBS-Tween 20 (0.1%, v/v), the membranes were
incubated with IRDye 800CWand 680RD-conjugated secondary antibodies, and the band signals

were detected using an ODYSSEY CLx instrument (LI-COR, Lincoln, NB, USA).

2.3.11 EMSA

Nuclear extracts were prepared as described previously [74]. An EMSA for Stat3 binding
was performed using an IRDye 700-labeled Stat3 DNA (LI-COR). Samples were run on a
nondenaturing 5% PAGE gel, and EMSA data were captured with an ODYSSEY CLx

instrument (LI-COR).
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2.3.12 Statistical analysis
All presented data are the mean + standard deviation (SD). Data were analyzed using
Student’s t-test. A p-value less than 0.05 was considered statistically significant (GraphPad

Prism 5 software).
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2.4 RESULTS

2.4.1 Isolation of a BCSC inhibitor from Beta vulgaris

To screen and purify BCSC inhibitors from Beta vulgaris rubra, a mammosphere formation
assay using MDA-MB-231 cells was performed, and a BCSC inhibitor was purified using
methanol extracts of Beta vulgaris rubra generated by ethyl acetate extraction, silica gel filtration,
Sephadex LH-20 (GE Healthcare, Uppsala, Sweden) chromatography, preparatory thin-layer
chromatography (TLC), and preparatory high-pressure liquid chromatography (HPLC) (Figure 2-
1A). The purified compound suppressed BCSC formation (Figure 2-1B) and was analyzed using
HPLC (Figure 2-1C). The molecule identified using nuclear magnetic resonance (NMR) data

was determined to be betavulgarin (Figure 2-2).
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Figure 2-1. Isolation of the cancer stem cell (CSC) inhibitor from the beet extracts via mammosphere
formation assay: (A) Isolation procedure of the mammosphere-forming inhibitor; (B) Assay of
mammosphere formation inhibition using beet extracts. The mammospheres were incubated with beet
extracts or DMSO. MDA-MB-231 cells were treated with beet extracts or DMSO in CSC culture media
for seven days. Images were obtained by microscopy at 10x magnification and were representative
mammospheres (scale bar = 100 um); (C) HPLC chromatogram of the inhibitor isolated from the beet

extracts.
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2.4.2 Structure analysis of the purified compound

The chemical structure of the compound was determined by ESI-mass spectrometry and
NMR spectroscopy measurements. The molecular weight was estimated to be 312 by ESI-mass
spectrometry, which showed a quasi-molecular ion peak at m/z 313.3 [M + H]+ in the positive
mode (Figure S2-5). The 1H NMR spectrum measured in CDCI3 exhibited signals due to a
hydroxyl proton at 6 9.02, and four aromatic methine protons at & 7.32, 7.09, 7.07, and 6.93,
which could be attributed to a 1,2-disubstituted benzene ring; two aromatic singlet methines at d
7.90 and 6.70; a dioxymethylene at & 6.10; and a methoxy group at 6 4.11. In the 13C NMR
spectrum, the 17 carbon peaks included a carbonyl carbon at 6 178.7; five oxygenated sp2
quaternary carbons at & 156.7, 154.7, 153.8, 141.4, and 135.8; one oxygenated sp2 methine
carbon at 6 153 .4; five sp2 methine carbons at 6 130.4, 130.0, 120.6, 119.4, and 92.9; three sp2
quaternary carbons at 6 125.7, 120.8, and 112.8; one dioxymethylene carbon at 6 102.4; and one
methoxy carbon at & 61.3 (Figure S2-6). All proton-bearing carbons were assigned by the
HMQC spectrum, and the 1H-1H COSY spectrum revealed a partial structure of 1,2-
disubstituted benzene (Figures S2-7 and S2-8). Further structural elucidation was performed with
the aid of the HMBC spectrum, which showed long-range correlations from the methine proton
at 8 7.90 to the carbons at 6 178.7, 154.7, 125.7, and 120.8; from the methine proton at & 7.09 to
the carbons at 6 156.7 and 125.7; from the methine proton at 6 6.70 to the carbons at & 154.7,
153.8, 135.8, and 112.8; and from the dioxymethylene protons to the carbons at 6 153.8 and
135.8. Finally, a methyl proton showed a long-range correlation to the carbon at § 141.4 (Figure
S2-9 and S2-10). Therefore, the structure of the isolated compound was identified as that of

betavulgarin (Figure 2-2).
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Figure 2-2. Molecular structure of the CSC inhibitor isolated from beet. Molecular structure of

betavulgarin.
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2.4.3 Betavulgarin inhibits breast cancer cell growth and mammosphere formation

To ascertain whether betavulgarin has an inhibitory effect on breast cancer growth, we
assessed the inhibitory effect of betavulgarin at increased concentrations in MDA-MB-231 and
MCEF-7 cells. Betavulgarin had an antiproliferative effect on the MDA-MB-231 and MCF-7 cells
at > 100 uM and 50 pM, after 24 hrs of treatment (Figure 2-3A, B). To confirm whether
betavulgarin can suppress mammosphere formation, it was added to mammospheres derived
from MDA-MB-231 or MCF-7 cells. As shown in Figure 2-3C, D, betavulgarin decreased not
only the sphere numbers of MDA-MB-231 and MCF-7 cells by 78% and 68%, respectively, but
also the sizes of the mammospheres. In addition, betavulgarin inhibited migration and colony
formation of MDA-MB-231 and MCF-7 cells (Figure 2-3E, F). We showed that betavulgarin

inhibits mammosphere formation, migration, colony formation, and breast cancer growth.

2.4.4 Betavulgarin decreases CD44'/CD24 -expressing cancer cell numbers
The phenotype indicative of BCSCs was CD44+/CD24—. The CD44+/CD24~— cell fraction of
MDA-MB-231 cells was examined after betavulgarin treatment. Betavulgarin reduced the

CD44+/CD24- cell fraction of MDA-MB-231 cells from 90.4% to 57.2% (Figure 2-4).

2.4.5 Betavulgarin inhibits the nuclear translocation of Stat3 in BCSCs

To examine the biochemical mechanism underlying the suppression of mammosphere
formation by betavulgarin, we examined the total protein levels of Stat3, p-Stat3, and NF-kB p65.
Our data showed that the levels of Stat3 and p-Stat3 were significantly decreased following

betavulgarin treatment (Figure 2-5A). The levels of nuclear Stat3, p-Stat3, and p65 were
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determined, and these results showed that the nuclear Stat3 and p-Stat3 levels were significantly
reduced by betavulgarin but those of p65 were not (Figure 2-5B). Furthermore, an
immunofluorescence (IF) assay assessing pStat3 was performed in MDA-MB-231 cells, and the
level of nuclear pStat3 in betavulgarin-treated cancer cells was lower than that in control cells
(Figure 2-5C). Moreover, we examined the direct binding of a Stat3 binding probe to Stat3
proteins under betavulgarin treatment, using an electrophoretic mobility shift assay (EMSA)
(Figure 2-5D). We examined nuclear Stat3-specific DNA binding using an Infrared Dye
(IRDye)-labeled Stat3 probe that bound to Stat3 proteins under betavulgarin treatment. Our data
showed that the amounts of nuclear Stat3 proteins bound to the IRDye-labeled Stat3 probe
(indicated by arrow) were significantly decreased by betavulgarin treatment (Figure 2-5D, line 3).
The specific binding of the Stat3 proteins/probe was confirmed using a self-competitor (Figure
2-5D, line 4) and a mutated Stat3 oligo (Figure 2-5D, line 5). Recently, it was reported that Stat3
protein binds to the promoter region of the SOX2 gene and increases SOX2 transcription.
Stat3/SOX2 regulates the self-renewal of lung CSCs [17-20]. After betavulgarin treatment, we
checked the Sox2 level because the Stat3 dimer activates the Sox2 gene. Our data showed that
betavulgarin decreased the transcript and protein levels of Sox2 (Figure 2-5E). Our data showed

that Stat3/Sox2 signaling was important in mammosphere formation.

2.4.6 Betavulgarin inhibits the mRNA levels of BCSC-specific marker genes and
mammosphere growth

To examine whether betavulgarin reduced the mRNA levels of BCSC marker genes, we
determined the mRNA levels of these genes. Betavulgarin reduced the transcriptional levels of

the BCSC marker genes (Figure 2-6A). To check whether betavulgarin decreased mammosphere
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growth, we cultured mammospheres with betavulgarin and counted the number of mammosphere

cancer cells. Betavulgarin increased cell death and reduced mammosphere growth (Figure 2-6B).
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Figure 2-3. The effect of betavulgarin on cancer cell growth and mammosphere formation. (A)
MDA-MB-231 cells were treated with betavulgarin for 24 h in a culture medium. The cell
growth assay using betavulgarin was measured with an EZ-Cytox kit. (B) Breast cancer MCF-7
cells were treated with various concentrations of betavulgarin for 24 h in a culture medium. The
cell proliferation of the MCF-7 cells was measured with an EZ-Cytox kit. (C and D)
Betavulgarin inhibits the formation of mammospheres. For the establishment of mammospheres,
1x10* MDA-MB-231 cells and 4x10* MCF-7 cells were seeded in ultralow 6-well plates using a
CSC culture media. The mammospheres were incubated with 200uM and 300uM of betavulgarin
or DMSO for seven days. Images showing representative mammospheres were obtained by
microscopy (scale bar: 100 um). The mammosphere formation efficiency (MFE) was examined.
(E) Transwell assays were performed to determine the cell migration of the MDA-MB-231 and
MCEF-7 cells exposed to betavulgarin (scale bar: 100 um). (F) Betavulgarin inhibits the colony
formation of the MDA-MB-231 and MCF-7 cells. The cancer cells were incubated in 6-well
plates and treated with betavulgarin for 7 days. Representative data were collected. The data
from triplicate experiments are represented as the mean + SD; *p < 0.05; **p < 0.01; ***p <

0.001.

32



Control Betavulgarin
107 (0 4- UL Q4-UR 107 u4- 1L Q4-UR
0.0% 0.2% 0.0% 0.0%
108 108
108 105
§I 104 104
(8]
10° 103
102 ) N 102
@4-LL Q4-LR
101 m—rnm%## 10°
102 10 104 108 108 107
CD44-FITC

Figure 2-4. Effect of betavulgarin on the proportion of CD44"/CD24". The CD44"/CD24" cell
population of the MDA-MB-231 cells treated with betavulgarin (200 pM) or DMSO for 24h.
1x10° cells was analyzed by flow cytometry. The gating was based on binding of a control

antibody (Red Cross).
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Figure 2-5. The effect of Betavulgarin on Stat3 signaling pathway. (A) The levels of p-Stat3,
Stat3 and p65 in the total proteins were measured in the MDA-MB-231 derived mammosphere
after treatment with betavulgarin for 48 h using western blot analyses. (B) The nuclear protein
levels of Stat3 and NF-«kB were determined in MDA-MB-231 derived mammospheres treated
with betavulgarin (200 uM) or DMSO, betavulgarin blocks the translocation of Stat3 and
decrease the level of p-Stat3 in mammospheres. (C) Immunofluorescence (IF) analysis of p-Stat3
(green) expression and localization in the breast cancer cells treated with betavulgarin or DMSO
(scale bar: 100 um). (D) Electrophoresis Mobility Shift Assays (EMSAs) of MDA-MB-231
derived mammosphere nuclear proteins after treatment with betavulgarin. The nuclear extracts
were incubated with the Stat3 probe and were separated by 6% native PAGE. Lane 1: Stat3
probe only; lane 2: Untreated nuclear extracts with the Stat3 probe; lane 3: Betavulgarin-treated
nuclear proteins with the Stat3 probe; lane 4: Untreated nuclear proteins incubated with the Self-
competitor (100x) oligo; lane 5: Untreated nuclear extracts incubated with the mutated-Stat3
(100x) probe. The arrow indicates the DNA/stat3 complex in the mammosphere nuclear lysates.
(E) Treatment of the tumorsphere for 48 h with betavulgarin (200 uM) decreased the mRNA and
protein levels of the SOX2 gene. The transcript of the SOX2 gene was assayed with specific
real-time RT-qPCR primers. The SOX2 protein was assayed with an anti-SOX2 antibody. -
actin was used as an internal control. The data are presented as the mean + SD of three
independent experiments. **p < 0.05; versus the DMSO-treated control group indicated

significant differences.
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Figure 2-6. The effect of betavulgarin on the expression of CSC marker genes and
mammosphere growth: (A) Realtimen-qPCR analysis of the Nanog, c-Myc and Oct4 gene in the
mammospheres after treatment with betavulgarin for 46 hours. (B) Mammosphere growth
inhibited by betavulgarin. Mammospheres with/without betavulgarin were divided into single
cells and plated in 6-well plate in equal numbers. 1, 2 and 3 days later, the cells were counted.
The data from triplicate experiments are represented as the mean + SD. *p < 0.05 versus the

DMSO-treated control group indicated significant differences.
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2.5 DISCUSSION

Red beetroot (Beta vulgaris var. rubra L.) contains many bioactive compounds, including
anthocyanin, betacyanin, folic acid, phenolic compounds, ascorbic acid, flavonoids, vitamin C,
and other biologically active components. The most important bioactive phytochemicals in red
beetroot are betalains, a class of tyrosine-derived pigments obtained from betalamic acid, whose
members are grouped into yellow betaxanthins and red betacyanins. Red dye E162 extract from
beetroot is approved for use in the food industry by the European Food Safety Authority.
Betalains have been demonstrated to have strong free radical scavenging, antioxidant [52, 75, 76],
and anti-inflammatory activities [77, 78]. In this report, we isolated a BCSC inhibitor,
betavulgarin, based on activity-guided fractionation. Betavulgarin was reported to be a fungus
infection response molecule and an antifungal molecule in beetroot [79]. For the first time, we

report that betavulgarin inhibits BCSCs.

Breast cancer is the most frequent cancer among women [56]. Breast cancer is a systemic
disease characterized by early tumor cell dissemination and displays a high degree of intratumor
heterogeneity that is important for therapeutic resistance, recurrence, and tumor progression [80,
81]. Recently, a BCSC model was proposed and has received increasing interest in the field.
CSCs are characterized by the common features of stem cells, including static behaviors, self-
renewal, and differentiation. Achieving efficacious breast cancer treatment is challenging
because of the existence of BCSCs. Numerous pathways and factors that could be targeted to
inhibit BCSCs were identified. Our results showed that betavulgarin inhibits the proliferation of
MDA-MB-231 and MCF-7 cells (Figure 2-3A, B) and the size and number of mammospheres
derived from MDA-MB-231 or MCF-7 cells (Figure 2-3C, D). To address changes in the diverse

biological properties of breast cancer cells under betavulgarin treatment, cell migration and
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colony formation were tested in the context of betavulgarin treatment. Our results showed that
betavulgarin inhibits the migration and colony formation of human breast cancer cells (Figure 2-
3E, F). Additionally, betavulgarin reduced the size of the CD44+/CD24— subpopulation in breast
cancer cells (Figure 2-4). It is known that BCSCs are substantially regulated by a multitude of
signaling pathways and transcription factors (such as Notch, Hedgehog, Wnt pathways, NF-«kB,
and Stat3), and that targeting these pathways represents a potential therapeutic approach [56]. In
this regard, we explored the role of betavulgarin in the inhibition of BCSCs. Interestingly, the
expression levels of Stat3 and p-Stat3 were downregulated by betavulgarin, as was the nuclear
localization of Stat3 (Figure 2-5). It was reported that natural products such as quercetin,
apigenin, oroxylin A (flavones), butein (chalcone), piperlongumine, and caffeic acid
(hydoxycinnamic acid) act as Stat3 inhibitors [82]. Betavulgarin belongs to isoflavone and might
be a small-molecule inhibitor of Stat3 because of a similar structure of flavone. The activation of
several transcriptional factors related to embryonic stem cell growth and differentiation, such as
sex determining region Y (SRY)-box 2 (SOX2), could explain the enhanced stemness of BCSCs,
compared to that of non-BCSCs [57]. One key transcription factor regulating SOX2 expression is
Stat3, which directly binds to the promoter of SOX2 [83]. Subsequently, after treatment with
betavulgarin, the mRNA transcription and protein expression of SOX2 were assessed, and the
results showed that betavulgarin inhibited SOX2 through Stat3 inhibition (Figure 2-5).
Betavulgarin reduced the transcriptional levels of the C-Myc, Nanog, and Oct4 genes and
decreased mammosphere growth (Figure 2-6). Our data suggest that betavulgarin, which targets

Sox2/Stat3 signaling, might be used as an anti-cancer agent.

38



2.6 CONCLUSION

A BCSC-inhibiting compound from beet extracts was purified using silica gel, gel filtration,
TLC, and HPLC. The compound was identified as Betavulgarin, a mammosphere formation
inhibitor, was isolated from beetroot and identified by mass and NMR spectroscopy.
Betavulgarin inhibited cell proliferation, BCSC formation, and reduced the size of the
CD44+/CD24— subpopulation and the transcript levels of the C-myc, Nanog, and Oct4 gene.
This compound decreased the nuclear localization of Stat3 and reduced the mRNA and protein
levels of SOX2 in mammospheres. Our results in this study showed that betavulgarin inhibited
the Stat3/Sox2 signaling pathway and induced BCSC death, indicating that betavulgarin might

be a potential natural compound that targets breast cancer and BCSCs.
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CHAPTER 111

6-Methoxymellein isolated from carrot (Daucus carota L.)
targets breast cancer stem cells by regulating NF-kB
signaling
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3.1 ABSTRACT

The presence of breast cancer stem cells (BCSCs) induces the aggressive progression and
recurrence of breast cancer. These cells are drug resistant, have the capacity to self-renew and
differentiate and are involved in recurrence and metastasis, suggesting that targeting BCSCs may
improve treatment efficacy. In this report, methanol extracts of carrot root were purified by
means of silica gel, Sephadex LH-20, and preparative high-performance liquid chromatography
to isolate a compound targeting mammosphere formation. We isolated the compound 6-
methoxymellein, which inhibits the proliferation and migration of breast cancer cells, reduces
mammosphere growth, decreases the proportion of CD44+/CD24— cells in breast cancer cells
and decreases the expression of stemness-associated proteins c-Myc, Sox-2 and Oct4. 6-
Methoxymellein reduces the nuclear localization of nuclear factor-xB (NF-xB) subunit p65 and
p50. Subsequently, 6-methoxymellein decreases the mRNA transcription and secretion of IL-6
and IL-8. Our data suggest that 6-methoxymellein may be an anticancer agent that inhibits

BCSCs via NF-kB/IL-6 and IL-8 regulation.

3.2 INTRODUCTION

Carrot (Daucus carota L.) is one of the most important root vegetables cultivated worldwide
and has health benefits [84-87]. With increasing health problems, carrots are becoming more
popular plants because of their healthy nutrients and benefits for human health [88].
Phytochemicals, which comprise carotenoids, ascorbic acid, polyacetylenes and phenolic
compounds, such as B-carotene, lutein, I-ascorbic acid, falcarinol and caffeic acid, contribute to
the dietary value of carrots [87]. These compounds have also been shown to be potent inhibitors

of inflammation and oxidative stress [89-95]. Breast cancer is a cancer mostly detected in
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females and is one of the major causes of female death [56]. It has been increasingly recognized
that breast cancer is a malignancy displaying frequent inter- and intratumor heterogeneity [96].
For this reason, histological stratification is used to classify breast cancer based on progesterone
receptor, estrogen receptor, and erbB-2 receptor (HER2) expression. Chemotherapy, hormone
therapy, immunotherapy, radiotherapy, and surgery are the common modalities for breast cancer
[97]. However, breast cancer stem cells (BCSCs) endowed with self-renewal capacity have been
demonstrated to contribute to tumor heterogeneity. Multiple independent studies have shown the
presence of distinct CSC populations within tumors based on the expression of CSC markers
such as CD44+/CD24— and aldehyde dehydrogenase (ALDH) [98, 99]. Compared with non-
CSCs, CSCs exhibit overactivation of transcription factors and proteins related to signal
pathways, such as stemness markers: Sox-2, Oct4, c-Myc; Hedgehog and Wnt pathways [57, 92,
100-103]. c-Myc is important for regulating proliferation and the survival of glioma cancer stem
cell [103]. Oct4 is responsible for breast CSC specification and regulated Nanog, Sox2 and Klf4
gene [104]. Sox2 drives cancer stemness and fuels tumor initiation [105]. Many studies show
that the tumor microenvironment plays an important role in regulating CSC formation and tumor

progression [106, 107].

BCSC formation can be regulated by cytokines and cell types present in the tumor
microenvironment, including mesenchymal stem cells, cancer-associated fibroblasts and tumor-
infiltrating lymphocytes [108]. Additionally, the tumor microenvironment contains several
noncellular components, including cytokines and growth factors. In particular, cytokines
contribute to chronic inflammation, which promotes cancer cell survival and cancer disease
progression by suppressing immune cell functions [109-111]. For instance, interleukin-6 (IL-6)

is sufficient for converting non-CSCs to CSCs in different breast cells [110], and IL-6 regulates

42



the conversion of non-CSCs into CSCs [111], activating the Notch-3-dependent upregulation of
the Notch ligand Jagged-1 in breast cancer cells [30]. Interleukin-8 (IL-8) induces BCSC activity
and chemoresistance in triple-negative breast cancer (TNBC) cells [112]. The IL-8 signaling
pathway is mediated via an EGFR/HER2-dependent pathway [112]. Nuclear factor-xB (NF-«xB)
subunit p65, a regulator of IL-6 and IL-8, was suggested as a potential target against BCSCs [73,

113].

Herein, we chose a colorful food, D. carota L., for isolating mammosphere inhibitors against
BCSC. We isolated a compound, 6-methoxymellein that inhibits the mammosphere formation of
breast cancer cell lines. We demonstrate that 6-methoxymellein suppresses BCSC formation

through the NF-xB signaling pathway.

3.3 MATERIALS AND METHODS

3.3.1 Isolation and identification of a breast CSC inhibitor derived from D. carota L.

We followed a previously described method [73]. The ground carrot sample (1.2 kg) was
suspended and extracted with methanol. The purification protocol is described in Figure 3-1. The
carrot powder (1.2 kg) was extracted with 12 L of methanol. The methanol extracts were
concentrated to 2 L and saturated with H,O, and the methanol part was evaporated. The water
part was extracted with an equal volume of ethyl acetate (v/v = 1:1). The ethyl acetate fraction
was recovered and loaded on a silica gel column (3 % 35 cm), and the sample was fractionated
with solvent (chloroform-methanol, 10:1) (Figure S3-1). The five fractions were recovered and
tested by mammosphere assay. The 1 and 2 fractions suppressed mammosphere formation. Parts

1 and 2 were recovered and loaded on a Sephadex LH-20 column (2.5 x 30 cm) and fractionated
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into three parts (Figure S3-2). The three fractions were recovered and tested by mammosphere
assay. Fraction 3 suppressed mammosphere formation. Fraction 3 was fractionated using
preparatory TLC (glass plate; 20 x 20 cm) and developed in a TLC glass chamber (chloroform-
methanol, 100:1). The main band was isolated from the silica gel plate, and the fraction was
tested by mammosphere formation assay (Figure S3-3). The major fraction was analyzed using a
Shimadzu HPLC LC-20 (Shimadzu, Tokyo, Japan). HPLC was performed using a Cis column
(10 x 250 mm, flow rate; 2 mL/min). For isolation, the acetonitrile concentration was initially set

at 0%, increased to 60% at 15 min and finally increased to 100% at 40 min (Figure S3-4).

3.3.2 Structure analysis of the purified compound

The molecular structure of the purified compound was analyzed by NMR and mass
spectrometry. The molecular weight of the compound was determined to be 208 by ESI-mass
spectrometry, which indicated a quasimolecular ion peak at m/z 209.3 [M + H]+ in positive
mode (Figure S3-9). The 1H-NMR spectrum in CD;OD showed signals due to two aromatic
methines at 6 6.35, one oxygenated methine at & 4.66, one methoxy methyl at & 3.82, a
nonequivalent methylene at & 2.96 and 2.84, and one methyl at 6 1.46. In the 13C-NMR
spectrum, 11 carbon peaks included one carbonyl carbon at & 171.7, two oxygenated sp2
quaternary carbons at § 167.7 and 165.7, two sp2 methine carbons at 6 107.1 and 100.6, two sp2
quaternary carbons at § 143.4 and 102.6, one oxygenated methine carbon at & 77.4, one methoxy
carbon at 8 56.3, one methylene carbon at 6 35.6, and one methyl carbon at 6 21.0 (Figure S3-5).
All proton-bearing carbons were assigned by the heteronuclear multiple-quantum coherence
(HMQC) spectrum, and the 1H-1H COSY spectrum showed one partial structure (Figures S3-6,

S3-7, and S3-9). Further structural elucidation was performed with the aid of the heteronuclear
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multiple bond correlation (HMBC) spectrum, which showed long-range correlations from the
methine protons at ¢ 6.35 to the carbon at & 102.6 and from the methylene protons at 6 2.94/2.84
to the carbons at 6 143.4, 107.1, and 102.6. Finally, the methoxy group was connected by the
long-range correlation from the methyl protons at 8 3.82 to the carbon at 6 167.7 (Figures S3-8
and S3-9). The molecular structure of the purified compound was determined to be 6-

methoxymellein (Figure 3-2).

3.3.3 Cell line and culture of mammospheres

The growth inhibitory effect of 6-methoxymellein was examined using increasing
concentrations in breast cancer cell lines. Treatment with 6-methoxymellein for 24 h induced
suppression of proliferation at >0.8 mM (MDA-MB-231) and >0.5 mM (MCF-7) (Figure 3-3A,
B). To evaluate whether 6-methoxymellein inhibits mammosphere formation, primary
mammospheres were treated with 6-methoxymellein. Compared to the control, 6-
methoxymellein decreased the sphere number and decreased the size of the mammospheres
(Figure 3-3C, D). In addition, 6-methoxymellein inhibited the formation of colony and cell
migration (Figure 3-3E, F). We show that 6-methoxymellein suppresses cell decreased the size
of the mammospheres (Figure 3-3C, D). In addition, 6-methoxymellein inhibited the colony
formation and migration of breast cancer cells (Figure 3-3E, F). Our data show that 6-
methoxymellein suppresses cell migration, growth, colony formation, and mammosphere

formation.
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3.3.4 Cell proliferation

Breast cancer cells were cultured at 1 x 10° (MDA-MB-231) and 1.5 x 10° (MCF-7) cells in
a culture plate for 1 day and incubated with 6-methoxymellein (0, 0.5, 0.8, 1, 2 and 3 mM) for 1
day. Proliferation was determined by using the EZ-Cytox assay kit (DoGenBio, Seoul, Korea).
The optical density at 450 nm (OD4sonm) Was measured by using a plate reader (VERSA max,

Molecular Device, San Jose, CA, USA).

3.3.5 Colony formation assay

We used a previously described method for the colony formation assay [113]. Breast cancer
cells were cultured in a 6-well plate (1000 cell/well) and cultured with 6-methoxymellein in
culture media. After 7 days, the media was removed, washed with 1x PBS, fixed with 3.7%
formaldehyde, and stained for 30 min with 0.05% crystal violet. The images were captured by

using a scanner.

3.3.6 Flow cytometric assay of CD44"/CD24 expression

We followed a previously described method [71]. After treatment of 6-methoxymellein for
24 h, MDA-MB-231 cells were cultured and dissociated into single cells. A total of 1 x10°
cancer cells were labeled with FITC-labeled anti-CD44 and PE- labeled anti-CD24 at 4 C for 20
min. Then, the cells were washed with 1 x PBS and analyzed using an Accuri C6 flow cytometer

(BD, San Jose, CA, USA).
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3.3.7 Migration

We followed a previously described method for the migration assay [72]. Migration was
examined in 12-well inserts with polycarbonate membranes (Merck, Darmstadt, Germany).
MDA-MB-231 and MCF-7 cancer cells were cultured in 200 uL DMEM containing 1% FBS
with DMSO or 6-methoxymellein and cultured in the upper chamber (2 x 10° cells/chamber).
The bottom chamber was covered with 750 uL. of DMEM containing 20% FBS. The cells were
incubated for 1 day at 37 C in an incubator (37 °C, 5% CO?). The lower surfaces of the inserts
were fixed and stained with 0.03% crystal violet, and images were captured by using a light

microscope.

2.3.7 Real-time quantitative reverse transcription PCR
We used a previously described method [73]. Total RNA of MDA-MB-231 mammospheres
was isolated. RT-quantitative PCR was performed by using an RNA-direct SYBR qPCR kit

(Toyobo, Japan). The specific primers for IL-6, IL-8 and B-actin are described in Table 1.

3.3.8 Western blotting

We used a previously described method for western blotting [73]. Proteins samples (20
pg/well) of mammospheres treated with 6-methoxymellein were isolated and run on a 10% SDS-
PAGE gel. The separated protein gels were transferred to a PVDF membrane (Millipore,
Billerica, MA, USA). Membranes were incubated at room temperature for 1 h in Odyssey
blocking buffer in PBST (0.1% Tween 20). The membranes were incubated at 4 °C overnight

with the following primary antibodies: NF-kB p65, LF-MA30327, NF-xB p50, sc-8414; Oct4,
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LF-MA30482 (AbFrontier, Seoul, Korea); c-Myc (Cell Signaling Technology, Denver, CO,
USA); Sox-2, Lamin B and B-actin (Santa Cruz Biotechnology, Dallas, TX, USA). After the
membranes were washed with 1x PBST, they were incubated with IRDye 800CW and 680RD-
conjugated secondary antibodies for 1 h, and band densities were examined by using an

ODYSSEY CLx (LI-COR, Lincoln, NE, USA).

3.3.9 EMSA

Nuclear proteins were prepared as described previously method [74]. EMSA experiments for
NF-xB binding were performed using an IRDye 700-labeled NF-kB oligonucleotide. Samples
containing the NF-kB/700 dye oligo complex were run on a native 4% PAGE gel, and the
fluorescence of the PAGE gel was scanned and captured by using an ODYSSEY CLx machine

(LI-COR).

3.3.10 Quantification of extracellular human IL-6 and IL-8 cytokines using the cytometric
bead array (CBA)

Human Inflammatory Cytokine Assay Kit was used. We followed a previously described
method [113]. MDA-MB-231 mammospheres were incubated for 5 days and then cultured with
6-methoxymellein for 2 days. The extracellular IL-6 and IL-8 concentrations were analyzed
using the BD CBA Human Inflammatory Cytokine Assay Kit. We followed the manufacturer’s
protocol (BD, San Jose, CA, USA). Fifty microliters of bead assay buffer, equal volumes of
cultured media and 50 puL of PE-labeled capture antibody solution were mixed into each tube.

The sample mixes were incubated at room temperature protected from light for 3 h, washed with
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1 x washing buffer. The pellet was suspended in reaction buffer and analyzed by flow cytometry

Accuri C6 (BD, San Jose, CA, USA).

3.3.11 Statistical analysis

Our results are presented as the mean + standard deviation (SD). Our results were analyzed
using Student’s t-test. A p-value less than 0.05 was considered statistically significant (GraphPad

Prism 7 Software).
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3.4 RESULTSs

3.4.1 Isolation and identification of a breast CSC inhibitor derived from D. carota L.
Bioassay-guided fractionation was performed to screen and isolate BCSC inhibitor from
Daucus carota L extracts using a mammosphere formation assay from breast cancer cell lines.
The methanol extracts of D. carota L. were purified via ethyl acetate extraction (v/v = 1:1),
silicon dioxide gel, gel filtration chromatography, and preparatory HPLC (Figure 3-1A). CSC
formation was suppressed by the purified compound (Figure 3-1B). The purity of the compound
was confirmed using HPLC (Figure 3-1C). NMR and GC-MS data identified the compound as 6-

methoxymellein (Figure 3-2).

3.4.2 6-Methoxymellein suppresses the growth of breast cancer cells and mammospheres
The growth inhibitory effect of 6-methoxymellein was examined using increasing
concentrations in breast cancer cell lines. Treatment with 6-methoxymellein for 24 h induced
suppression of proliferation at >0.8 mM (MDA-MB-231) and >0.5 mM (MCF-7) (Figure 3-3A,
B). To evaluate whether 6-methoxymellein inhibits mammosphere formation, primary
mammospheres were treated with 6-methoxymellein. Compared to the control, 6-
methoxymellein decreased the sphere number and decreased the size of the mammospheres
(Figure 3-3C, D). In addition, 6-methoxymellein inhibited the formation of colony and cell
migration (Figure 3-3E, F). We show that 6-methoxymellein suppresses cell decreased the size
of the mammospheres (Figure 3-3C, D). In addition, 6-methoxymellein inhibited the colony

formation and migration of breast cancer cells (Figure 3-3E, F). Our data show that 6-
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methoxymellein suppresses cell migration, growth, colony formation, and mammosphere

formation.
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Figure 3-1. Isolation of breast CSC inhibitors from carrot extracts based on mammosphere
formation assays. (A) The purification procedure for the mammosphere formation inhibitor. (B)
Inhibitory effect of carrot extracts on mammosphere growth. The mammospheres were incubated
with carrot extracts or DMSO. The mammospheres were photographed with a microscope at 10x
magnification (scale bar = 100 um). (C) Purified samples of carrot extracts were analyzed by

HPLC chromatogram.
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Figure 3-2. Molecular structure of the CSC inhibitor isolated from carrots. Molecular structure

of 6-methoxymellein.
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Figure 3-3. The antiproliferation and mammosphere formation inhibitory effect of 6-
methoxymellein. (A, B) The antiproliferation ability of 6-methoxymellein was assayed with an
EZ-Cytox kit using breast cancer cells treated with various concentrations of 6-methoxymellein.
(C, D) To establish the inhibitory effect of 6-methoxymellein on mammosphere formation,
breast cancer cells were cultured in 6-well plates (ultralow attachment) with CSC culture media
containing increasing concentrations of 6-methoxymellein or DMSO alone after 7 days. The
images were captured and are representative mammospheres by microscopy at 10x
magnification (scale bar =100 um). (E, F) The migration ability of MDA-MB-231 and MCF-7
cells was determined by Transwell assay after exposure to 6-methoxymellein (scale bar: 100 pum).
6-Methoxymellein inhibits the colony formation of MDA-MB-231 and MCEF-7 cells. Our
representative data were collected. Our data from triplicate experiments are represented as the

mean + SD; **p < 0.01; ***p <0.001.
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3.4.3 6-Methoxymellein reduces the proportion of CD44"/CD24 -expressing breast cancer
cells

The cell surface marker of breast CSCs is CD44+/CD24— of breast cancers. The
CD44+/CD24- subpopulation of cancer cells was determined under 6-methoxymellein. 6-
Methoxymellein decreased the proportion of CD44+/CD24— MDA-MB-231 cancer cells from

80.3% to 41.6% (Figure 3-4).

3.4.4 6-Methoxymellein inhibits the protein expression of cancer stem cell-specific markers
and inhibits mammosphere growth

Next, we analyzed whether 6-methoxymellein reduces the protein level of CSC marker genes.
Indeed, 6-methoxymellein decreased the protein expression levels of cancer stem cell marker
genes (Figure 3-5A). To examine whether 6-methoxymellein reduced mammosphere growth,
mammospheres were cultured with 6-methoxymellein, and the number of cancer cells of
mammospheres was examined. The results indicated that 6-methoxymellein inhibited

mammosphere growth (Figure 3-5B)

3.4.5 6-Methoxymellein suppresses the nuclear localization of NF-kB p65 and NF-kB p50 in
BCSCs

To determine the cellular mechanism by which 6-methoxymellein reduces mammosphere
formation, we examined the total and nuclear protein levels of NF-«kB p65 and NF-«B p50. We
showed that the nuclear level of NF-kB p65 and NF-kB p50 were significantly reduced after 6-
methoxymellein treatment (Figure 3-6A, B). Furthermore, we tested the direct binding of the NF-

kB DNA probe to nuclear NF-kB proteins by electrophoretic mobility shift assay (EMSA) under
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6-methoxymellein treatment (Figure 3-6C). We indicated that the amount of NF-kB protein
bound to the NF-«xB probe (arrow) was reduced under 6-methoxymellein treatment (Figure 3-6C,
#3). The specificity of the NF-kB/probe complex was analyzed by using a 100X self-competitor

oligo (Figure 3-6C, #4) and a 100X mutated NF-kB competitor (Figure 3-6C, #5).

3.4.6 6-Methoxymellein decreases the mRNA and protein levels of secretory IL-6 and IL-8
in mammospheres

It was investigated whether the activity of NF-«xB is associated with IL-6 and IL-8 secretion
[114-116]. To examine whether 6-methoxymellein decreases the level of IL-6 and IL-8 cytokine
secretion, we determined the concentrations of secreted IL-6 and IL-8 in mammosphere culture
medium using a human inflammatory assay. 6-Methoxymellein reduced the concentrations of the
cytokines IL-6 and IL-8 (Figure 3-7A). Subsequently, we checked the levels of IL-6 and IL-8
transcript under 6-methoxymellein, and our data showed that 6-methoxymellein decreased the

mRNA expression of IL-6 and IL-8 (Figure 3-7B).
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Figure 3-4. 6-Methoxymellein reduces the proportion of CD44'/CD24" cells. MDA-MB-231
cells were treated with 6-methoxymellein (1 mM) for 24 hours. The CD44+/CD24- cell
population was assessed by an Accuri C6 flow cytometer. The red cross was used for binding of

a control antibody.
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Figure 3-5. 6-Methoxymellein suppresses the protein expression of CSC markers and inhibits

mammosphere growth. (A) Immunoblot analysis of the c-Myc, Sox2 and Oct4 proteins of

mammospheres treated with 6-methoxymellein for 2 days. (B) 6-Methoxymellein inhibits

mammosphere growth. Mammospheres treated with 6-methoxymellein were split into single

cells and plated in 6-cm culture plates. One, 2 and 3 days later, the cells were quantified.
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Figure 3-6. The effect of 6-methoxymellein on the NF-kB signaling pathway. (A) The total
protein level of p65 was assayed in mammospheres under 6-methoxymellein for 48 hours using
immunoblot analysis. (B) The levels of nuclear p65 were assayed in mammospheres under 6-
methoxymellein (1 mM) or DMSO. 6-Methoxymellein blocks the translocation of p65 in
mammospheres. (C) EMSAs of nuclear protein in MDA-MB-231 cell-derived mammospheres
under 6-methoxymellein. The nuclear extracts were incubated with the NF-kB probe and run by
4% native PAGE. Lane 1: NF-xB probe only; lane 2: nuclear extracts with the NF-xB probe;
lane 3: 6-methoxymellein-treated nuclear proteins with the NF-kB probe; lane 4: untreated
nuclear proteins incubated with the self-competitor (200x) oligo; lane 5: untreated nuclear
extracts incubated with the mutated-Stat3 (200x) probe. The arrow shows the DNA/NF-«B
protein complex from nuclear lysates of mammospheres. Our data are presented as the mean +

SD of three independent experiments. **p < 0.05 versus the control group.
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Figure 3-7. 6-Methoxymellein suppresses the secretion and transcription of IL-6 and IL-8. (A)
The CBA Human Inflammatory Cytokine Assay Kit was used to assay the secretion of cytokines
in mammosphere culture media treated with 6-methoxymellein or DMSO. (B) Transcript levels
of the IL-6 and IL-8 genes were assessed in 6-methoxymellein-treated mammospheres using
specific RT-qPCR primers. Our data are represented as the mean + SD. **p < 0.05 versus the

control group.
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3.5 DISCUSSION

Carrot (D. carota L.) is the most important root vegetable, is cultivated worldwide, and is
rich in natural phytochemicals. Carrot root is widely utilized because of abundant carotenoids,
anthocyanins and dietary fiber. Carrots are the main source of carotenoids, and previous studies
have demonstrated that carrots may reduce cancer risk and play an important role in a cancer
prevention diet [117-119]. Carrots are traditionally used for the treatment of gastric ulcers,
diabetes, muscle pain and cancer in Lebanon [120]. Carrots have been reported to provide
numerous biological activities, including antibacterial, antifungal, diuretic, antilithic, anticancer,
antiinflammatory and antioxidant effects [120-124]. In this study, we purified a BCSC inhibitor
from carrots (Figure 3-1) and identified as 6-methoxymellein by electrospray ionization (ESI)-
MS and NMR spectroscopy (Figure 3-2). 6-Methoxymellein belongs to the mellein family,
which is a subgroup of 3,4-dihydroisocoumarins. Previously, mellein was produced by the
fungus Aspergillus ochraceus. Coumarin and isocoumarin are products of bacteria, fungi, plants,
insects, lichens, and marine sponges. These compounds have different biological functions,
including antimicrobial, anticancer, antileukemia and antivirus activities [125-127]. 6-
Methoxymellein was the first mellein derivative isolated from carrots in 1960 [128].
Subsequently, it was purified from carrot root cultured with Ceratocystis cimbriata,
Helminthosporum carbonum, and Fusarium oxysporum [129]. It was supposed that 6-
methoxymellein production resulted from a change in plant metabolism induced by the fungi
[130], suggesting that 6-methoxymellein induces the active defenses of carrot-based compounds

against fungi; thus, 6-methoxymellein was classified as a phytoalexin [130, 131].

Targeting cancer stem cells that contribute to therapy resistance, metastasis, and recurrence is

a challenge of breast cancer treatment [132, 133]. Mammosphere formation assays were
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performed to identify functional CSCs in vitro [134]. Our results show that 6-methoxymellein
suppressed the growth of breast cancer cells, decreased the size and efficiency of mammospheres
formation (Figure 3-3C, D), and inhibited cell migration and colony formation (Figure
3-3E, F). In addition, 6-methoxymellein reduced the CD44+/CD24— subpopulation in MDA-
MB-231 cells (Figure 3-4). To address the effect of 6-methoxymellein on the stemness of
mammospheres, we checked the protein levels of c-Myc, Oct4 and Sox-2 in mammospheres
under 6-methoxymellein treatment. Our data show that 6-methoxymellein inhibits c-Myc, Oct4
and Sox-2 expression and reduces mammosphere growth (Figure 3-5A, B). It has been reported
that the regulatory mechanisms of BCSC formation are extensive and complex. Several
pathways, such as the Notch, Wnt, NF-xB, JAK/STAT and Hedgehog pathways, are involved in
the maintenance of stemness [57]. In addition, the tumor microenvironment plays an essential
role in supporting and maintaining CSCs [108, 135, 136]. Recently, cytokines were reported to
regulate the self-renewal and survival of breast CSCs in the tumor microenvironment [137].
MSCs interact with BCSCs through IL-6 and chemokine (C-X-C motif) ligand 7 cytokine
secretion. This signaling is responsible for the self-renewal potential of BCSCs. Subsequently,
CXCL7 secreted by MSCs promotes cancer stem cell resistance to anticancer drugs [39]. IL-8
regulates breast cancer stem cell activity by binding to C-X-C motif chemokine receptor 1/2.
Targeting CXCR1/2 proteins reduces breast CSC activity and increases their ability to inhibit

HER?2 [138]. The NF-kB signaling pathway plays a role in inflammation and tumorigenesis.

The secretion of IL-6 and IL-8 can be regulated by the NF-kB signaling pathway [139]. 6-
Methoxymellein inhibited the localization of NF-xB p65 and NF-kB p50 in the nucleus but did
not affect the total level of NF-kB p65 and NF-«B p50 proteins (Figure 2-6A, B). In addition, the

nuclear NF-kxB DNA binding ability was inhibited by 6-methoxymellein (Figure 3-6C).
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Subsequently, 6-methoxymellein reduced the mRNA transcription and secretion of IL-6 and IL-8
(Figure 3-7). These data suggest that 6-methoxymellein may be used as an anticancer agent and

exerts its effects through the NF-kB and cytokine signaling pathways.

64



3.6 CONCLUSION

6-Methoxymellein from carrots identified by mass spectrometry and NMR, acts as a
mammosphere formation inhibitor. 6-Methoxymellein inhibits the proliferation, migration, and
colony and mammosphere formation of breast cancer cells and decreases the subpopulation of
CD44+/CD24— and the expression of c-Myc, Sox-2 and Oct4 proteins. In addition, the
compound reduces nuclear NF-kB p65 and p50 protein expression, subsequently decreasing the
transcript expression and secretion of IL-6 and IL-8 by mammospheres. Our data suggest that 6-
methoxymellein suppresses the NF-kB signaling pathway and reduces the expression of c-Myc,

Sox-2 and Oct4, may be an inhibitory compound against BCSCs.
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CHAPTER 1V

5-Desmethylsinensetin, a polymethoxylated flavone
isolated from Artemisia princeps, suppresses the stemness

of breast cancer cells via Stat3/IL-6 and Stat3/YAP1
signaling
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4.1 ABSTRACT

Breast cancer stem cells are the main causes of recurrence, metastasis, drug resistance,
differentiation capacity and self-renewal in breast cancer; therefore, targeting BCSCs will
improve the efficacy of breast cancer treatments. In this study, isolation of an inhibitor of
Artemisia princeps was performed using a silica gel column, a sephadex gel column, and high-
performance liquid chromatography. A single compound was purified via activity-based
isolation using mammosphere formation assays. The isolated compound was identified as 5-
desmethylsinensetin using nuclear magnetic resonance and mass spectrometry. 5-
Desmethylsinensetin suppresses the proliferation and mammosphere formation of breast cancer
cells, reduces the subpopulations of CD44"/CD24" and ALDH1" cancer cells, and reduces the
transcription of the stemness markers Oct4, c-Myc, Nanog and CD44 in BCSCs. 5-
desmethylsinensetin inhibits the total and nuclear expression of Stat3 and p-Stat3, as well as the
translocation of YAP1. Additionally, 5-desmethylsinensetin reduces the mRNA and protein
levels of IL-6. Our results show that 5-desmethylsinensetin exhibits potential anticancer activity

against breast cancer stem cells via Stat3-1L-6 and Stat3-YAP1 signaling.

4.2 INTRODUCTION

Breast cancer has surpassed lung cancer as the most commonly diagnosed cancer (11.7%)
and the leading cause of cancer death in women [1]. According to the intrinsic molecular
portraits provided by transcriptome profiling, breast cancer has several major subcategories, such
as receptor tyrosine-protein kinase erbB-2 receptor (HER2), progesterone receptor (PR), estrogen
receptor (ER) and triple-negative breast cancer (TNBC). Compared to patients with other

subtypes, TNBC patients more frequently experience locoregional recurrence, chemoresistance
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and metastasis [140-142]. Recently, TNBCs have been divided into luminal androgen receptor
(LAR), basal-like 1 (TNBC-BL1), basal-like 2 (TNBC-BL2), immunomodulatory (TNBC-IM),
mesenchymal (TNBC-M), mesenchymal stem-like (TNBC-MSL) and unspecified (TNBC-UNS)
subtypes [143, 144]. The standards of therapy for breast cancer are radiation, hormone therapy,
surgery and chemotherapeutic drugs, including carboplatin, bevacizumab, cisplatin, epirubicin,
cyclophosphamide and docetaxel [57, 145, 146]. The heterogeneity of breast cancer is believed
to make it less responsive to chemotherapy. It has been demonstrated that one of the causes of
tumor heterogeneity is cancer cells exhibiting stem cell-like properties, which are named cancer
stem cells (CSCs) [147]. The discovery of stem cells among cancer cells has had a great impact
on cancer biology research and the understanding of cancer stem cell physiology for future
anticancer drug development. Breast cancer stem cells (BCSCs) have the ability to self-renew
and differentiate within populations of breast cancer cells. BCSCs have been observed to express
cellular markers, such as CD44/CD24 and ALDH", in multiple studies. Moreover, multiple
signaling pathways and transcription factors are overactivated in BCSCs compared with those in
non-BCSCs, including the Wnt, Notch, Hippo, Hedgehog and signal transducer and activator of
transcription (Stat) pathways [146]. The Stat pathway plays a critical role in various cellular
functions, such as growth, proliferation and the immune response, via various cytokines and
growth factors. In addition, CSCs can be regulated by stromal cells, such as mesenchymal stem
cells (MSCs), tumor-associated leukocytes (TILs) and cancer-associated fibroblasts (CAFs), in

the tumor microenvironment (TME) via extrinsic signals.

The creation of a supportive TME for targeting CSCs has been successfully employed in brain
tumors in mice [148]. Breast cancer stem cell functions can be influenced by different cytokines,

chemokines and growth factors secreted by various cell types in the TME, such as interleukin-6
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(IL-6) and interleukin-8 (IL-8). IL-6 increases the CSC frequency by increasing the
CD44'/CD24" subpopulation [149]. IL-6 signaling cascade activation results in the generation of
cancer stem cells by promoting epithelial-mesenchymal transition (EMT) in breast cancer cells
[150]. IL-6-JAK1-Stat3 signaling blockade in endometrial cancer affects the ALDH"/CD126"
stem-like component and reduces the tumor burden [151]. The IL-8 expression level is
upregulated in breast cancer compared with that in normal breast tissue [152]. IL-8 promotes
invasion and EMT in breast cancer cells [153, 154]. Thus, inhibition of IL-6 and IL-8 may be

necessary to achieve therapeutic effects in tumors.

Artemisia princeps belongs to the Asteraceae family and is used in traditional medicine in
Asia, including China, Japan and Korea. 4. princeps is used for treating circulatory disorders and
chronic conditions, such as dymenorrheal disorders, hemorrhoids, cancer, ulcers and digestive
disorders [155-158]. Methanol, ethanol or water extracts of Artemisia princeps have multiple
effects, such as anti-inflammatory [159-161], antioxidant [162-164], antiulcer [165], anticancer

[161, 162, 166, 167], chemopreventive [168], antiobesity and antidiabetic effects [169, 170].

In the present study, we isolated a mammosphere inhibitor against BCSCs from Artemisia
princeps according to activity-based fractionation. The isolated compound was identified as 5-
desmethylsinensetin, which suppresses mammosphere formation in breast cancer cell lines. This
study also investigated whether 5-desmethylsinensetin inhibited BCSC formation through the

Stat3-IL-6 and Stat3-Y AP signaling pathways.
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4.3 MATERIALS AND METHODS

4.3.1 Chemical and reagents

Silicon dioxide gel 60 powder, thin layer chromatography silicon dioxide gel 60 Fos4
aluminum sheets and glass plates were purchased from MERK (Darmstadt, Hesse, Germany),
and Sephadex LH-20 (LH20100) was purchased from Millipore (Sigma-Aldrich, St. Louis, MO,
USA). High-performance liquid chromatography (HPLC) was performed on a Shimadzu
application system (Japan). The EZ-Cytox Cell Viability Assay Kit (DoGenBio, Seoul, Korea)
was used to determine breast cancer cell viability. The other chemicals and organic solvents used

were purchased from Sigma-Aldrich (St. Louis, Missouri, USA).

4.3.2 Plant material

Artemisia princeps was purchased from urban farmers (Seogwipo, Jeju, Korea). The
Artemisia princeps sample was washed with tap water and freeze-dried, and dried Artemisia
princeps was ground. A voucher specimen (No. 2018 012) was managed in the Department of

Biomaterial, Jeju National University (Jeju-Si, Korea).

4.3.3 Isolation and purification of a mammosphere inhibitor from Artemisia princeps

A previously described method was used for the isolation and purification of a
mammosphere inhibitor from Artemisia princeps [171]. The ground sample of Artemisia
princeps (1200 g) was extracted using 100% methanol (MeOH 36 L). The purification method is

summarized in Figure 4-1A. The powder of Artemisia princeps (50 g) was suspended in 1.5 L of
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methanol in a 3 L flask (total 24 flasks). The MeOH extracts were concentrated to 6 L and mixed
with the same volume of water (v/v=1:1), and the methanol in the mixture was evaporated at
50°C. The water-suspended components were extracted with an equal volume of ethyl acetate
(EA, v/iv=1:1). The EA part was collected and concentrated, and the EA-concentrated part was
separated on a silicon dioxide gel column (3x 35 cm, 40-63 micron particle size) and eluted with
a chloroform-methanol mixture (CHCl3:MeOH, 10:1, Figure S4-1). The five fractions were
divided based on color and assayed by assessing mammosphere formation. The second fraction
potentially inhibited mammosphere formation. The second fraction was purified by a Sephadex
LH-20 gel column (2.5x30 cm, 25-100 micron article size) and divided into five parts (Figure
S4-2). These five fractions were collected and evaluated by a mammosphere formation assay.
Fraction 5 showed an inhibitory effect on mammosphere formation. Fraction 5 was loaded onto a
preparatory TLC plate (glass plate; 20x20 cm) and developed in a TLC glass chamber
(CHCI3:MeOH, 30:1). The major bands were separated on the silicon dioxide gel plate. The
fractions were assessed by a mammosphere formation assay (Figure S4-3). The lower fraction
was analyzed on an HPLC instrument with an ODS column (10x250-mm, flow rate: 2 ml/min,
mobile phase: acetonitrile-water), and the acetonitrile concentration started at 0%; over 10 min,
the acetonitrile concentration was increased to 60% and reached 100% from 30 min to 40 min
(Figure S4-4). The major peak was collected and assessed using a mammosphere formation

assay, and the powder of the major peak was assayed by structure analysis

4.3.4 Structure analysis of the purified compound

The chemical structure of the isolated compound was determined by mass spectrometry and
NMR measurements. The molecular weight was determined to be 358 by the ESI-mass

measurement, which showed quasimolecular ion peaks at m/z 359.3 [M+H]" and 381.3 [M+Na]"

71



in positive mode (see Supplementary Figure S4-5). The '"H NMR spectrum measured in CDCls
exhibited signals from three aromatic methine protons at & 7.52 (dd, J=8.4, 1.8 Hz), 7.33 (d,
J=1.8 Hz), and 6.97 (d, J=8.4 Hz), which were attributed to 1,2,4-trisubstituted benzene; two
aromatic singlet methines at 6 6.59 and 6.55; and four methoxy groups at 6 3.98, 3.97, 3.96, and
3.92. In the *C NMR spectrum, the 19 carbon peaks included a carbonyl carbon at o 182.6;
seven oxygenated sp2 quaternary carbons at 6 164.0, 158.7, 153.2, 153.1, 152.2, 149.3, and 132.6;
five sp2 methine carbons at 6 120.1, 111.1, 108.7, 104.5, and 90.6; two sp2 quaterary carbons at
0 123.8 and 106.1; and four methoxy carbons at & 60.9, 56.3, 56.1, and 56.1 (see Supplementary
Figure S4-6). All of the proton-bearing carbons were assigned by the HMQC spectrum (see
Supplementary Figure S4-7). Further structural elucidation was performed with the aid of the
HMBC spectrum, which showed long-range correlations of the methine proton at 8 6.59 to the
carbons at 6 182.6, 164.0, 123.8, and 106.1; of the methine proton at & 6.55 to the carbons at &
158.7, 153.2, 132.6, and 106.1; and of the methine protons at & 7.52 and 6.97 to the carbons at o
164.0 and 152.2. Finally, four methoxy protons showed long-range correlations to the
oxygenated sp” quaternary carbons (see Supplementary Figure S3-8 and S3-9). Therefore, the

structure of the isolated compound was identified as 5-desmethylsinensetin (Figure 4-2).

4.3.5 Culture of human breast cancer cells and mammospheres

Breast cancer cell lines were obtained from the Korea Cell Line Bank (KCLB, Seoul, Korea)
and cultured in complete Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine
serum and 1% penicillin/streptomycin (Gibco, Thermo Fisher Scientific, CA, USA) in an
incubator with 5% CO,. Breast cancer cell lines were incubated at 2x10* (MDA-MA-231) and

4x10* (MCF-7) cells per well in a 6-well plate (ultralow attachment) with MammoCult™ culture
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medium (StemCell Technologies, Vancouver, BC, Canada) containing hydrocortisone and
heparin in an incubator for 7 days. Mammosphere formation was determined and quantified
using the NIST's integrated colony enumerator (NICE) program [69]. Mammosphere formation

was measured by determining the mammosphere formation efficiency (MFE %) [70].

4.3.6 Cell proliferation assay

Breast cancer cell lines were seeded at 1x10° (MDA-MB-231) and 1.5x10° (MCF-7) cells
per plate in 96-well plates for 24 hours and treated with 5-desmethylsinensetin (0, 5, 10, 20, 30,
40 and 50 pM) for 1 day. Subsequently, proliferation was assessed using the EZ-Cytox kit
(DoGenBio, Seoul, Korea) according to the manufacturer’s protocol. A microplate reader
(VERSA max microplate reader, Molecular Device, San Jose, CA, USA) was used to measure

ODyso.

4.3.7 CD44/CD24  expression, aldehyde dehydrogenase (ALDH) activity and apoptosis
using a flow cytometric assay

A previously described method was used to determine CD44/CD24" expression, aldehyde
dehydrogenase (ALDH) activity and apoptosis [113]. After treatment with 5-desmethylsinensetin
for 24 hours, MDA-MB-231 breast cancer cells were harvested and dissociated, and 1x10° cells
were incubated with anti-human CD44 (FITC-conjugated) and anti-human CD24 (PE-conjugated)
antibodies (BD) for 30 min at 4 °C. After washing with PBS, the CD44"/CD24 cells were
examined using a flow cytometer (Accuri C6, BD, San Jose, CA, USA). The Aldefluor™ assay
kit (StemCell Technologies, Vancouver, BC, Canada) was used to assay ALDHI activity. Breast

cancer cells were treated with 5-desmethylsinensetin (20 uM) for 24 hours and reacted in ALDH
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assay buffer at 37 °C for 20 min. ALDH-positive cells were examined by an Accuri C6
cytometer (BD, San Jose, CA, USA). The FITC Annexin V Apoptosis Detection Kit with PI
(640914, BioLegend, San Diego) was used to measure apoptosis of mammospheres treated with
5-desmethylsinensetin (20 M) in accordance with the manufacturer’s protocol. Mammospheres
were harvested and dissociated with trypsin (0.05% Trypsin-EDTA 1X, Gibco, Thermo Fisher
Scientific, CA, USA); 1x10° cells were incubated with Annexin V (FITC) and PI in binding
buffer at room temperature with protection from light for 30 min, and the cells were measured
using a flow cytometer at the Jeju Center of Korea Basic Science Institute (KBSI, core-facility

center).

4.3.8 Real-time quantitative reverse transcription PCR

A previously described method was used for RT-qPCR [73]. Total RNA was extracted and
purified from MDA-MB-231 cancer cells or mammospheres. A one-step RT-qPCR kit
(Enzynomics, Daejeon, Korea) was used to perform real-time quantitative PCR. All of the
specific primers were obtained from Bioneer (Daejeon, Korea). The specific primers are
described in Table S1. Statistical analysis of the PCR results was performed. The B-actin gene

was used as an internal control.

4.3.9 Western blotting
A previously described method was used for western blotting [73]. Proteins derived from
mammospheres of MDA-MB-231 cells treated with 5-desmethylsinensetin (20 pM) were

separated by SDS-PAGE (8% or 10%) and transferred to polyvinylidene difluoride membranes
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(PVDF, Millipore, Billerica, MA, USA). The PVDF membranes were blocked at room
temperature for 60 min in PBST (phosphate buffered saline with Tween 20, 0.1%, v/v)
containing Odyssey blocking buffer (927-70001, LI-COR, Lincoln, NB, USA). Subsequently,
the membranes were incubated at 4 °C overnight in blocking buffer containing the primary
antibodies against: p-Stat3 (#9145s, Cell Signaling Technology, Denver, CO, USA); YAPI
(FNab09559, FineTest, Wuhan, China); Stat3 and sc-482; NF-«kB, p65 and sc-8008; Lamin B, sc-
6216, B-actin, and sc-47778 (Santa Cruz Biotechnology, Dallas, TX, USA). The primary
antibody solutions were removed, and the membranes were incubated with anti-rabbit (IRDye
800CW-conjugated) and anti-mouse (IRDye 680RD-conjugated) secondary antibodies afier
washing with PBST. ODYSSEY CLx was used to detect the band signals (LI-COR, Lincoln, NB,

USA).

4.3.10 Electrophoretic mobility shift assay (EMSA)

Nuclear fractions were extracted as described previously [74]. Nuclear extracts were
preincubated with the wild-type or mutant Stat3 oligonucleotide (LI-COR) for 10 min at room
temperature (RT). Subsequently, an electrophoretic mobility shift assay for Stat3 binding was
performed using an IRDye 700-labeled special Stat3 oligonucleotide (LI-COR) for 20 min at RT.
Samples with loading dye were run on a 6% nartive PAGE gel, and ODYSSEY CLx (LI-COR)

was used to capture the EMSA data.
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4.3.11 Quantitative measurement of human IL-6 and IL-8 using the BD"™ CBA human
inflammatory cytokines assay kit

A previously described method was followed for the quantitative measurement of human
IL-6 and IL-6 [113], and cultured media from MDA-MB-231 mammospheres was incubated
with 5-desmethylsinensetin (20 pM) or DMSO for 48 hours. The BD™ Cytometric Bead array
(CBA) human inflammatory cytokine assay kit was used to determine the IL6 and IL-8
concentrations in the cultured media. The manufacturer’s protocol was followed (BD, San Jose,
CA, USA). Fifty microliters of mixed beads with an equal volume of mammosphere culture
medium and 50 pL of PE-labeled antibodies were added to each sample tube. The samples were
incubated and protected from light for three hours at RT. The samples were washed and
centrifuged, and the pellet was resuspended in washing buffer and analyzed using flow

cytometry (BD, Accuri C6, San Jose, CA, USA).

4.3.12 Stat3 and YAP1 knockdown using small interfering RNA (siRNA)

MDA-MB-231 cells were transfected with human Y AP-specific siRNAs (Bioneer, Daejeon,
Korea) to determine the effect of the YAPI protein on mammosphere formation, and human
Stat3-specific siRNA was transfected to evaluate the effect of Stat3 on the expression of the
YAP1 protein. Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) was used for siRNA
transfection in accordance with the manufacturer’s protocol. Western blotting was performed to

determine the expression levels of Stat3 and YAPI after specific siRNA transfection.

4.3.13 Statistical analysis
All experimental data are reported as the mean + standard deviation (SD). Nonparametric
Student’s t-test was used to perform statistical analysis. A p-value < 0.05 was considered

statistically significant (GraphPad Prism 5 Software).
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4.4 RESULTS

4.4.1 Isolation of breat cancer stem cells (BCSCs) inhibitor from Artemisia princeps.

BCSC Inhibitor from Artemisia princeps was screened and isolated using formation assay of
mammosphere derived from MDA-MB-231 cell. The dried methanol extracts of Artemisia
princeps was purified via an ethyl acetate (EA) and water extraction (v/v=1:1), subsequently the
EA-extracts was purified using silicon dioxide gel chromatography, a Sephadex gel
chromatography, preparatory thin layer chromatography (prep-TLC), and high performance
liquid chromatography (HPLC) (Figure 4-1A and Figure S4-1~S4-4). The purified compound
suppresses the mammospheres formation of MDA-MB-231 (Figure 3-1B). HPLC analysis
showed the purified compound. (Figure 4-1C). The purified compound was identified as 5-

desmethylsinensetin using NMR and ESI-Mass (Figure 4-2 and Figure S4-5~S4-8).

4.4.2 5-Desmethylsinensetin inhibits mammosphere formation of breast cancer cells

The antiproliferative effect of 5-desmethylsinensetin was examined by treating MDA-MB-
231 and MCF-7 cells with increasing concentrations of 5-desmethylsinensetin. No inhibition of
cell proliferation was observed at concentrations of 5-desmethylsinensetin below 50 uM after 24
hours (Figure 4-3A and B). To examine the inhibitory effect of 5-desmethylsinensetin on
mammosphere formation, 5-desmethylsinensetin was added to primary mammospheres derived
from MDA-MB-231 and MCF-7 cells, and mammospheres were captured and scanned after 7
days of treatment. As shown in Figure 3-3A and B, 5-desmethylsinensetin reduced the sphere

number and size of mammospheres derived from MDA-MB-231 and MCF-7 cells. Our data
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show that 5-desmethylsinensetin suppresses breast cancer mammosphere formation and does not

inhibit breast cancer proliferation at concentrations below 50 uM.
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Figure 4-1. Isolation of a breast cancer stem cell (BCSC) inhibitor from Artemisia princeps
using a mammosphere formation assay. (A) The procedure for the purification of the
mammosphere-formation inhibitor from Artemisia princeps. (B) Inhibitory effect of extracts
from Artemisia princeps on mammosphere formation. Mammospheres of MDA-MB-231 cells
were incubated with or without Artemisia princeps extracts. Images of mammospheres were
captured by microscopy at 10x magnification (scale bar = 100 um). (C) HPLC chromatogram

analysis of purified samples of Artemisia princeps extracts.
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4.4.3 5-Desmethylsinensetin decreases CD44'/CD24 -expressing and ALDH-expressing
cancer cells

The representative markers of BCSCs are CD44/CD24 and ALDH'. The CD44 /CD24
subpopulation of MDA-MB-231 breast cancer cells was detected after 5-desmethylsinensetin (20
M) treatment. 5-Desmethylsinensetin decreased the CD44/CD24  subpopulation of MDA-MB-
231 cells from 94.1% to 81.0% (Figure 4-4A). MDA-MB-231 cells were treated with or without
5-desmethylsinensetin (20 uM) for 24 hours, and subsequently, the ALDH" subpopulation of
MDA-MB-231 cells was investigated using the ALDEFLUOR assay kit. As shown in Figure 4-
4B, 5-desmethylsinensetin decreased the ALDH" subpopulation of MDA-MB-231 cells from
17.5% to 8.8%. Our data suggest that 5-desmethylsinensetin reduces the subpopulations of

CD447/CD24 and ALDH" MDA-MB-231 cells.

4.4.4 5-Desmethylsinensetin induces apoptosis and inhibits the mRNA levels of cancer stem
cell specific marker genes and mammosphere growth

To investigate whether 5-desmethylsinensetin induced BCSC apoptosis, 5-day cultured
primary mammospheres derived from MDA-MB-231 cells were treated with or without 5-
desmethylsinensetin (20 uM). As shown in Figure 4-5A, 5-desmethylsinensetin induced BCSC
apoptosis. Mammospheres derived from MDA-MB-231 cells cultured with or without 5-
desmethylsinensetin (20 pM) were divided into single cells and seeded into six-well plates, and
the number of cells was counted for 3 days. As shown in Figure 4-5B, 5-desmethylsinensetin
inhibited mammosphere growth. The transcription levels of Oct4, c-Myc, Nanog and CD44 were
determined using RT-qPCR after 5-desmethylsinensetin (20 uM) treatment. As shown in Figure

5C, 5-desmethylsinensetin decreased the transcription levels of Oct4, c-Myc, Nanog and CD44
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in BCSCs. Our data suggest that 5-desmethylsinensetin induces apoptosis and inhibits the growth
of BCSCs; moreover, the compound decreases the transcription levels of biomarkers in BCSCs,

including Oct4, c-Myc, Nanog and CD44.

4.4.5 5-Desmethylsinensetin decreases the total and nuclear levels of p-Stat3 and Stat3 in
BCSCs

The biochemical mechanism of 5-desmethylsinensetin in mammosphere inhibition was
investigated by performing western blotting of inflammatory proteins, and we determined the
total and nuclear protein levels of p-Stat3, Stat3 and NF-kB p65. Our data showed that the total
and nuclear levels of p-Stat3 and Stat3 were significantly reduced after 5-desmethylsinensetin
(20 uM) treatment (Figure 4-6A and B). In addition, we detected the DNA-binding ability of
Stat3 using specific binding probes by an electrophoretic mobility shift assay in the presence of
5-desmethylsinensetin (20 uM) (Figure 4-6C). Nuclear extracts of mammospheres in the
presence of 5-desmethylsinensetin (20 pM) or DMSO were incubated with an IRDye-labeled
Stat3-specific probe (Figure 4-6C lanes 2 and 3), and incubation with wild-type or mutant Stat3-
binding oligonucleotides acted as the positive (Figure 4-6C lane 4) and negative controls (Figure
4-6C lane 5), respectively. The IRDye-labeled Stat3 probe alone acted as the blank (Figure 4-6C
lane 1). Our data showed that the ability of the IRDye-labeled probe to bind Stat3 proteins in
nuclear extracts (indicated by the arrow) was significantly decreased after 5-desmethylsinensetin

treatment (Figure 4-6C, line 3).
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Figure 4-2. Molecular structure of the CSC inhibitor isolated from Artemisia princeps.

Molecular structure of 5-desmethylsinensetin.
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Figure 4-3. Effects of 5-desmethylsinensetin on cell proliferation and mammosphere formation.
The antiproliferative ability of 5-desmethylsinensetin was measured with an EZ-Cytox kit using
MDA-MB-231 (A) and MCF-7 (B) cells treated with various concentrations of 5-
desmethylsinensetin. (C and D) To determine the inhibitory effect of 5-desmethylsinensetin on
mammosphere formation, MDA-MB-231 (C) and MCF-7 (D) cells were cultured in ultralow
attachment six-well plates with CSC culture media with increasing concentrations of 5-
desmethylsinensetin or DMSO. After seven days, mammospheres were captured and calculated.
Representative mammosphere images were captured by microscopy at 10x magnification (scale

bar =100 um). Representative data were collected. Data from triplicate experiments are

presented as the mean + SD; *p < 0.05.
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4.4.6 5-Desmethylsinensetin reduces the secretion and mRNA levels of IL-6 and IL-8 in
mammospheres

The IL-6/Stat3 and IL-8/Stat3 positive feedback loops promote cancer epithelial-to-
mesenchymal transition (EMT), invasion, metastasis, self-renewal and stemness processes [172-
174]. To determine whether 5-desmethylsinensetin reduced the secretion of IL-6 and IL-8, the
concentrations of IL-6 and IL-8 in mammosphere culture medium were analyzed using a human
inflammatory cytokine assay. 5-Desmethylsinensetin decreased the concentrations of IL-6 and
IL-8 in the culture medium (Figure 4-7A). Subsequently, the transcription levels of IL-6 and IL-8
were determined after 5-desmethylsinensetin (20 uM) treatment, and our data showed that 5-

desmethylsinensetin reduced transcription of IL-6 and IL-8 (Figure 4-7B).

4.4.7 5-Desmethylsinensetin inhibits the nuclear localization of YAP1

The correlation of expression and coactivation between Stat3 and YAP1 has been reported
[175-178]. To determine whether 5-desmethylsinensetin reduced the expression of YAPI, the
total and nuclear expression levels of YAP1 in mammospheres were examined. As shown in
Figure 4-8A, 5-desmethylsinensetin inhibited the nuclear localization of YAP1. Subsequently,
the expression level of the YAP1 protein was decreased after Stat3 knockdown in MDA-MB-231
cells (Figure 4-8B). Additionally, YAP1 knockdown inhibited mammosphere formation and
decreased transcription of Sox2 and Oct4 (Figure 4-8C and D). Our data suggest that 5-
desmethylsinensetin probably inhibits YAP1 nuclear localization via Stat3 inhibition. A
schematic of the inhibition of breast CSC formation through the Stat3-IL6 and Stat3-YAPI

signaling pathways induced by 5-desmethylsinensetin is shown (Figure 4-9).
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Figure 4-4. 5-Desmethylsinensetin reduces the subpopulations of CD44"/CD24  and ALDH1"
MDA-MB-231 breast cancer cells. (A) MDA-MB-231 cells were treated with 5-
desmethylsinensetin (20 uM) or DMSO for 24 hours. The CD44/CD24 cell population of
MDA-MB-231 cells was analyzed by flow cytometry. Gating was based on the binding of a
control antibody (Red Cross). (B) Aldehyde dehydrogenase-positive (ALDH') MDA-MB-231
cells were measured using an ALDEFLUOR assay with or without 5-desmethylsinensetin (20
puM) and the ALDH inhibitor N,N-diethylaminobenzaldehyde (DEAB). Representative data were

collected. Data from triplicate experiments are presented as the mean + SD; *p <0.5.
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Figure 4-5. 5-Desmethylsinensetin induces apoptosis of mammospheres and suppresses the
expression of CSC marker genes and mammosphere growth. (A) MDA-MB-231 mammospheres
were cultured for five days and treated with or without 5-desmethylsinensetin (20 uM) for two
days. Mammospheres were divided into single cells, and apoptotic cells were subsequently
measured by FACS using an apoptosis assay kit. (B) 5-Desmethylsinensetin inhibited
mammosphere growth. Mammospheres with/without 5-desmethylsinensetin (20 uM) were
divided into single cells, and an equal number of cells were plated in 6-well plates. One, 2 and 3
days later, the cells were counted. (C) RT-qPCR analysis of Oct4, c-Myc, Nanog and CD44 in
mammospheres after treatment with 5-desmethylsinensetin (20 uM) for 2 days. Representative
data were collected. Data from triplicate experiments are presented as the mean + SD; *p < 0.05;

**p <0.01; ***p <0.001.
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Figure 4-6. Effect of 5-desmethylsinensetin on the Stat3 signaling pathway. (A) The levels of p-
Stat3, Stat3 and NF-xB p65 in total proteins were measured in MDA-MB-231-derived
mammospheres after treatment with 5-desmethylsinensetin (20 uM) for 48 hours using western
blot analysis. (B) The nuclear protein levels of p-Stat3, Stat3 and NF-xB p65 were determined in
MDA-MB-231-derived mammospheres treated with 5-desmethylsinensetin (20 uM) or DMSO,
and 5-desmethylsinensetin decreased the levels of p-Stat3 and Stat3, but not NF-kB p65, in
mammospheres. (C) Electrophoresis mobility shift assays (EMSAs) of nuclear proteins in
mammospheres derived from MDA-MB-231 cells after treatment with 5-desmethylsinensetin
(20 uM). The nuclear extracts were incubated with the Stat3 probe and separated via 6% native
PAGE. Lane 1: Stat3 probe only; lane 2: untreated nuclear extracts with the Stat3 probe; lane 3:
5-desmethylsinensetin (20 pM)-treated nuclear proteins with the Stat3 probe; lane 4: untreated
nuclear proteins incubated with the self-competitor (200x) oligo; lane 5: untreated nuclear
extracts incubated with the mutated-Stat3 (200x) probe. The arrow indicates the DNA/Stat3
complex in the mammosphere nuclear lysates. Representative data were collected. Data from

triplicate experiments are presented as the mean + SD; *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 4-7. 5-Desmethylsinensetin regulates the secretion and transcription levels of IL-6 and
IL-8. (A) A cytometric bead array (CBA) human inflammatory cytokine assay kit was used to
analyze the secretion of cytokines in mammosphere culture media treated with or without 5-
desmethylsinensetin (20 uM). (B) The transcriptional levels of IL-6 and IL-8 were determined in
5-desmethylsinensetin (20  puM)-treated =~ mammospheres  using  specific  primers
(SupplementaryTable S1). Representative data were collected. Data from triplicate experiments

are represented as the mean + SD; **p < 0.01; ***p <0.001.
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Figure 4-8. 5-Desmethylsinensetin inhibits the YAP1 pathway via Stat3. (A) The levels of
YAPI in the total and nuclear proteins were measured in mammospheres after treatment with 5-
desmethylsinensetin (20 pM) for 48 hours. 5-Desmethylsinensetin blocked the nuclear
translocation of YAPI. (B) The expression levels of Stat3 and YAP1 in MDA-MB-231 cells
treated with a specific siRNA against Stat3. Knockdown of Stat3 decreased the expression of
YAPI1. (C) The expression of YAP1 in and mammosphere formation of MDA-MB-231 cells
treated with a specific siRNA against YAP1 were evaluated. (D) RT-qPCR analysis of cancer
stem cell markers in MDA-MB-231 cells treated with a specific siRNA against YAPI.
Representative data were collected. Data from triplicate experiments are presented as the mean +

SD; *p < 0.05; **p < 0.01; ***p < 0.001.
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YAP1 signaling pathways induced by 5-desmethylsinensetin.
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4.5 DISCUSSION

Artemisia princeps is a species of Artemisia. Artemisia comprises more than 4 hundred
important medicinal plants, and most of them have a bitter taste. Increasing attention is being
given to phytochemical substances from Artemisia due to their biological and chemical diversity,
which are caused by active ingredients and secondary metabolites [179]. Artemisia princeps has
been found to be rich in phenolic acids, flavonoids, terpenes and other compounds. For instance,
isochromanone derivatives isolated from Artemisia princeps cultured with endophytic fungi

inhibit nitric oxide production in lipopolysaccharide (LPS)-stimulated RAW264.7 cells [180].

6-Acetyl-2,2-dimethyl chroman-4-one suppresses the adipogenic differentiation of hBM-
MSCs via AMPK activation [181]. Isosecotanapartholide inhibits TARC and IL-33 production
and the activation of ICAM-1-Stat]l induced by TNF-a/IFN-y in HaCaT cells [181]. Jaceosidin
(4',5,7-trihydroxy-3',6-dimethoxyflavone), a flavone found in Artemisia princeps, induces G2/M
cell cycle arrest by inactivating cdc25c-cdc2 via ATM-Chk1/2 activation in endometrial cancer
cells [182] and contributes to the chemopreventive effect on human breast epithelial cells
stimulated with 12O Cketradecanoylphorbol (13 Chcetate (TPA) by targeting the ERK pathway,

which is involved in the regulation of COX-2 and MMP-9 [183].

Eupatilin (5,7-dihydroxy-3'4',6-trimethoxyflavone), a pharmacologically active flavone
derived from Artemisia plants, inhibits the Rafl/ERK/Cyclin D1 pathway and activates p53-
p275P/p21™M P! “\which contribute to cell cycle arrest in ras-transformed human mammary
epithelial cells [184]. Eupatilin also decreases LPS-induced gene expression of iNOS, TNF-a,
IL-1p and COX-2 and attenuates the NF-kB signaling pathway and downstream inflammatory

mediators [185]. Additionally, eupatilin modulates reactive oxygen species (ROS) generation,
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cell cyclin arrest, and calcium influx and inhibits the phosphoinositide 3-kinase (PI3K) and
mitogen activated protein kinase (MAPK) pathways, which promote cell death in ovarian cancer

[186].

Because of the multiple benefits of the many pharmacological compounds from Artemisia
princeps, we isolated a breast cancer stem cell inhibitor from Artemisia princeps via activity-
guided fractionation (Figure 4-1). The purified compound was identified as 5-
desmethylsinensetin (5-hydroxy-3'4',6,7-tetramethoxy flavone) by NMR spectroscopy and ESI-
mass measurements (Figure 4-2 and Figure S4-5~S4-9). The antiproliferative ability of 5-
desmethylsinensetin was demonstrated using MDA-MB-231 and MCF-7 cells. As shown in
Figure 4-3A and 4-3B, there was no effect of 5-desmethylsinensetin on cell proliferation at a
concentration of 50 uM (at concentrations of 5-desmethylsinensetin greater than 50 pM, the
compound precipitated in the medium). However, 5-desmethylsinensetin decreased the
frequency and size of mammospheres derived from MDA-MB-231 and MCF-7 cells at
concentrations of 10 uM and 20 puM, respectively (Figure 4-3C and 4-3D). It was confirmed that
CD44'/CD24" and ALDH1®™ MDAMB-231 cells exhibited high tumorigenic and metastatic
ability compared with CD447/CD24" and ALDHI  cancer cells [187]. The expression of
CD44°CD24" and ALDHI" is associated with stem-like activity in breast cancer [188]. 5-
desmethylsinensetin reduced the subpopulations of CD44/CD24 and ALDH1" MDA-MB-231
cells (Figure 4-4). Apoptosis and growth of breast cancer stem cells after treatment with 5-
desmethylsinensetin (20 pM) were determined. As shown in Figure 4-5A and 4-5B, 5-
desmethylsinensetin induced apoptosis and decreased the growth of breast cancer stem cells.
Subsequently, the transcription levels of Oct4, c-Myc, Nanog and CD44 in breast cancer stem

cells were decreased after 5S-desmethylsinensetin (20 pM) treatment.
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It has been reported that eupatilin decreases the expression of Smoothened (SMO) and GLII
in cervical cancer cells. Hedgehog signaling is important for tissue regeneration and embryonic
development, including proliferation, apoptosis, migration, invasion and stemness [189].
Compared with eupatilin (5,7-dihydroxy-3',4',6-trimethoxyflavone), the C7 position of 5-
desmethylsinensetin (5-hydroxy-3',4',6,7-tetramethoxyflavone) is a methoxyl group, suggesting
that these two compounds may have a similar structure and function. For this reason, the
expression of SMO was determined after 5-desmethylsinensetin treatment; however, 5-
desmethylsinensetin did not affect SMO (data not shown). Transcription factors are the main
components of the signaling cascades involved in tumorigenesis and are anticancer targets.
Activation of Stat3 is required for the growth of CD44"/CD24  stem cell-like breast cancer cells
in human tumors [81]. The expression of Stat3 and p-Stat3 in the total and nuclear extracts was
decreased by 5-desmethylsinensetin (Figure 4-6A and 4-6B), but not the expression of NF-xB
p65, which is a cofactor of Stat3 [190]. As a transcription factor, the DNA-binding ability of
nuclear Stat3 was determined using EMSA, and our data showed that 5-desmethylsinensetin
inhibited the ability of nuclear Stat3 to bind to particular oligonucleotides (Figure 4-6C).
Additionally, the IL-6R-Stat3-miR-34a feedback loop promotes colorectal cancer EMT, invasion
and metastasis [172]. IL-6 enhances mitochondrial superoxide production at a level suitable to
maintain stem cell-like activity in breast cancer cells [173]. IL-8 knockdown results in the
inhibition of migration and invasion and downregulation of p-Stat3. Stat3 knockdown reduces
PIM2 expression, which is a regulator of IL-8, and these data suggest that IL-8/Stat3 may be a
positive feedback loop in breast cancer cells [191]. In the present study, the mRNA transcription

and secretion of IL-6 and IL-8 were inhibited by 5-desmethylsinensetin (Figure 4-7A and 4-7B).
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Recently, yes-associated protein 1 (YAP1), which is a transcription coactivator involved in
the Hippo pathway, has been reported to interact with Stat3 to regulate several intracellular
events, such as proliferation, migration and tube formation. YAP overexpression-induced
migration and tube formation are reversed by a Stat3 inhibitor (S31-201) in human retinal
microvascular endothelial cells (HRMECs) [175]. 5-desmethylsinensetin blocked the nuclear
translocation of YAP1 (Figure 4-8A), and the YAP1 expression level was decreased after Stat3
knockdown in MDA-MB-231 cells (Figure 4-8B). YAP1 knockdown inhibited mammosphere
formation and the mRNA transcription levels of stemness markers, such as Sox2 and Oct4.
Taken together, our results suggest that 5-desmethylsinensetin inhibits breast cancer stem cells

via the Stat3-IL-6/IL-8 and Stat3-YAP1 pathways.

4.6 CONCLUSION

5-Desmethylsinensetin, isolated from Artemisia princeps and identified by mass
spectrometry and NMR, acts as an inhibitor of mammosphere formation. 5-Desmethylsinensetin
inhibits mammosphere formation of MDA-MB-231 and MCF-7 breast cancer cells, decreases the
subpopulations of ALDH1" and CD44+/CD24° MDA-MB-231 cells, induces apoptosis, inhibits
the proliferation of MDA-MB-231 mammospheres, and decreases the mRNA levels of Oct4, c-
Myc, Nanog and CD44. Additionally, 5-desmethylsinensetin decreases the total, cytosolic and
nuclear levels of Stat3 and p-Stat3, but not the levels of NF-kB p65, and then inhibits the DNA
binding ability of Stat3, subsequently decreasing the transcription IL-6 and IL-8 in
mammospheres as well as their secretion. In addition, 5S-desmethylsinensetin inhibits the nuclear
translocation of YAPI. Knockdown of Stat3 decreases the protein level of YAPI, and
subsequent knockdown of YAPI1 inhibits mammosphere formation of MDA-MB-231 cells and
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the mRNA levels of Sox2 and Oct4. Our results suggest that 5-desmethylsinensetin may be an

anticancer agent against breast cancer stem cells.
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Figure S2-1. The purification procedure of a mammosphere formation inhibitor derived from
beet using silica gel column chromatography. (A) The sample was isolated by silica gel
chromatography with a solvent mixture [CHCI; : MeOH (10:1)]. (B) TLC plate analysis of the
purified sample (CHCI; : MeOH = 30:1). Active fraction: #2. (C) Mammosphere formation assay

using the purified fraction #2.
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Figure S2-2. The purification procedure of a mammosphere formation inhibitor derived from
beet using Sephadex LH-20 column chromatography. (A) The sample was isolated by
Sephadex LH-20 chromatography with MeOH. (B) TLC plate analysis of the purified sample
(CHCI3 : MeOH = 30:1). Active fraction: #4. (C) Mammosphere formation assay using the

purified fraction #4.
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Figure S2-3. The purification procedure of a mammosphere formation inhibitor derived from
beet using preparative thin layer chromatography with CHCl;:MeOH (30:1). (A) Preparatory
TLC chromatography containing fractions 1 and 2. (B) TLC plate analysis of the prepared TLC
bands after the samples were scraped and purified (fractions 1 and 2, CHCl; : MeOH = 30:1).

Active fraction: #1. (C) Mammosphere formation assay using the purified fraction #1.
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Figure S2-4. Purification procedure of a mammosphere formation inhibitor derived from beet

using HPLC. (A) Assessment of the major fractions using HPLC at two wavelengths. Samples

were collected based on the 254 and 220 nm wavelengths. (B) TLC plate analysis of the purified

sample (CHCI; : MeOH = 30:1). (C) Mammosphere formation assay using the purified sample.
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Figure S2-5. ESI-mass spectrum in positive mode of the purified sample
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Figure S2-6. "H NMR and *C NMR spectra of purified sample
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Figure S2-7. HMQC spectrum of the purified sample.
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Figure S2-8. '"H-'H COSY spectrum of the purified sample.
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Figure S2-9. HMBC spectrum of the purified sample.
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Figure S2-10. Two-dimensional NMR data (A) and 'H and "*C peaks assignments (B) of the

purified sample
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Figure S3-1. The purification procedure of a mammosphere formation inhibitor derived from
carrot using silica gel column chromatography. (A) The sample was isolated by silica gel
chromatography with a solvent mixture [CHCl; : MeOH (10:1)]. (B) TLC plate analysis of the

purified sample (CHCI; : MeOH = 10:1). Active fraction: #1 and #2. Mix #1 and #2.
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Figure S3-2. The purification procedure of a mammosphere formation inhibitor derived from

carrot using Sephadex LH-20 column chromatography. (A) The sample was isolated by
Sephadex LH-20 chromatography with MeOH. (B) TLC plate analysis of the purified sample

(CHCI3 : MeOH = 100:1). Active fraction: #3.
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Figure S3-3. The purification procedure of a mammosphere formation inhibitor derived from
carrot using preparative thin layer chromatography with CHCl3: MeOH (100:1). (A) Preparatory
TLC chromatography. (B) TLC plate analysis of the prepared TLC band after the samples were

scraped and purified (CHCl;: MeOH = 100:1).
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Figure S3-4. Purification procedure of a mammosphere formation inhibitor derived from carrot
using HPLC. (A) Assessment of the major fractions using HPLC at one wavelength. Samples
were collected based on the 220 nm wavelength. (B) TLC plate analysis of the purified sample

(CHCIl; : MeOH = 100:1).
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Figure $3-5. "H NMR and ">C NMR spectra of purified sample.
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Figure S3-6. COSY 2D-NMR spectra of the purified sample.
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Figure S3-7. HMBC 2D-NMR spectra of the purified sample.
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Figure S3-8. HMQC 2D-NMR spectra of the purified sample.
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Figure $3-9. ESI mass spectrometry (A) and two-dimensional NMR data an 'H and "°C peaks

assignments (B) of the purified sample.
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Figure S4-1. The purification procedure of a mammosphere formation inhibitor derived from
Artemisia princeps using silica gel column chromatography. (A) The sample was isolated by
silica gel chromatography with a solvent mixture [CHCI3: MeOH (10:1)]. (B) TLC plate analysis

of the purified sample CHCIl3: MeOH = 10:1). Active fraction: #2.

145



Figure S4-2. The purification procedure of a mammosphere formation inhibitor derived from
Artemisia princeps using Sephadex LH-20 column chromatography. (A) The sample was
isolated by silica gel chromatography with MeOH. (B) TLC plate analysis of the purified sample

(CHCI; : MeOH = 100:1). Active fraction: #5.
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Figure S4-3. The purification procedure of a mammosphere formation inhibitor derived from
Artemisia princeps using preparative thin layer chromatography with CHCl;: MeOH (30:1). (A)
Preparatory TLC chromatography. (B) TLC plate analysis of the prepared TLC bands after the

samples were scraped and purified (CHCl;: MeOH = 30:1).
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Figure S4-4. Purification procedure of a mammosphere formation inhibitor derived from

Artemisia princeps using HPLC.
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Figure S4-5. "H NMR and °C NMR spectra of purified sample
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Figure S4-6. COSY 2D-NMR spectra of the purified sample.
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Figure S4-7. HMBC 2D-NMR spectra of the purified sample.
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LIST OF TABLE

Forward: 5'-ATGCCTCACACGGAGACTGT-3’
Reverse: 5'-AAGTGGGTTGTTTGCCTTTG-3'
Forward: 5'-TTGCTGCCTCTTTAAGACTAGGA-3'
Reverse: 5'-CTGGGGCTCAAACTTCTCTC-3’
Forward: 5'-“AGCAAAACCCGGAGGAGT-3'
Reverse: 5'-CCACATCGGCCTGTGTATATC-3'
Forward : 5'-CCTGGTGCTCCATGAGGAGAC-3'
Reverse : 5'-CAGACTCTGACCTTTTGCCAGG-3'
Forward: 5’-TGTTACCAACTGGGACGACA-3’
Reverse: 5’-GGGGTGTTGAAGGTCTCAAA-3

Table 1. Specific Real-time RT-qPCR primer sequences containing Nanog, Sox2, Oct4, C-myc

and p-actin genes
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