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Epithelial-to-mesenchymal transition (EMT) as well as cancer stem cells (CSCs) play critical roles
in cancer progression and metastasis. Although these two events have distinct characteristics and
molecular pathways, CSCs could be trigger during EMT process and CSCs were frequently found to possess
EMT characteristics. Collective evidence showed that plasma level of zinc ion in the patients with lung
cancer has significantly lower than that of normal subjects, suggesting the impact of zinc ion on the disease.
Zinc ion implicates in many cellular processes and signaling of the cells; however, the regulatory role of
zinc ion on EMT and CSCs are unknown. Herein, the present study has shown for the first time that zinc
ion has converse effects on EMT and CSCs of lung cancer cells. While zinc ion enhances EMT phenotypes,
it was shown to suppresses CSC program. For EMT, an increase in EMT markers including N-cadherin,
vimentin, snail and slug and decrease of E-cadherin was observed in zinc ion-treated cells, indicating the
induction of EMT with mesenchymal-like morphology and increased cancer cell motility. In contrast, zinc
ion reduced tumor spheroid forming with the decreased expression of CSC markers (CD133 and ALDH1A1)
and CSC transcription factors (Octd, Nanog, and Sox2). For mechanistic approaches, zinc ion generated
intracellular superoxide anion that increased the EMT proteins and promoted cell motility. Treatment with
the specific superoxide anion inhibitor (MnTBAP) could reverse the effect of zinc ion on superoxide anion
and EMT phenotypes. The decrease in tumor sphere formation and CSC markers in zinc ion-treated cells
were also reversed by MnTBAP treatment. Moreover, this study found that superoxide anion generated by
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subsequently phosphorylated and mediated f3- catenin degradation via the ubiquitin- proteasomal
mechanism. Zinc ion has a capability to increase the 3- catenin- ubiquitin complex which can be blocked
by bisindolylmaleimide | (PKC inhibitor). In conclusion, this current study has addressed the novel
important regulatory roles of zinc ion and underlying mechanisms in regulation of EMT and CSCs, two
major factors facilitating cancer aggressiveness. These findings lead to the better understanding of cancer
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CHAPTER |
INTRODUCTION

Background and Rationale

Zinc is a trace element implicated in many important processes including body

growth, brain development and wound repair. In plasma and tissue, zinc is found in

form of zinc ion (Zn?*). It is detected in plasma at the concentrations ranging from 10-
18 UM (Hajo and Wolfgang, 2010; Wu et al., 2013). Interestingly, the aberrant level of
zinc ion has been found in the condition of cancers. The reduced plasma zinc ion level
was found in patients with gallbladder, prostate, and lung cancers (Gupta et al., 2005;
Gumulec et al., 2014). Zinc ion has been found to be a component of various proteins,
enzymes and transcription factors (Hajo and Wolfgang, 2010), which are responsible for
structure, function and cell signaling (Hajo and Wolfgang, 2010; Wu et al., 2013). Zinc
ion is required for cytoskeleton organization and is an essential component of several
proteins involved in migration, invasion and metastasis, such as matrix
metalloproteinases (MMPs) (Lansdown, 1996; Lansdown et al., 2007). Additionally,
recent study has shown that zinc ion treatment succeeds in sensitizing lung cancer
cells for anoikis (Pramchu-Em et al., 2016). Such data has suggested the roles of zinc
ion in regulation of cancer cell biology. However, the effect of zinc ion on metastasis

and cancer progression remains largely unknown.

Metastasis is one of the life-threatening pathological events and more than
ninety percent of the clinical death of cancer patients is due to metastasis (Mehlen
and Puisieux, 2006). Numerous attempts have been made to understand the molecular

basis, which regulates cancer cell metastasis. Although advanced knowledge about



cancer biology are well developed, cancer has remained to be the major health
problem in several parts of the world (Siegel et al,, 2015). Accumulating evidences
have indicated the roles of epithelial to mesenchymal transition (EMT) in cancer
aggressiveness and metastasis; they are being considered as the underlying cause of
the high mortality rate of cancer (Mehlen and Puisieux, 2006; Scheel and Weinberg,
2012; Tanaka et al,, 2013; da Silva et al,, 2015). EMT-phenotypic cancer cells elicit
highly metastatic potential, such as aggressive migratory and invasive abilities (Yang and
Weinberg, 2008; Thiery et al., 2009; lwatsuki et al., 2010; Craene and Berx, 2013). In
addition, emerging evidence has revealed that CSCs can be triggered during EMT
process by many factors and CSCs always found EMT properties (Scheel and Weinberg,
2012; Voon et al,, 2013; Zhou et al., 2014; Yongsanguanchai et al., 2015). CSCs have
been suggested to be the potential driving force of new tumor initiation and cancer
progression due to the self-renewal and tumorigenic abilities, leading to
chemoresistance, metastasis and cancer relapse (Hermann et al., 2007; Maitland and
Collins, 2008; McDermott and Wicha, 2010; Merlos-Suarez et al., 2011; Perona et al.,
2011). In order to improve the approaches of cancer treatment, knowledge about the

factors affecting EMT and CSCs have been identified.

Numerous studies have indicated that ROS are involved in many processes of
tumor metastasis including migration, invasion and EMT (Wu, 2006; Wang et al., 2010;
Wu and Wu, 2010). As signaling mediator, ROS have a capability to oxidize the important
target molecules, such as protein kinase C (PKC) and protein tyrosine phosphatases
(PTPs), which are relevant to tumor migration and invasion (Carter and Kane, 2004,
Sliva, 2004; Wu and Wu, 2010). In addition, ROS-induced expression of snail represses

the cellular level of E-cadherin and consequently exhibits EMT characteristics (Lee et



al., 2013; Cichon and Radisky, 2014). Presently, it is not clear about the role of ROS in
regulation of CSCs (Shi et al., 2012). To effectively target CSCs, understanding ROS

regulatory mechanism in CSCs is necessary.

Previous studies have shown that zinc ion has an effect on cellular redox status
of the cells (Noh and Koh, 2000; Rudolf, 2007; Wu et al., 2013). The exogenous zinc
ion has a capability to induce reactive oxygen species (ROS) production through NADPH
oxidase and mitochondria (Noh and Koh, 2000; Rudolf, 2007; Wu et al., 2013). Such
increased ROS level could mediate survival signaling of the cells (Noh and Koh, 2000;
Rudolf, 2007; Wu et al., 2013). There is little known about the association between zinc
ion-induced ROS in cancer cells and tumor progression. Therefore, this study aims to
investigate the effects of zinc ion on lung cancer EMT as well as CSCs and also attempts
to clarify the mechanisms involved in zinc ion-induced EMT and CSCs via ROS
dependent pathway. This finding can help fulfill the understanding in tumor cell
biology and provide the knowledge for improving cancer therapy and using zinc in

cancer patients.

Research questions
1. Whether zinc ion has an effect on EMT characteristics in H460 lung cancer
cells?
2. Whether zinc ion has an effect on CSC phenotypes in H460 lung cancer cells?
3. Does zinc ion mediate EMT and CSC phenotypes through ROS dependent

pathway?



Objectives
1. To investigate the effect of zinc ion on EMT characteristics in H460 lung cancer
cells.
2. To investigate the effect of zinc ion on CSC phenotypes in H460 lung cancer
cells.
3. To examine the mechanisms involved in the effects of zinc ion on EMT and

CSC phenotypes.

Hypothesis

Zinc ion affects EMT and CSC phenotypes through ROS dependent pathway.

Expected benefits

This finding can help fulfill the knowledge regarding role of zinc ion in tumor
cell biology that zinc ion plays a key mediator in the regulation of EMT and CSCs. This
information is beneficial for finding new drug targets, improving cancer therapy and

using zinc in cancer patients.



CHAPTER Il
LITERATURE REVIEWS

Cancer metastasis

Cancer has become the major health problem in several parts of the world.
For example in the United State, the number of cancer deaths in men (year 1991-
2011) and women (year 1992-2011) have continuously increased in each year (Siegel
et al,, 2015). It has been well known that more than ninety percent of all cancer
suffering and death is due to metastasis (Mehlen and Puisieux, 2006; Nguyen et al,,
2009). Metastasis, one of the life-threatening pathological, is the process that cancer
cells disseminate from the original site of tumor to one or more distant site in the
body (Mehlen and Puisieux, 2006; Nguyen et al., 2009). Metastasis is a multistep process
beginning with the (1) dissociation of cancer cells from epithelial layer, (2) migration
and penetration through the basement membrane into the surrounding connective
tissue, (3) intravasation, (4) survival in the circulation, (5) extravasation at the metastatic
site and finally (6) initiation of new tumors with stimulation of neovascularization
(Mehlen and Puisieux, 2006; Nguyen et al., 2009). The illustration of complicated

processes of metastasis is showed in the figure 2.1.
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Figure 2.1 Metastatic process
Epithelial-to-mesenchymal transition (EMT)
Epithelial-to-mesenchymal transition or EMT is a biological process, which
generally occurs during embryonic development, wound repair and pathological

events, such as fibrosis and cancer (Iwatsuki et al., 2010).

EMT is classified into three different subtypes

1) Type 1 EMT: This type occurs during embryonic development and
organogenesis

2) Type 2 EMT: This type associates with tissue repair and fibrosis

3) Type 3 EMT: This type associates with cancer progression and metastasis

EMT characteristics can be identified by the change of cell morphology and the
expression of EMT marker proteins. During EMT, epithelial cells undergo remarkable
morphological conversion from clobble stone-like epithelial morphology to elongated-
like mesenchymal morphology. The crucial hallmark of EMT is the loss of E-cadherin,

a cellular junction protein typically expressed in epithelial cells. In addition, EMT-



phenotypic cells increase the expression of mesenchymal markers such as N-cadherin
and vimentin as well as up-regulate the transcriptional factors, namely snail and slug
(Yang and Weinberg, 2008; Thiery et al., 2009; lwatsuki et al., 2010; Craene and Berx,
2013). The alteration of cell components, including adhesion molecules and
cytoskeletons makes the cells loss of cell polarity and acquired high migratory ability,

leading to facilitate cancer cell metastasis.

Focusing on cancer metastasis, accumulating evidences have indicated the
roles of epithelial to mesenchymal transition (EMT) in cancer aggressiveness and
metastasis; it is being considered as the underlying cause of the high mortality rate of
cancer (Mehlen and Puisieux, 2006; Tanaka et al., 2013; da Silva et al., 2015). EMT
elicits distinct behaviors which leads to facilitate cancer cell metastasis including
increased cell motility (migration and invasin) and anoikis resistance. Previous studies
have demonstrated that loss of E-cadherin expression has been shown to decrease
cell polarity and promote individual cell migration and invasion (Wong and Gumbiner,

2003; Onder et al., 2008). Accordingly, increased expression of N-cadherin results in a

less stable cell-cell adhesion, which promotes cell motility and invasion by maintaining
the steady-state level of active Racl (Nieman et al.,, 1999; Wheelock et al., 2008).
Similar to N-cadherin, vimentin, type Il intermediate filament protein, plays a
predominant role in the changes in cell shape, adhesion, and motility by maintaining
FAK activity and Racl activation (Mendez et al.,, 2010; Havel et al., 2015). Several
signaling pathways have been proposed to play an important role in regulating EMT

process, including TGF-f3, tyrosine kinase, integrin and Wnt/f3-catenin signaling (Jiang et
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al., 2007; Xu et al., 2009; Iwatsuki et al., 2010; Katsuno et al., 2013; Lamouille et al.,

2014) as indicated in figure 2.2.

TGF-[3 signaling
Previous evidence suggested the role of TGF-f8 in EMT during embryogenesis,

cancer progression and fibrosis (Miyazono, 2009; Xu et al., 2009; Katsuno et al., 2013).

TGF-f3 can induce EMT in 2 major pathways, including smad pathway and non-smad

pathway (Katsuno et al., 2013). Activation of smad signaling beginning with TGF-b binds

to TGF-B receptor (TRR) subtype Il (TRRI). TRRII phosphorylates TRRI, which

subsequently activates Smad2 and Smad3. Active Smad2/3 create complexes with
Smadd, and translocate into the nucleus. The Smad complexes interact with various
transcription factors and transcriptional co-activators, and regulate the transcription of
target genes (Miyazono, 2009; Katsuno et al., 2013). On the other hand, non-smad

activation pathway, TGF-3 is able to regulate multiple intracellular signaling cascades.

Erk, JNK; and p38 MAP kinases, PI3 kinase, and small GTPases such as Cdc42 and Rac

are mediated after TGF-[3 receptor activation and play a crucial role in TGF-3-induced
EMT (Miyazono, 2009; Katsuno et al., 2013; Lamouille et al.,, 2014). TGF-f can induces

the expression of several transcription factors involved in EMT, including ZEB1, snail
and slug. Ras signaling crosstalk with TGF-b signaling in inducing the expression of

transcription factor snail (Miyazono, 2009; Katsuno et al., 2013; Lamouille et al., 2014).

Tyrosine kinase signaling
A number of growth factors have been found to induce EMT by binding to

receptor tyrosine kinases, such as fibroblast growth factor (FGF) (Strutz et al., 2002),
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epidermal growth factor (EGF) (Cheng et al., 2012), vascular endothelial growth factor
(VEGF) (Fantozzi et al., 2014), hepatocyte growth factor (HGF) (Farrell et al., 2014) and
insulin-like growth factor (IGF) (Liao et al., 2014). Activation of tyrosine kinase receptor

induces nuclear translocation of (3-catenin in the present of SRC and and RAS activation

(Lamouille et al., 2014). SRC phosphorylates cytoskeletal and focal adhesion proteins
(FAK, Cas and paxillin), which mediate the reorganization of cell architecture and focal
adhesions. SRC-induced EMT may or may not require downstream transcription factors,
depending on the model system (Lamouille et al., 2014). In addition, EMT and
scattering in renal MDCK cells is induced by binding of HGF/c-Met (Khoury et al., 2005).
Dissection of the signaling pathways downstream of activated c-Met has been
conducted by mutagenesis of the relevant phosphotyrosine residues phosphorylated

during receptor activation (Khoury et al., 2005).

Integrin signaling

Integrin, an adhesion molecule, which presents at the plasma membrane of
the cells, plays a critical role in cell-matrix interaction. In the mesenchymal state,
expression of integrin facilitates the formation of focal adhesion enhancing the
induction of intracellular signaling-related cell motility. Integrin consists of alpha and
beta subunit (Maschler et al, 2005). Extracellular domain of integrins links to
extracellular matrix (ECM), whereas intracellular parts are served as signal transduction
platform. Integrin functions as a signal intermediary from extracellular to cytoplasm,
which regulate cytoskeleton behaviors. The alteration of integrin expression has been
found during EMT process (Maschler et al., 2005). Previous studies showed the

increased expression of integrin 3; as well as integrin ay and display EMT phenotypes
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in TGF-R-treated cells (Mamuya and Duncan, 2012; Ju and Zhou, 2013). Cancer cells
which expresses an elevated level of integrin ayf3; have high metastasis and aggressive

behaviors (Knowles et al., 2013).

Furthermore, integrin linkage kinase (ILK) is a key component of focal adhesions
that always binds to integrin (Gil et al.,, 2011). ILK can phosphorylate protein kinase B

(Akt) and glycogen synthase kinase 33 (GSk-3[3) (Oloumi et al., 2004; Gil et al., 2011).
Overexpression of ILK leads to nuclear translocation of (3-catenin, increased

invasiveness and repression of E-cadherin via upregulation of snail transcription
(Barbera et al., 2004; Oloumi et al., 2004; Gil et al,, 2011). ILK is also involved in the

TGF- mediated EMT of human keratinocytes (Lee et al., 2004).

Whnt/3-catenin signaling
There are a lot of evidence have reported that canonical Wnt/[3-catenin

pathway plays a crucial role in cancer growth and metastasis (MacDonald et al., 2009;

Havel et al.,, 2015). Lacking of Wnt signals, [3-catenin, a destruction complex consisting
of APC, axin GSK-3f3, and (-catenin is phosphorylated by GSK-3(3 and targeted for

ubiquitin-proteasome-mediated degradation. In the present of Wnt, Wnt ligands bind

Frizzled receptors and activate Disheveled, which inhibits 3-catenin degradation.
Excess [3-catenin translocate into the nucleus, in turn associate with the transcription

factor TCF/LEF and promote the expression of several target genes (MacDonald et al.,

2009). Wnt/3-catenin signaling induces EMT during developmental process (Larue and

Bellacosa, 2005; MacDonald et al., 2009). Wnt/R-catenin-induced EMT has been shown
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to regulate colorectal cancer metastasis (Brabletz et al., 2005) and squamous cell

carcinoma progression (Taki et al., 2003). During EMT, Wnt/f3-catenin signaling can

promote the level of snail and slug, via inhibition of its phosphorylation and
degradation (Newton, 1995; Barbera et al., 2004; Yook et al., 2005). Consistent with

these observations, inhibition of GSK-3[3 activity results in the increase expression of

snail transcription, E-cadherin repression and EMT (Bachelder et al., 2005). In addition,

intracellular interaction between E-cadherin and 3-catenin plays an important role on

cell adhesion and Wnt signaling (Clevers, 2006). The depletion of E-cadherin by various

stimuli leads to the disruption of cell-cell contact, and the release of 3-catenin from
the complex which accordingly enters the nucleus (Clevers, 2006). 3-Catenin regulates

the transcription of several signaling-participating in cell motility, EMT and stemness
properties (Clevers, 2006; Cai and Zhu, 2012). Accordingly, members of wnt family were

reported to stabilize f3-catenin in cytosol and enhance its accumulation in nucleus

(Clevers, 2006; Cai and Zhu, 2012). Recent study demonstrated that overexpression of

Wnt3 activates Wnt/B-catenin pathway and epidermal growth factor (EGFP), and

consequently promote mesenchymal transition (Scheel and Weinberg, 2012; Wu et al,,

2012).

RAS pathway

RAS activation plays a crucial role in the downstream activation of receptor
tyrosine kinases (Edme et al., 2002; Lamouille et al., 2014). RAS can activate Jun, Fos
and other transcription factors regulated EMT, such as slug and snail thought RAF and
MEK activation (Edme et al., 2002; Lamouille et al., 2014). Additionally, RAS also affects

the activity of the two small GTPases, such as Racl and Rho A which is the important
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molecules in regulating actin stress fibers, cell adhesion, myosin phosphorylation, and

focal adhesions, leading to enhance cell motility and scattering (Edme et al., 2002).

Reactive oxygen species (ROS) signaling

Recently, the role of ROS in EMT has been highlighted (Radisky et al., 2005;
Fukawa et al., 2012; Cichon and Radisky, 2014). The transcription of Rho-family proteins,
including Rac 1b is induced by treating the mouse mammary epithelial cells with MMP-
3 (Radisky et al., 2005). Raclb facilitrates the production of ROS, which subsequently
stimulate snail expression and EMT induction (Radisky et al., 2005). Treatment with N-
acetyl cysteine, a widely known anti-oxidant, can prevent snail expression and EMT
(Radisky et al., 2005). This finding suggests the link between extracellular matrix,

oxidative damage and EMT.

PI3K/Akt pathway

A number of evidence have shown that cancer cells with mesenchymal
property potentiate metastasis through PI3K/Akt signaling (Larue and Bellacosa, 2005;
Lamouille et al., 2014). PI3K/Akt acts as a down-stream signal and crosstalk with several

EMT pathway, such as tyrosine kinases, and (3-catenin signaling pathways (Larue and

Bellacosa, 2005). Canonical Wnt and PI3/AKT signaling can promote an inhibition of

GSK-3(3 by regulating the phosphorylation (Larue and Bellacosa, 2005). In addition, (-

catenin can be phosphorylated and increased the transcriptional activation by Akt

(Fang et al., 2007)
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Figure 2.2 Signaling pathways involved in EMT

Cancer stem cells (CSCs)

Increasing evidence has indicated the roles CSCs in cancer aggressiveness,
metastasis and cancer relapse; it is being considered as the underlying cause of the
high mortality rate of cancer (Mehlen and Puisieux, 2006; Hermann et al., 2007; Merlos-
Suarez et al., 2011; Perona et al., 2011; Scheel and Weinberg, 2012). Emerging evidence
has revealed that CSCs can be triggered during EMT process by many factors and CSCs
always found EMT properties (Scheel and Weinberg, 2012; Voon et al., 2013; Zhou et

al., 2014; Yongsanguanchai et al., 2015).

In the past decade, several studies have reported that cancer stem cells (CSCs)
or tumor initiating cells are found in various types of solid tumors, including breast,
colon, prostate, pancreatic and lung cancers (Hermann et al., 2007, Maitland and
Collins, 2008; McDermott and Wicha, 2010; Merlos-Suarez et al., 2011; Perona et al,,

2011).
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CSCs have been suggested to be the potential driving force of new tumor
initiation and cancer progression due to the self-renewal and tumorigenic abilities,
leading to chemoresistance, metastasis and cancer relapse (Hermann et al., 2007,
Maitland and Collins, 2008; McDermott and Wicha, 2010; Merlos-Suarez et al., 2011;
Perona et al., 2011). The distinct abilities of CSCs to increase the expression of various
transcription factors regulating self-renewal and pluripotentcy, including Nanog, Sox2
and Octd, making CSCs different from normal cancer cells (Liu et al., 2013). Besides,
CSCs always express the up-regulation of CSC marker proteins, such as CD133 and
ALDH1A1 which involves in tumorigenicity and drug resistant properties of CSCs

(Bertolini et al., 2009; Li et al., 2010; Perona et al., 2011; Grosse-Gehling et al., 2013).

CSCs are defined by their capacity to self-renew, differentiate and initiate tumor
growth that recapitulates features of the original tumor (Lobo et al., 2007). By impairing
the control of stem-cell self-renewal, differentiation and increasing tumorigenicity of
CSCs, several aberrations in signaling pathways have been proposed to play an

important role in CSC induction, including Notch, Hedgehog (Zhao et al.), and Wnt/ f3-

catenin pathway (Lobo et al., 2007; Karamboulas and Ailles, 2013; Pattabiraman and

Weinberg, 2014) as indicated in figure 2.3.

Notch signaling

Notch signaling begins with binding of the Notch ligands (DLL/JAG) located in
the membranes of adjacent cells to the Notch receptor and triggering two proteolytic
cleavages by ADAM and y-secretase which in turn releases an active intracellular
domain or NICD (Lobo et al.,, 2007; Bolos et al., 2009; Pattabiraman and Weinberg,

2014). NICD translocates into nucleus and interacts with mastermind-like proteins
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(MAML) as well as CBF1/Suppressor of Hairless/LAG1 /RBPJ (CSL) factors to activate
transcription of Notch target genes (Lobo et al., 2007; Bolos et al., 2009; Pattabiraman

and Weinberg, 2014).

Hedgehog signaling

Sonic Hh (Shh) has been shown to regulate proliferation, migration, and cancer
stem cell induction in many cancer types (Zhao et al., 2009; Cochrane et al., 2015) .In
the absence of the Hedgehog (Zhao et al.) ligand, Patched (Ptch) seem to inhibit
Smoothened (Smo) and prevent signal transduction to Gli factors. Glil/2 factors interact
with Cos2 (Kif7), fused (Fu) and suppressor of fused (Sufu) and are phosphorylated by

protein kinase 1 (PKA), cacine kinase-1 (CK1), and GSK3f leading to R-TrCP-mediated

degradation. Lacking of Hh signaling, truncated Gli3-repressor family member
dissociates from Sufu and represses transcriptional activity of Hh target genes. On the
other hand, in the presence of Hh ligands, Hh ligands can bind to Ptch to relieve
inhibition of Smo by Ptch, causing the activation and dissociation from Sufu/Fu/Cos?2
(Kif7) complex. Activated Glil/2 transcription factors accumulate and translocate to the
nucleus where they bind and activate Hh target genes (Lobo et al., 2007; Pattabiraman

and Weinberg, 2014; Cochrane et al., 2015).

[3-Catenin signaling

3-Catenin plays an important role in cadherin-based adhesions and is also an

essential co-activator of Wnt-mediated gene expression (Holland et al., 2013). The

Wnt/ 3-catenin pathway is activated by Wnt interacting with Frizzled receptors and

low-density lipoprotein receptor-related protein 5/6 co-receptor. The signal causes an

inhibition of glycogen synthase kinase-3{3 (GSK-3[3) (Holland et al., 2013). Regardless of
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Wnt signal, GSK-33 always phosphorylates (3-catenin at ser 33, ser37 and Thrdl and
promote (-catenin degradation via proteasome-dependent manner (Holland et al,,
2013). The inhibition of GSK-3[3 by Wnt causes an increase in 3-catenin level. Available
-catenin is translocated into nucleus, where it forms a complex with T-cell

factor/lymphocyte enhancer factor (TCF/LEF) family of transcription factor to activate

the expression of Wnt/[3-catenin responsive gene, such as Nanog, Octd and Sox2,

leading to increase stemness of the cells (Cai and Zhu, 2012; Holland et al., 2013).

Activation of {3-catenin appear to maintain the important properties of stem

cell, including self-renewal and pluripotency (Cai and Zhu, 2012; Holland et al., 2013).

Likewise, PKC is able to phosphorylate 3-catenin at the same position as GSK-3(3 and
inhibit 3-catenin signaling (Gwak et al., 2006; Luna-Ulloa et al., 2011). Alteration of PCK

activation may alter the stem cell properties in stem and cancer stem cells.

PKC is a family of serine/threonine kinase. An amount of evidence has reported
that PKC mediates diverse cellular function, such as proliferation, differentiation,
cytoskeleton organization, cell migration and apoptosis (Gomez et al., 1999; Luna-Ulloa
et al,, 2011). Importantly, pro-oxidant exposure can induce aberrant PKC activation,
which leads to cancer progression (Gomez et al., 1999). Moreover, previous study

indicated that the level of -catenin can be regulated by PKC signaling (Gwak et al.,
2006; Luna-Ulloa et al., 2011). PKC is able to phosphorylate (3-catenin at the position
of serine 33 and 37 and threonine 41, contributing to an inhibition of [3-catenin signaling

(Gwak et al., 2006). However, whether PKC mediates lung CSCs is not known.
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Figure 2.3 Signaling pathways involved in CSCs

Reactive oxygen species (ROS)

A number of studies have indicated that reactive oxygen species (ROS) play a
central role in the intracellular signaling pathway for a variety of cellular processes
when they present at the low or moderate concentrations in normal condition
(Andreoli, 1991). There are two distinct sources of ROS in the body, including
mitochondrial respiratory chain and NADPH oxidase system. Superoxide anion (°0;) is
the first ROS that mainly produced from non-enzymatic process during oxidative
phosphorylation of electron transport chain in mitochondria and from oxidation
reaction of NADPH oxidase enzyme. Although, superoxide anion lacks an ability to
penetrate lipid membranes, with accelerated by superoxide dismutase (lvanovska et
al.), the two molecules of superoxide anion are rapidly dismutated to hydrogen
peroxide (H,O,) which has a capability to penetrate cell membranes. Because hydrogen

peroxide is able to cross the cell membranes, an important function of hydrogen
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peroxide is to act as inter- and intracellular signaling molecules. Besides, hydrogen
peroxide can be inactivated by antioxidant enzymes, namely catalase and glutathione
peroxidase or catalyzed by metal ions (Fe?* or Cu*) to form hydroxyl radical (“OH)
called Fenton reaction. In addition to hydrogen peroxide, superoxide anion is another
intermediate in the production of hydroxyl radical via reduction of metal ions (Fe** or
Cu?") which is called Haber-weiss reaction (Andreoli, 1991; Thannickal and Fanburg,

2000; Hancock et al., 2001).

Involvement of ROS and cancer

Numerous studies have indicated that ROS are involved in many processes of
tumor metastasis including migration, invasion and EMT (Wu, 2006; Wang et al., 2010;
Wu and Wu, 2010). Also, an elevation of oxidative stress has been found in various
types of cancer cells, which contributes to carcinogenesis EMT (Wu, 2006; Wang et al.,
2010; Wu and Wu, 2010). As signaling mediator, ROS have a capability to oxidize the
important target molecules, such as protein kinase C (PKC) and protein tyrosine
phosphatases (PTPs), which are relevant to tumor migration and invasion (Carter and
Kane, 2004; Sliva, 2004; Wu and Wu, 2010). In addition, snail, one of the EMT
transcriptional factors, is previously reported to be regulated by ROS. ROS-induced
expression of snail represses the cellular level of E-cadherin and consequently exhibits

EMT characteristics (Lee et al., 2013; Cichon and Radisky, 2014).

Zinc ion
Zinc is a trace element implicated in many important processes including body
growth, brain development and wound repair. It is detected in plasma at the

concentrations ranging from 10-18 pM (Hajo and Wolfgang, 2010; Wu et al., 2013), while
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the concentration of zinc ion in plasma or tissues is found to be elevated in
pathological condition including cancer (Wright and Dormandy, 1972; Margalioth et al,,
1983; Kollmeier et al., 1992; Nimmanon and Taylor, 2014). Zinc ion has been found to
be a component of various proteins, enzymes and transcriptional factors (Hajo and
Wolfgang, 2010; Fukada et al., 2011), which are responsible for structural, functional
and signaling of the cells (Hajo and Wolfgang, 2010; Fukada et al.,, 2011; Wu et al,,
2013). Proteome analysis estimate that approximately 10% of proteins encoded in
human genome have potential zinc-binding motif. The other is labile zinc (free zinc
ion) (Fukada et al., 2011; Kambe, 2014). The amount of free zinc ions in the cytosol
maintains is very low, whereas it is high in zinc ion containing vesicle called zincrosome.
Interestingly, recent studies have reported the dynamic role of free zinc ion in diverse
biological processes, which highlights the signaling function of zinc ion (Frederickson et
al., 2005; Hirano et al., 2008; Fukada et al., 2011). In intracellular zinc signaling, there
are a plenty of molecular targets have been identified, including protein tyrosine
phosphatases (PTPs), phosphodiesterases (PEDs), caspase, and kinase (Hirano et al,,
2008; Wu et al., 2013; Kambe, 2014). Zinc ion has an ability to bind with anionic groups,
such as histidyl, aspartyl, glutamyl (Rahuel-Clermont and Dunn, 1998), and thiolate,
causing a crucial roles in protein structure and activity in enzymatic function (Rahuel-

Clermont and Dunn, 1998; Wu et al., 2013).

Physiological function of zinc

Zinc ion has shown to possess diverse physiological functions including cell
replication, tissue or cell growth, immunity, and bone formation. It is a component of
various metalloenzymes and proteins which are responsible for structural integrity,

enzyme activity and cell signaling. Zinc ion has a capability to bind directly to amino
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acid residues at the catalytic site and participates in reaction activity of enzymes in
order that zinc ion affect several life processes. The role of zinc ion in controlling cell
and tissue growth id associated with its function to regulate protein and nucleic acid
synthesis. Regarding of transcription, zinc ion appears to interact with nuclear
transcription factors, which can bind to promoter sequences of specific genes on DNA.
Therefore, zinc ion may regulate transcription. More than 2,000 transcription factors
seem to require zinc ion for structural integrity. Zinc fingers is a term used to indicate
the configuration of the proteins, which look like fingers, and the presence of the zinc
ion bound to the protein. The finger-like structure caused by the twisting and coiling
of the cysteine and histidine residues to which zinc ion binds in that segment of the

protein (Kuwahara and Coleman, 1990).

Moreover, the effect of zinc ion on cell membranes may result from direct
effects on the conformation of membrane proteins or on protein-protein interactions.
Zinc ion seem to affect the functional activity of many enzymes that attached to
plasma membranes, including alkaline phosphatase, superoxide dismutase and protein
kinase C (Newton, 1995). Zinc ion also stabilizes membrane integrity by blocking free
radicals as part of metallothionein and by enhancing the associations between
membrane skeletal and cytoskeletal proteins. Zinc ion is intracellularly found to bind
to tubulin, a subunit of microtubules which act as a framework for structural support

of the cell as well as being needed for cell motility.

It has been known that zinc ion is involved in host defense. Zinc ion affects
both cell-mediated and humoral immunity. Zinc ion also appears to regulate the

mammalian target of rapamycin (mTor), thereby affecting insulin-signalling as well as
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protein- synthesis pathways. Zinc ion participates in regulation of cell survival,

especially apoptosis in immature T- and B-cells.

In controlling of cell signal transduction, Zinc ion induces Akt activation in
human airway epithelial cells by decreasing the expression of PTEN which is a negative
regulation of PI3K/Akt signaling (Wu et al., 2003). Zinc ion causes PTEN depletion by
down-regulating  PTEN mRNA expression and promoting ubiquitin-proteasome
degradation of PTEN (Wu et al., 2003). In addition, non-cytotoxic concentrations of zinc
ion cause an induction of MAPK phosphorylation in BEAS cells. Distinct activation of
ERK, JNK and p38 are found in zinc ion-exposed BEAS cells (Samet et al., 1998).
Consistently, the phosphorylation of transcription factors c-Jun and ATF-2, substrates
of JNK and p38, respectively, are clearly increased in response to zinc ion treatment.
Consequently, IL-8 protein which is a down-stream target gene of MAPK activation, is
found to increase in zinc ion-treated cells (Samet et al., 1998). Another study supports
that zinc ion is able to induce MAPK activation and protein tyrosine phosphorylation
in mouse fibroblast which is the same effects of growth factor activation (Hansson,
1996). In addition to activations of Akt and MAPK signaling, zinc ion seems to induce a
phosphorylation of IkB-a, causing the activation and nuclear translocation of NFkB
(Bao et al., 2007). Likewise, zinc ion also activates NFkB and subsequently increase IL-
2 as well as IL-2Ra expression in human malignant lymphoblastoid HUT-78 cells
(Prasad et al., 2001). These finding suggests the role of zinc ion in NFkB activation via
lkB pathway. On the other hand, activation of NF«B is found in zinc ion-exposed human
airway epithelial cells (BEAS-2B cells) (Kim et al., 2007). 50 uM of zinc ion increases the
transcriptional activity of NFkB independent of kB inhibition. The phosphorylation of

p65/Rel A, NFKB subunit, on ser 276, ser 592, and ser 536 are found in zinc ion-treated
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cells (Kim et al., 2007). Importantly, phosphorylation at ser 536 of NFkB in response to
zinc ion causes an increase in NFkB transactivation in BEAS-2B cells. Also, zinc ion

reduces IKKa and IKKR in regulation of this event (Kim et al., 2007). Some studies

indicate the role of zinc ion in protein tyrosine phosphatases (PTPs) (Brautigan et al.,
1981; Haase and Maret, 2003). Zinc ion acts as insulin/insulin-like growth factor-1 by
enhancing the phosphorylation of insulin receptor. Zinc ion also causes an inhibition
of PTP1B which is a key phosphatase regulating the phosphorylation of insulin receptor
(Haase and Maret, 2003). Zinc ion is found to be the potent inhibitor of PTP by
interacting with cysteines in the active site (Brautigan et al., 1981). The effect of zinc
ion on epidermal growth factor receptor (EGFR) has been found in many cells. Zinc ion
induces the phosphorylation of EGFR at tyr 845, 1068, and 1173 without EGFR
dimerization (Samet et al., 2003) and also induces c-src phosphorylation at try 416.
Interestingly, the phosphorylation of EGFR at try 845and 1086 induced by zinc ion can
be inhibited by c-src kinase inhibitor PP2, suggesting the role of zinc ion in regulation
of EGFR phosphorylation via c-src activation in human epidermoid Ad431 cells. In mouse
B826 fibroblast cells, zinc ion induces the phosphorylation of the EGFR at try 845 via
src dependent activation (Wu et al., 2002). Moreover, the roles of zinc ion in regulating
protein kinase C (PKC) pathway are characterized in various studies. Translocation of
PKC to membranes has been accepted as a critical event in PKC activation (Forbes et
al., 1990; Newton, 1995). Zinc ion has been shown to be the essential component of
PKC structure and induce an activation of PKC and also promote the translocation of
PKC into plasma membrane (Forbes et al., 1990). Such event increases an interaction
between PKC and actin filament (Forbes et al., 1990). Zinc ion is necessary for binding

activity of phorbol ester and zinc finger domain of PKC. The activation of PKC in
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response to phorbol ester can be blocked by treating with chelator (Csermely et al,,
1988). The structure of PKC contains two identical zinc-binding domain at the
regulatory region and this zinc figure domain is required for the binding of phorbol
ester and PKC acgtivation (Parker et al., 1986). This evidence provides the important

role of zinc ion in PKC activity.

Zinc homeostasis

The recommended dietary allowance (Maschler et al.) of zinc is 11 mg for men
and 8 mg for women. The absorption efficiency of zinc is less than 50%. In plasma,
98% of zinc ion binds to albumin and other proteins (Hajo and Wolfgang, 2010). Zinc
ion transportation is controlled by two major proteins, including Zrt/Irt-like protein (ZIP)
and zinc transporter protein (ZnT). ZIP transports extracellular zinc ion to the cytosol,
while ZnT transports cytosolic zinc ion out of the cells or moves it into vesicle or
organelle (Haase and Maret, 2003; Cousins et al., 2006). The cellular level of zinc ion
is controlled by metal-response element-binding transcription factor-1 (MTF-1)
transcription factor and metallothionine (MT) protein (Haase and Maret, 2003; Cousins
et al,, 2006). High concentration of zinc ion is able to induce an increased in MTF-1
expression. MTF-1 is then translocate into nucleus and enhance the expression of
thionein as well as zinc transporter ZnT-1, resulting in decreasing the level of free zinc

ion (Haase and Maret, 2003; Cousins et al., 2006).

In the cells, zinc ion always binds to MT. Zinc in MT are bound exclusively to
the sulfur donor of cysteine that have characteristic thiolate ligand bridges between
zinc ion (Haase and Maret, 2003; Cousins et al., 2006). MT structure consists of 20

reduced cystenyl residues which able to bind with seven molecules of zinc ions inside
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the protein (Haase and Maret, 2003; Cousins et al., 2006). Besides, zinc ion may be

intracellular collected in vesicle called zincrosome (Hajo and Wolfgang, 2010).

Role of zinc ion in cellular oxidative status

Previous studies have shown that zinc ion has an impact on cellular redox
status of the cells (Noh and Koh, 2000; Rudolf, 2007; Wu et al., 2013) The exogenous
zinc ion has a capability to induce reactive oxygen species (ROS) production and NADPH
oxidase as well as mitochondria are relevant targets of zinc ion-induced ROS. Zinc ion
exposure is found to induce translocation of NADPH oxidase subunits to plasma
membrane, which is the signature event for NADPH oxidase activation and this event
is inhibited by the addition of NADPH oxidase inhibitor (Link and von Jagow, 1995; Noh
and Koh, 2000; Rudolf, 2007; Rudolf and Cervinka, 2010; Wu et al., 2013). In addition
to activate of NADPH oxidase, an elevation of intracellular zinc ion also inhibits
tricarboxylic acid cycle and complex lll of electron transport chain, resulting in
mitochondria dysfunction and increased ROS production (Link and von Jagow, 1995;

Brown et al., 2000; Dineley et al., 2005; Rudolf and Cervinka, 2010)

Roles of zinc in cancer

Having shown that the concentration of zinc ion in plasma or tissues is found
to be elevated in some cancer tissues, such as liver and breast cancers (Wright and
Dormandy, 1972; Margalioth et al., 1983; Kollmeier et al., 1992; Nimmanon and Taylor,
2014). In contrast, the reduced plasma zinc ion level is found in patients with
gallbladder, prostate, and lung cancers (Gupta et al., 2005; Gumulec et al., 2014). Zinc
ion is required for cytoskeleton organization and is an essential component of several

proteins involved in migration, invasion and metastasis, such as matrix
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metalloproteinases (MMPs) (Lansdown, 1996; Lansdown et al., 2007). Aberrations in
zinc ion status may play a significant role in cellular dysfunction, including the
development and/or progression of cancer (Wright and Dormandy, 1972; Margalioth et
al., 1983; Kollmeier et al., 1992; Nimmanon and Taylor, 2014). Accumulating evidence
support the idea that, zinc ion is known to be an essential for cell proliferation (Hajo
and Wolfgang, 2010), and is important for tumor growth cancers (Wright and Dormandy,

1972; Margalioth et al.,, 1983; Kollmeier et al., 1992).

Previous study has shown that migration ability of breast cancer cells was
inhibited by zinc ion depletion in response to zinc ion chelator TPEN treatment (Kagara
et al., 2007). Besides, the increased expressions of zinc influx transporters such as ZIP6
(Hogstrand et al., 2013), ZIP7 (Taylor et al., 2012) and ZIP10 (Kagara et al., 2007) has
been observed in breast cancer, leading to change in tumor zinc levels and such
aberrant expressions of those is correlated with aggressive behaviors and poor
prognosis of breast cancer (Kagara et al., 2007; Levenson and Somers, 2008; Taylor et
al,, 2012; Hogstrand et al., 2013). This evidence indicates the role of zinc in cancer

metastasis.

As mentioned, zinc ion has shown to participate in a wide range of physiological
activities and many signaling (Nimmanon and Taylor, 2014), such as oxidative stress
induction and PKC activation also play a critical role in EMT and CSC regulation (Radisky
et al,, 2005; Gwak et al., 2006; Fukawa et al., 2012; Cichon and Radisky, 2014). This

study therefore investigates the effect of zinc ion on EMT and CSC phenotypes.
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CHAPTER Il
MATERIALS AND MEDTHODS

Materials

1. Chemicals and reagents

Zinc sulfate (ZnSQOy), dimethyl sulfoxide (DMSO), A23187 (PKCa activator), 2,7-
dichlorofluorescein  diacetate (hydrogen peroxide specific probe; DCFH,-DA),
dihydroethidium (superoxide anion specific probe; DHE), hydroxyphenyl fluorescein
(hydroxyl redical; HPF), 2,3-dimethoxy-1,4-naphthoquinone (superoxide anion donor,
DMNQ), 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), clasto-

lactacystin 3-lactone (Larue and Bellacosa), Hoechst 33342 were obtained from Sigma

Chemical, Inc. (St. Louis, MO, USA). Mn (lll) tetrakis (4-benzoic acid) porphyrin chloride
(superoxide anion inhibitor; MNnTBAP) and Bisindolylmaleimide | (PKCa inhibitor; BIM)
were obtained from Calbiochem (San Diego, CA, USA). Antibodies for N-cadherin, E-
cadherin, vimentin, snail, slug, phosphorylated FAK (Y397), FAK, Nanog, Octd, Sox2,

ALDH1A1, phosphorylated PKCa (Thr638), PKCa, [3-catenin and f3-actin and peroxidase-

labeled secondary antibodies were obtained from Cell Signaling Technology, Inc.
(Denver, MA, USA). Antibody for ALDH1A1 was Santa Cruz Biotechnology, Inc. (Texas,
USA). Mouse monoclonal antibodies for active RhoA-GTP and Rac1-GTP were obtained
from New East Biosciences (Malvern, PA, USA). Antibody for CD133 was Cell
Applications (San Diego, CA). Immobilon Western chemiluminescent HRP substrate was
obtained from Millipore, Corp (Billerica, MA, USA) and Thermo Fisher Scientific Inc.
(Rockfort, IL, USA). Alexa Fluor 488-conjugated goat anti-rabbit 1¢G (H'L) secondary

antibody was obtained from Life Technologies (Eugene, OR).
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2. Equipments

Laminar flow cabinet, carbon dioxide incubator, autopipette: 2-10 ul, 10-100
pl, 20-200 pl and 200-1,000 pl, pipette tips for 2-10 pl, 10-100 pl, 20-200 pl and 200-
1,000 pl, cell culture plate: 96-well and 6-well (Nunc), conical tube: 15 ml and 50 ml
(Neptune), bottle: 100 ml, 250ml, 500 ml and 1,000 ml (Duran) disposable pipette: 1ml
and 5ml, hemocytometer, pH meter, vertex mixer, balance, microplate reader
(Anthros, Durham, NC, USA) flow cytometer (FACSort; Becton Dickinson, Rutherford, NJ)
and fluorescence microscope (Olympus IX 51 with DP70, Olympus America Inc., Center

valley, PA).

Methods

1. Cell culture

Since lung cancer has become the leading cause of cancer-related death in
male and female worldwide and the death of lung cancer patients tightly relates to
metastasis (Siegel et al,, 2015, 2017), this study then uses human non-small cell lung
cancer (NSCLC) NCI-H460, NCI-H292, and NCI-H23 cell lines as a model. All cell lines
obtained from the American Type Culture Collection (ATCC, Manassas, VA). Every types
of cells were cultured in RPMI 1640 medium in a 5% CO, environment at 37°C. The
media was supplemented with 2 mmol/L l-glutamine, 10% fetal bovine serum and

100 units/ml of penicillin/streptomycin (Gibco, Gaithersburg, MA, USA).

2. Cytotoxicity assay
Cell viability was determined by MTT colorimetric assay. Briefly, cells in 96-well

plate were incubated with 500 pg/mL of MTT for 4 hours at 37°C. The supernatant was

then removed and DMSO was added to dissolve the formazan product. The intensity
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was spectrophotometrically measured at 570 nm using an ELISA reader (Anthros,
Durham, NC, USA). As viable cells can convert yellow MTT to purple formazan by
mitochondria reductase, the absorbance of crystal formazan was referred to amount

of living cells.

Cell viability was calculated as follow:

Cell viability = A570/620 with treatment X 100

A570/620 without treatment

3. Apoptosis assay

Apoptotic cell death was detected by Hoechst 33342 and staining. After specific
treatments, cells were stained with 10 uM of the Hoechst for 30 min at 37°C and
analyzed under a fluorescence microscope using blue filter. The apoptotic cells having
condensed chromatin and/or fragmented nuclei stained by Hoechst 33342 were
visualized and scored under a fluorescence microscope (Olympus IX 51 with DP70,

Olympus America Inc., Center valley, PA).

4. Cell Morphology characterization assay

Cell morphology was investigated by seeding the cells at a density of
5x10% cells/well onto a 12-well plate for 48h. The cells were treated with various
concentrations of zinc ion for 24 h. The cells were then washed with PBS, fixed with
4% paraformaldehyde in PBS for 10 min at 37°C, rinsed 3 times with PBS, and mounted
with 50% glycerol. Cell morphology was then assessed by a phase contrast microscope

(Eclipse Ti-U, Nikon, Tokyo, Japan).
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5. Immunofluorescene

Cells were seeded at a density of 1 x 10° cells/well onto coverslips in 6-well
plate and incubated overnight. After the treatment, the cells on coverslips were fixed
with 4% paraformaldehyde for 30 min and permeabilized with 0.1% Triton-X for 20
min. Thereafter, the cells were incubated with 3% bovine serum albumin (BSA) for 30
min to prevent nonspecific binding. The cells were washed and incubated with rabbit
anti-Vimentin antibody for 1 h at room temperature. Primary antibody was removed
and the cells were washed and subsequently incubated with Alexa Fluor 488
(Invitrogen) conjugated goat anti-rabbit IsG (H+L) secondary antibody for 1h at room
temperature. Samples were washed with PBS then visualized and imaged by
fluorescence microscope (Olympus IX 51 with DP70, Olympus America Inc., Center

valley, PA).

6. Western blot analysis

After specific treatments, cells were incubated in lysis buffer containing 20 mM
Tris-HCL (pH 7.5), 1% Triton X-100, 150 mM sodium chloride, 10% sglycerol, 1 mM
sodium orthovanadate, 50 mM sodium fluoride, 100 mM phenylmethylsulfonyl
fluoride, and a protease inhibitor cocktail (Roche Molecular Biochemicals) for 90
minutes on ice. The cell lysates were collected, and the protein content was
determined using the BCA protein assay kit (Thermo scientific, IL, USA). Equal amounts

of proteins from each sample (60 pg) were denatured by heating at 95°C for 5 min with

Laemmli loading buffer and subsequently loaded onto a 10% SDS-PAGE. After

separation, proteins were transferred onto 0.45 uM nitrocellulose membranes (Bio-Rad,

Hercules, CA). The transferred membranes were blocked for 1 hour in 5% nonfat dry
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milk in TBST (25 mM Tris-HCl pH 7.5, 125 mM NaCl, and 0.05% Tween 20) and incubated
with the appropriate primary antibodies at 4°C overnight. Then, the membranes were
washed twice with TBST for 10 min and incubated with horseradish peroxidase-labeled
isotype-specific secondary antibodies for 2 h at room temperature. The immune
complexes were detected by enhancement with chemiluminescence substrate
(Supersignal West Pico; Pierce, Rockfore, IL) and quantified the level of proteins using

imageJ software.

7. Flow cytometry analysis

The cells were collected, washed and blocked. Then the cells were incubated
on ice with mouse anti-CD133 (Cell Applications) and ALDH1A1l (Cell Signaling
Technology) antibody for 1 h. The primary antibody was removed and the cells were
incubated on ice for 30 min with Alexa Fluor 488-conjugated goat anti-rabbit 1gG (H+L)
secondary antibody (Life Technologies, Eugene, OR). Fluorescence intensity was
detected by flow cytometry using a 488-nm excitation beam and a 519-nm band-pass
filter (FACSort; Becton Dickinson, Rutherford, NJ). The mean fluorescence intensity was

quantified by CellQuest software (Becton Dickinson).

8. Migration assay

Migration was determined by wound healing and transwell assays. For the
wound healing assay, a monolayer of the treated cells was cultured in a 96-well plate,
and a wound space was made with a 1-mm-wide tip. After rinsing with PBS, the cell
monolayers were incubated with the indicated treatments and allowed to migrate for
24 h. Micrographs were taken under a phase contrast microscope (Olympus DP70,

Melville, NY), and the wound spaces were measured from 10 random fields of view
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using Olympus DP controller software. Quantitative analysis of cell migration was
performed using an average wound space from those random fields of view, and the
percentage of change in the wound space was calculated using the following formula:
% change = (average space at time 0 h) - (average space at time 24 h)/(average space
at time 0 h)x100. Relative cell migration was calculated by dividingthe percentage
change in the wound space of treated cells by that of the control cells in each

experiment.

For the transwell assay, the treated cells were seeded at a density of
5x10% cells/well onto the upper chamber of a transwell (8 um pore size) in a 24-well
plate in serum-free medium. RPMI medium containing 10% FBS was added to the
lower chamber. Following the incubation, the non-migrated cells in the upper chamber
were removed by cotton-swab wiping, and the cells that migrated to the underside of
the membrane were stained with 10 pg/ml of Hoechst 33342 for 10 min and visualized

and scored under a fluorescence microscope (Olympus IX51 with DP70).

9. Invasion assay

An invasion assay was performed using a 24-well transwell unit with
polycarbonate (PVDF) filters (8 um pore size). The membrane was coated with 0.5%
matrigel on the upper surface of the chamber overnight at 37°C in a humidified
incubator. The cells were plated at a density of 2 x 10* cells per well into the upper
chamber of the transwell unit in serum-free medium. Medium containing 10% FBS was
added to the lower chamber of the unit. After incubation with specific test agents for
24 h at 37°C, the medium in the upper chamber was aspirated, and the cells on the

upper side of the membrane were removed with a cotton swab. The cells that invaded



34

to the underside of the membrane were stained with 10 pg/ml of Hoechst 33342 for

10 min, visualized and scored under a fluorescence microscope.

10. In vitro 3D tumorigenesis assay

In vitro 3D tumorigenesis was performed in a matrigel-coated 96-well plate. A
plate was coated with 0.5% agarose and left for solidification. The cells were
suspended in culture medium containing 4% matrigel, and plated at a density of 3x10?
cells/well onto an agarose-coated plate. Fresh medium was replaced every 3 days.
After 10 days, the cells were visualized and scored by image analyzer under
microscope (Olympus IX51 with DP70). Whole area of each well was captured in one

picture and the colonies with more than 25 pm of diameter were quantified.

11. Spheroid formation assay

A spheroid formation assay was performed under nonadherent and serum-free
conditions as previously described by Yongsanguanchai et al (2015). Approximately
5x10° cells/well were suspended in RPMI serum free medium and plated onto a 24-
well ultralow attachment plate. Cells were cultured for 14 days and then primary
spheroids were resuspended into single cells, and again 5x10° cells/well were plated
onto a 24-well ultralow attachment plate using RPMI serum free medium. Cells were
cultured for anorther 14 days and visualized under a light microscope. Characterization

of stem cell phenotype-rich population was performed at day 28 of spheroid culture.

12. ROS detection
Intracellular ROS were determined by fluorescence microplate reader and by
flow cytometry using the ROS-specific probe, superoxide anions, hydrogen peroxide

and hydroxyl radicals were determined by dihydroethidium (DHE), dichlorofluorescein
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diacetate (DCFH,-DA) or hydroxyphenyl fluorescein (HPF), respectively. For
fluorescence microplate reader, cells were seeded overnight in 96-well plate. Before

zinc ion treatment cells were incubated with 10 uM of DHE, DCFH,-DA and HPF for 30

min at 4°C, after which they were washed and treated with various concentrations of
zinc ion (0-50 pM) for 1 and 3 h. After incubation, the fluorescence intensity was
immediately analyzed by fluorescence microplate reader (SpectraMax M5, Molecular
Devices Corp., Sunnyvale, CA, USA) using a 488-nm excitation beam and a 610-nm
band-pass filter for DHE, using a 480-nm excitation beam and a 530-nm band-pass filter
for detecting DCF fluorescence or using a 490-nm excitation beam and a 515-nm band-

pass filter for HPF.

For flow cytometry, cells were seeded overnight in 6-well plate. Before zinc ion

treatment cells were incubated with 10 uM of DHE, DCFH,-DA or HPF for 30 min at 4°C,

after which they were washed and treated with 50 pM of zinc ion for 1 and 3 h. After
incubation, cells were washed, resuspended in phosphate-buffered saline (PBS), and
immediately analyzed for fluorescence intensity by FACScan flow cytometer (Beckton
Dickinson, Rutheford, NJ) using a 488-nm excitation beam and a 610-nm band-pass
filter for DHE, using a 480-nm excitation beam and a 530-nm band-pass filter for
detecting DCF fluorescence or using a 490-nm excitation beam and a 515-nm band-
pass filter for HPF. Mean fluorescence intensity was quantified by CellQuest software
(Becton-Dickinson) analysis of the recorded histograms. Relative fluorescence was

calculated as a ratio of the treated to the non-treated control fluorescence intensity.
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13. Immunoprecipitation assay

Anti-3-catenin antibodies was first incubated with protein A-conjugated
Sepharose (Santa Cruz Biotechnology) overnight at 4°C to obtain anti-3-catenin-agarose

bead. Cells were washed after treatments with ice-cold PBS and lysed in lysis buffer
(containing 50 mM Tris-HCl (pH 7.5), 1% Triton X-100, 150 mM NaCl, 20 mM EDTA, 50
mM NaF, 1 mM phenylmetylsulfonyl fluoride (PMSF), and a commercial protease
inhibitor mixture (Roche)) at 4°C for 30 min. After centrifugation at 14,000 g for 15 min
at 4°C, the supernatants were collected and determined for protein content. Protein
content was determined by the Bradford method (Bio-Rad). Cell lysates containing 60

pg proteins were incubated with 12 pl of anti-f3-catenin-agarose bead diluted with 12
ul sepharose for 6 h at 4°C. The immune complexe was then washed 5 times with 20

volumes of lysis buffer, resuspended in 2x Laemmli sample buffer and boiled at 95°C

for 5 min. Immunoprecipitates containing approximately 20 pg protein equivalent were

separated by 10% SDS-PAGE and analyzed by Western blot using anti-ubiquitin

antibody as described.

14. Statistical analysis

All data were expressed as the means + S.E.M. from three or more independent
experiments. Multiple comparisons were examined for significant differences of
multiple groups, using analysis of variance (ANOVA), followed by individual

comparisons with the Scheffe’s post-hoc test. Statistical significance was set at P<0.05.
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Experimental designs
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1. Cytotoxic and proliferative effects of zinc ion on lung cancer H460 cells.

1.1 Cytotoxic effects of zinc ion on H460 cells.

Having shown that the level of zinc ion in plasma was found at the
concentrations ranging from 10-18 uM (Hajo and Wolfgang, 2010; Wu et al., 2013)
and An aberrant intracellular zinc ion level has been found in the condition of
cancer (Gupta et al., 2005; Gumulec et al., 2014). The toxic level of zinc ion in lung

cancer H460 cells was first investigate.

Cells were treated with various concentrations of zinc ion (0-100pM) and
incubated at 37°C for 24 h. Cell viability and apoptosis were determined by MTT
and Hoechst staining assay. Non-toxic concentrations of zinc ion which cause no
significant effect and not less than 80% on cell viability were used in further

experiments.

1.2 Proliferative effects of zinc ion on H460 cells.
Because zinc ion has been generally known to regulate cell division in many
cell types (MacDonald, 2000; Kambe, 2014), the proliferative effect of zinc ion on

lung cancer H460 cells was investigate.

Approximately 2x10° cells/well were seeded onto 96-well plate and treated
with various non-toxic concentration of zinc ion (0-50uM) and incubated at 37°C
for 24, 48 and 72 h. Cell viability was determined by MTT. Relative cell proliferation

was calculated as a ratio of the treated to the non-treated control cell viability.
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2. Effect of zinc ion on EMT characteristics in lung cancer H460 cells.

As zinc ion was required for cytoskeleton organization and was an essential
component of several proteins involved in cell motility and metastasis, such as matrix
metalloproteinases (MMPs) (Lansdown, 1996; Lansdown et al., 2007) and previous
study reported that migration ability of breast cancer cells was inhibited by zinc ion
depletion in response to zinc ion chelator TPEN treatment (Kagara et al.,, 2007),

whether zinc ion has an impact on lung cancer H460 cell motility and EMT.

2.1 Effect of zinc ion on cell morphology.

During EMT, epithelial cells undergo remarkable morphological conversion
from cobble stone-like epithelial morphology to elongated-like mesenchymal
morphology (Yang and Weinberg, 2008; Thiery et al., 2009; lwatsuki et al., 2010;
Craene and Berx, 2013). Therefore, the morphology alteration of lung cancer H460

cells in response to zinc ion treatment was examined.

Cells were seeded at a density of 5x10* cells/well onto a 12-well plate and
treating the cells with various non-toxic concentrations of zinc ion (0-50uM) for 24
h. The treated cells were processed as described in Materials and Methods and
cell morphology was then examined by a phase contrast microscope (Eclipse Ti-U,

Nikon, Tokyo, Japan).

2.2 Effect of zinc ion on EMT markers.

The hallmark of EMT is the loss of E-cadherin, a cellular junction protein
typically expressed in epithelial cells. In addition, EMT-phenotypic cells increase
the expression of mesenchymal markers such as N-cadherin and vimentin as well

as up-regulate the transcriptional factors, namely snail and slug (Yang and
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Weinberg, 2008; Thiery et al., 2009; Iwatsuki et al., 2010; Craene and Berx, 2013).
We further investigate the expression level of EMT markers in response to zinc ion

treatment.

Cells were seeded at a density of 2x10° cells/well onto a 6-well plate and
treated with various non-toxic concentrations of zinc ion (0-50uM) for 24 h. After
24 h of incubation, the expression of EMT-related proteins, including E-cadherin, N-

cadherin, vimentin, snail and slug were determined by western blot analysis.

2.3 Effect of zinc ion on cell migration.
Increased migration and invasion were considered to be the aggressiveness
of cancer and the principal characteristics of EMT (Yang and Weinberg, 2008; Thiery

et al., 2009; Iwatsuki et al., 2010; Craene and Berx, 2013).

To investicate the effect of zinc ion on cell migration, cells were left
pretreated with zinc ion at various non-toxic concentrations (0-50uM) for 24 h and
the migration ability was then assessed using wound healing and transwell
migration assay as describe in Materials and Methods. The result of cell migration

ability was represented as relative cell migration comparing to control.

2.4 Effect of zinc ion on cell invasion.

For invasion, cells were left pretreated with zinc ion at various non-toxic
concentrations (0-50uM) for 24 h and cell invasion ability was then determined by
matrigel-cloted transwell invasion assay as describe in Materials and Methods. The
result of cell invasion ability was represented as relative cell invasion comparing

to control.
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2.5 Effect of zinc ion on motility-related proteins.

To identify the underlying mechanism of cell motility mediated by zinc ion
in lung cancer HA460 cells, the expression of migratory-related proteins, such as
activated FAK (phosphorylated FAK, Tyr 397), FAK, active Racl (Racl-GTP) and
active RhoA (RhoA-GTP) were evaluated by western bolt analysis after treatment

the cells with various non-toxic concentrations of zinc ion for 24 h.

2.6 Effect of ion on tumorigenicity.

It is well known that the EMT process facilitate tumor formation at the
metastatic site (Hwang et al.,, 2011; Voon et al,, 2013; Zhou et al., 2014) and this
potential is responsible for cancer progression (Hwang et al., 2011; Voon et al,,

2013; Zhou et al., 2014).

Therefore, the tumorigenicity in response to zinc ion treatment was
evaluated by pretreating the cell with various non-toxic concentrations of zinc ion
(0-50uM) for 24 h. The treated cells were subjected to 3D in vitro tumorigenesis

assay as mentioned in Materials and Methods.

3. Effect of zinc ion on intracellular ROS in lung cancer H460 cells and specific
type of ROS identification.

Previous studies have indicated that zinc ion has an impact on cellular redox

status of the cells and exerts the pro-oxidant activity to generate ROS in various normal

and cancer cells (Link and von Jagow, 1995; Brown et al., 2000; Noh and Koh, 2000;

Dineley et al., 2005; Rudolf, 2007; Rudolf and Cervinka, 2010; Wu et al., 2013).
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To prove the ability of zinc ion to generate ROS and identify the specific type
of ROS induced by zinc ion in lung cancer H460 cells, cells were pre-incubated with
ROS-specific probes using DHE for superoxide anions, DCFH,-DA for hydrogen peroxide
and HPF for hydroxyl radicals at 4°C for 30 min. After that the cells were treated with
various non-toxic concentrations of zinc ion for 0-3 h and the fluorescent intensity
which represents the intracellular ROS levels were determined by fluorescence

microplate reader and by flow cytometry as described in Materials and Methods.

In addition, having shown in this study that zinc ion caused an increase in
intracellular superoxide anion level (The detail was further described in chapter IV). To
confirm that superoxide anion is the key ROS induced by zinc ion treatment, standard
superoxide anion inhibitors, namely MnTBAP was used to block the signal of
intracellular superoxide anion by pretreatment the cells with MnTBAP (50 uM) for 1 h
before zinc ion treatment. After incubation with zinc ion for 3 h, the fluorescent
intensity was determined by fluorescence microplate reader and by flow cytometry

using DHE probes as described in Materials and Methods.

Moreover, as DMNQ was used as a superoxide anion donor, the level of
superoxide anion in response to DMNQ treatment should be determined. Cells were
pre-incubated with DHE at 4°C for 30 min. After that the cells were treated with 5 uM
of DMNQ for 3 h and the fluorescent intensity which represents the intracellular
superoxide anion level was determined by flow cytometry as described in Materials

and Methods.
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4. Effect of superoxide anion on EMT phenotypes.

Numerous studies have indicated that ROS were involved in many processes
of tumor metastasis including migration, invasion and EMT (Wu, 2006; Wang et al., 2010;
Wu and Wu, 2010). Previous evidence deeply indicated the roles of hydrogen peroxide
in EMT regulation (Cheng et al., 2010; Kim et al,, 2013); however, there is no evidence

providing those information about EMT regulated by superoxide anion.

4.1 Effect of superoxide anion on cell morphology.

To examine the role of superoxide anion in morphological alteration, cells
were treated with MnTBAP (50 uM) in the present and absence of zinc ion (50 uM)
treatment for 24 h or treated with DMNQ (5 pM), and morphology of the cells was

examined by a phase contrast microscope (Eclipse Ti-U, Nikon, Tokyo, Japan).

4.2 Effect of superoxide anion on EMT markers.

To investigate the role of superoxide anion in the expression of EMT
markers, for evaluation of EMT markers, cells were treated with MnTBAP (50 pM) in
the present and absence of zinc ion (50 uM) treatment or treated with DMNQ (5

uM) for 24 h and EMT markers were evaluated by western blot analysis.

4.3 Effect of superoxide anion on cell migration.

To investigate the role of superoxide anion in cell migration, cells were
treated with MnTBAP (50 uM) in the present and absence of zinc ion (50 uM)
treatment or treated with DMNQ (5 pM) for 24 h and cell migration was assessed

by wound healing assay.
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4.4 Effect of superoxide anion on cell invasion.

To investigate the role of superoxide anion in cell invasion, cells were
treated with MnTBAP (50 puM) in the present and absence of zinc ion (50 puM)
treatment or treated with DMNQ (5 pM) for 24 h, and invasion ability was

determined by transwell invasion assay.

4.5 Effect of superoxide anion on tumorigenicity.

To investigate the role of superoxide anion in tumorigenicity, cells were
treated with MnTBAP (50 puM) in the present and absence of zinc ion (50 puM)
treatment or treated with DMNQ (5 uM) for 24 h, and tumorigenicity was analyzed

by 3D in vitro tumorigenesis assay.

5. Effect of zinc ion on CSC phenotypes in lung cancer H460 cells.

CSCs have been suggested to be the potential driving force of new tumor
initiation and cancer progression due to the self-renewal and tumorigenic abilities,
leading to chemoresistance, metastasis and cancer relapse (Mehlen and Puisieux, 2006;
Hermann et al, 2007; Merlos-Suarez et al,, 2011; Perona et al.,, 2011; Scheel and
Weinberg, 2012). Whether zinc ion has an ability to induce stemness in lung cancer

H460 cells. This study next investigated the effect of zinc ion in CSC induction.

5.1 Effect of zinc ion on CSC markers.

The distinct abilities of CSCs to increase the expression of various
transcription factors regulating self-renewal and pluripotentcy, including Nanog,
Sox2 and Octd, making CSCs different from normal cancer cells (Liu et al., 2013).

Besides, CSCs always express the up-regulation of CSC marker proteins, such as
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CD133 and ALDH1A1 which involves in tumorigenicity and drug resistant properties

of CSCs, respectively.

To investigate the expression of CSC marker proteins, cells were seeded at
a density of 1x10° cells/well onto a 6-well plate and treated with various non-
toxic concentrations of zinc ion (0-50 uM) for 72 h. After incubation, the expression
of CSC-related proteins, including CD133, ALDH1A1, Nanog, Oct4 and Sox2 were

determined by western blot analysis.

5.2 Effect of zinc ion on spheroid formation.

Since spheroid or tumor sphere formation under non-attached and serum-
starved conditions was used to determine the CSC self-renewal capability
(Luanpitpong et al., 2014; Yongsanguanchai et al, 2015), this study next

investigated the effect of zinc ion on spheroid formation in lung cancer H460 cells.

Firstly, to confirm the potential of a model to differentiate the distinct
population of CSC-rich phenotype, the spheroid formation model was
characterized. Lung cancer H460 cells were grown in single cells-suspended
condition to form primary and secondary spheroids (14 + 14 days). The secondary
spheroids were collected and determined for the CSC markers by western blot

analysis in comparison to their parental cells.

To examine the effect of zinc ion on spheroid formation, cells were
pretreated with various non-toxic concentrations of zinc ion (0-50 uM) for 72 h and

subjected to spheroid formation assay as described in Materials and Methods.
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6. Effect of zinc on CSC regulatory proteins

It is widely accepted that 3-catenin is a key mediator in regulation of CSCs (Cai
and Zhu, 2012; Holland et al., 2013; Mao et al., 2014). -catenin is able to translocate
into nucleus and increase transcriptional activation of 3-catenin target genes, which

regulate the expression of transcription factors regulating self-renewal and
pluripotency, such as Nanog, Oct4 and Sox2 (Cai and Zhu, 2012; Holland et al., 2013).

Therefore, the expression of 3-catenin was highlighted in this study.

6.1 Effect of zinc ion on B-catenin expression
To determine the expression of (3-catenin protein, cells were treated with

various non-toxic concentration of zinc ion (0-50 pM) for 24 and 72 h, the

expression level of (3-catenin was examined by western blot analysis.

6.2 Effect of zinc ion on f-catenin degradation
Having shown that the degradation of {3-catenin is mainly mediated by

ubiquitin-dependent proteasome complex (Holland et al., 2013). To investigate the

effect of zinc ion on (3-catenin degradation via proteasome degradation pathway,

cells were treated with zinc ion (50 uM) in the present and absence of clasto-

lactacystin R-lactone (Lac; 10 pM), a proteasome inhibitor. After 24 h of incubation,
the level expression of 3-catenin was detected by western blot analysis.

In addiotion, the immunoprecipitation was conducted to confirm the role
of zinc ion in regulation of ubiquitin-proteasome degradation, cells were treated

with various concentrations of zinc ion in the present of clasto-lactacystin 3-lactone



50

(10 pM) to inhibit proteasome degradation. After 0-3 h of incubation, cell lysates

were prepared and immunoprecipitated using anti-f3-catenin antibody as described
in Materials and Methods. The resulting immume complex was then analyzed for
ubiquitin by western blot analysis using anti-ubiquitin antibody.

6.3 Effect of zinc ion on PKCa activation.

Evidence showed that the regulation of 3-catenin degradation is considered
to be the determining step in f3-catenin signaling (Holland et al., 2013). The level
of B-catenin can be regulated by PKCa signaling (Gwak et al., 2006; Luna-Ulloa et
al., 2011). PKCa is able to phosphorylate $3-catenin at the position of serine 33 and

37 and threonine 41 and subsequently subjected proteasome degradation system

(Gwak et al., 2006). However, the effect of zinc ion on PKCa signaling is unknown.

To investigate the effect of zinc ion on PKCa activation, cells were treated

with various concentrations of zinc ion (0-50 pM) for 12 h and the expression of
phosphorylated PKCe (p-PKCa) and total PKCq were evaluated by western blot

analysis.

6.4 Effect of PKCa on spheroid formation
Although previous study reported the effect of PKCa on [3-catenin signaling

(Gwak et al., 2006; Luna-Ulloa et al., 2011), the role of PKCa. in regulation of CSC
program is unknown. To investigate weather PKCa regulates CSC phenotypes in
lung cancer cells, PKCa activator (A23187) and PKCa inhibitor (bisindolylmaleimide

l; BIM) were utilized.
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The effect of PKCa on tumor sphere formation was characterized by
leaveing the cells treated with A23187 (0.1 uM) or zinc ion (50 uM) in the present
and absence of BIM (5 uM) treatment for 72 h. After incubation, the treated cells
were subjected to spheroid formation assay as described in Materials and

Methods.

6.5 Effect of PKCoa on CSC markers

Besides, the expression levels of (-catenin and CSC markers were

characterized. Cells were treated with A23187 (0.1 uM) or zinc ion (50 uM) in the

present and absence of BIM (5 uM) treatment for 72 h, the expression levels of (3-

catenin and CSC markers were determined by western blot analysis.

7. Effect of superoxide anion on CSC phenotypes

Although the role of ROS in regulation of CSCs was not clear (Shi et al., 2012),
to effectively target CSCs, understanding ROS regulatory mechanism in CSCs is
necessary. This study therefore investigates the role of superoxide anion in controlling

of CSC characteristics of lung cancer cells.

7.1 Effect of superoxide anion on spheroid formation

To investigate the role of superoxide anion in tumor sphere formation, cells
were treated with DMNQ (5 pM) or zinc ion (50 uM) in the present and absence of
MnTBAP (50 pM) for 72 h, and tumor sphere formation was analyzed by spheroid

formation assay.
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7.2 Effect of superoxide anion on CSC markers

To investigate the role of superoxide anion in the expression of CSC
markers, cells were treated with DMNQ (5 pM) or zinc ion (50 uM) in the present
and absence of MnTBAP (50 uM) for 72 h and CSC markers were evaluated by

western blot analysis.

7.3 Effect of superoxide anion on [3-catenin expression
To investigate the effect of superoxide anion on 3-catenin expression, cells

were treated with DMNQ (5 pM) or zinc ion (50 pM) in the present and absence of

MnTBAP (50 uM) for 24 h, the level expression of 3-catenin was determined by
western blot analysis. Also, the (-catenin-ubiquitin complex was evaluated by

immunoprecipitation as described in Materials and Methods to confirm the effect

of superoxide anion on [3-catenin degradation.

8. Effect of superoxide anion on PKCa activation

It is shown that ROS as a signaling messenger have a capability to oxidize the
crucial target molecules, including PKCa (Wu and Wu, 2010). PKCa contains multiple
cysteine residues that can be oxidized and activated by ROS (Gomez et al., 1999). This

study next investigated the effect of superoxide anion on PKCa. activation.

Cells were treated with zinc ion (50 uM) in the present and absence of MNTBAP
for 12 or 24 h, and the expression level of phosphorylated PKCa (p-PKCa) and total

PKCa were determined by western blot analysis.



53

9. Effect of zinc ion on other different lung cancer cells

To confirm the effects of zinc ion in CSC program, lung cancer H292 and H23
cells were utilized and the key experiments, such as the expression of CSC markers,
spheroid forming ability, superoxide anion production, and p-PKCa/PKCa expressions
were conducted in other two cell lines according to the instructions of each

experiments as mentioned before.
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CHAPTER IV
RESULTS

1. Cytotoxic and proliferative effects of zinc ion on lung cancer H460 cells.

1.1 Cytotoxic effects of zinc ion on H460 cells.

An aberrant intracellular zinc ion level has been found in the condition of
cancer (Gupta et al., 2005; Gumulec et al., 2014). In order to investigate the effect
of zinc ion on EMT and CSC phenotypes in human lung cancer cells, the non-
cytotoxic concentrations of zinc ion were firstly evaluated.

Cells were cultured in the presence or absence of zinc ion (0-100 pM) for
24 h, and cell viability was determined by MTT assay at 24 h. The results indicated
that treatment of the cells with zinc ion at the concentrations ranging from 5-50
MM caused no significant cytotoxicity as shown in figure 4.1A. The significant
decrease in cell viability was first detected in response to 100 pM of zinc ion
treatment with approximately 86% of the cells remaining viable.

In addition, to confirm the effect of zinc ion on cell toxicity, cells were
similarly treated with zinc ion for 24 h, and apoptosis was evaluated by Hoechst
33342 staining assay. Figures 4.1B and C show that apoptotic cells containing
condensed and/or fragmented nuclei were not detectable in response to zinc ion
treatment at the concentrations of 5-50 uM. A significant number of apoptotic cells

appreoximately 20% was detected at 100 uM of zinc ion treatment.
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Figure 4.1 Cytotoxic effects of zinc ion on lung cancer H460 cells. (A) Effect of zinc ion
on H460 cell viability. Cells were treated with various concentrations of zinc ion (0-100
uM) for 24 h. Percentage of cell viability was determined by the MTT assay. Values are

means = S.E.M. of the independent triplicate experiments. * p<0.05 versus non-treated



56

control. (B) Apoptotic cells were detected by Hoechst33342 staining after 24 h of zinc
ion treatment. Values are means of independent triplicate experiments + S.E.M. *
p<0.05 versus non-treated control. (C) Nuclear morphology of the cells stained with
Hoechst 33342 and visualized under a fluorescence microscope. White arrow indicates
the apoptotic cells having condensed chromatin and/or fragmented nuclei.; scale bar

= 100 pm.

1.2 Proliferative effects of zinc ion on H460 cells.
Proliferative effect of zinc ion at 0-50 uM was further evaluated by treating the
cells with zinc ion for 0-72 h. Figure 4.2 indicates that zinc ion at the concentrations of

0-50 uM had no inductive effect on cell proliferation.
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Figure 4.2 Proliferative effects of zinc ion on lung cancer H460 cells. Cells were treated
with zinc ion (0-50 uM) for 0-72 h and analyzed by MTT assay. Relative cell proliferation
was calculated by divided the percentage of cell viability in the treated group by those
of control group. Values are means + S.E.M. of independent triplicate experiments. *

p<0.05 versus non-treated control.
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2 Effect of zinc ion on EMT characteristics in lung cancer H460 cells.

The effect of zinc ion on EMT in H460 cells was next investigated. The alteration

of cell morphology as well as hallmarks of EMT were used to monitor the effect of

zinc ion on EMT process in lung cancer cells.

2.1 Effect of zinc ion on cell morphology.

Cells were treated with zinc ion at non-toxic concentrations for 24 h. The
morphology of the cells was captured and presented in figure 4.3. The results
showed that the zinc ion -treated cells exhibited morphology of mesenchymal-
like cells with the elongated shape and loss of cell polarity. These results also
suggested that the mesenchymal-like morphology is somehow dose-dependent

as the more elongated cells could be found in the cells treated with high

concentrations of zinc ion.

Figure 4.3 Effect of zinc ion on cell morphology. Zinc ion caused an alteration of cell

morphology. Cells were treated with various concentrations of zinc ion (0-50 pM) for

24 h. Cells morphology was examined by phase-contrast microscope; scale bar = 100

um.
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2.2 Effect of zinc ion on EMT markers.

The switch of E-cadherin to N-cadherin and increase of EMT proteins
including vimentin, slug, and snail have been shown to be important hallmarks of
EMT in cancer cells (Yang and Weinberg, 2008; Thiery et al., 2009; Iwatsuki et al.,
2010; Craene and Berx, 2013). We next determined such cellular EMT markers in
the lung cancer cells treated with zinc ion by western blot analysis and

Immunofluorescence.

Obviously, treatment of the cells with zinc ion could reduce E-cadherin in
a dose-dependent manner. Together with the fact that the significant increase of
N-cadherin was found when treating the cells with 5-50 uM of zinc ion, these data
strongly indicated that zinc ion could be able to mediate E-cadherin to N-cadherin

switching in these cells as shown in figure 4.4A and B.

In addition, the upstream transcription factors of EMT namely snail and
slug were determined in the zinc ion-treated cells. These factors were shown to
bind to E-box elements in the promoter region of E-cadherin, resulting in the
transcriptional repression of E-cadherin and induction of mesenchymal markers
(Yang and Weinberg, 2008; lwatsuki et al., 2010; Craene and Berx, 2013). The result
in fisures 4.4A and B indicate that zinc ion significantly increased the expression

levels of slug and snail.

Also, the results of western blot analysis (Figure 4.4A and B) and
immunofluorescence (Figure 4.4C) indicate the EMT protein vimentin was found to
be induced by zinc ion. Taken together, these results suggested that zinc ion could

induce EMT in lung cancer cells.
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Figure 4.4 Effect of zinc ion on EMT markers. Cells were treated with various
concentrations of zinc ion (0-50 uM) for 24 h. (A) The expression levels of EMT protein

markers were determined by western blotting. The blots were re-probed with (3-actin

to confirm equal loading of the samples. (B) The blots were quantified by densitometry
and mean data from three independent experiments were normalized to the results.
The bars are the means + S.E.M. of independent triplicate experiments. *p<0.05 versus
untreated control (C) Expression of vimentin was analyzed by immunofluorescence

staining; scale bar = 100 um.

2.3 Effect of zinc ion on cell migration.

One important phenotype of EMT cells is the increase in cell motility.
Studies have demonstrated that EMT could enhance aggressiveness of tumor cells
by increasing their ability to migrate and invade (Yang and Weinberg, 2008; Iwatsuki

et al., 2010; Craene and Berx, 2013).

To evaluate the effect of zinc ion on cancer cell motility, cells were left
untreated or pretreated with zinc ion at non-toxic concentrations for 24 h and
subjected to migration and invasion assays as described in the Materials and
Methods. Wound healing migratory assay showed that zinc ion significantly
facilitated migratory activity of the cells with the relative cell migration increased
approximately 1.3-1.8-fold in comparison to that of non-treated control cells

(Figure 4.5A and B).

Also, the transwell migration assay was performed to confirm the migratory

effect of zinc. Figure 4.6A and B shows that zinc ion treatment significantly
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increased the number of cells passed through the membrane of well, suggesting

that such element induced cell migration.

2.4 Effect of zinc ion on cell invasion.

Next, we performed experiments to test the ability of the cancer cells in
invading through matrigel. The transwell was pre-coated with matrigel and the zinc
ion-treated cells were seeded on top. The cells were allowed to invade for 24 h

and the invaded cells at the lower part of the membrane were determined.

Figure 4.7A and B shows the significantly higher number of invading cells
was found in zinc ion-treated group, suggesting that zinc ion promoted the invasion

of H460 cells in a dose-dependent manner.
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Figure 4.5 Effect of zinc ion on lung cancer cell migration by wound healing assay. Cells
were pre-treated with zinc ion (0-50 uM) for 24h. The treated cells were subjected to
migration assays. (A) For wound healing assay, the confluent monolayers of the cells
were wounded by using a 1 mm-wide tip and cultured with the fresh medium. After
24 h of incubation, wound spaces were analyzed and represented as a relative
migration level. (B) The relative migration level was determined by comparing the
relative change of zinc ion-treated cells to non-treated control cells. Values are means

+ S.E.M. of independent triplicate experiments. *p<0.05 versus non-treated control.
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Figure 4.6 Effect of zinc ion on lung cancer cell migration by transwell migration assay.
Cells were pre-treated with zinc ion (0-50 pM) for 24 h. The treated cells were
subjected to migration assays. (A) For transwell migration assay, migratory cells were
stained with Hoechst 33342 for 30 min, determined under a fluorescence microscope.
(B) The number of migratory cells was quantified and represented as average number
of migratory cells in each field relatively to control cells. The bars are the means +

S.E.M. of independent triplicate experiments. *p<0.05 versus untreated control.
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Figure 4.7 Effect of zinc ion on lung cancer cell invasion. Cells were pre-treated with
zinc (0-50 pM) for 24h and the treated cells were subjected to invasion assays. (A) Cell
invasion was evaluated using a transwell coated with matrigel as described under
Materials and Methods. After 24 h, the cells that invaded across the membrane were
stained with Hoechst 33342 for 30 min and visualized under a fluorescence
microscope. (B) Value was represented as average number of invaded cells in each
field relatively to control. Values are means + S.E.M. of independent triplicate

experiments *p<0.05 versus untreated control.
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2.5 Effect of zinc ion on motility-related proteins.

Enhanced tumor cell migration and invasiveness are shown to be down-
stream behaviors of FAK signal (Nieman et al., 1999; Wheelock et al., 2008; Mendez
et al,, 2010; Havel et al,, 2015). This study next determined the effect of zinc ion
treatment on motility regulatory proteins including FAK; activated (phosphorylated
at Try397) FAK, active forms of RAC1, and RhoA by western blot analysis. The
results showed that treatment of the cells with 0-50 uM of zinc ion for 24 h
dramatically increased the activation of FAK (Figure 4.8). Also, its down-stream
functioning proteins active Racl and RhoA were found to increase, accordingly.
These results suggested that zinc ion treatment increase EMT-associated cell

behaviors trough FAK-dependent pathway.
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Figure 4.8 Effect of zinc ion on motility-regulatory proteins. (A) Cells were pre-treated
with zinc ion (0-50 uM) for 24 h. The treated cells were subjected to western blot
analysis to determine the expression levels of motility-regulatory proteins. The blots

were re-probed with 3-actin to confirm equal loading of the samples. (B) The blots

were quantified by densitometry and mean data from three independent experiments
were normalized to the results. The bars are the means + S.E.M. of independent

triplicate experiments. *p<0.05 versus untreated control.
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2.6 Effect of zinc ion on tumorigenicity.

It is well known that the EMT process facilitate tumor formation at the
metastatic site (Hwang et al,, 2011; Voon et al., 2013; Zhou et al., 2014) and this
potential is responsible for cancer progression (Hwang et al,, 2011; Voon et al,
2013; Zhou et al., 2014). Having shown that zinc ion affected the expressions of
EMT regulatory proteins, we next tested whether zinc ion may augment the ability

of cancer cell to initiate a new tumor.

Previous studies have shown that in vitro 3D tumorigenesis assay reflexes
ability of the cancer cells in in vivo cancer condition (Kimlin et al., 2013). Therefore,
in vitro 3D tumorigenesis assay was utilized to evaluate tumorigenic potential in

response to zinc ion treatment.

Cells were left un-treated or pre-treated with various concentrations of zinc
ion (0-50 pM) for 24 h and subjected to tumorigenesis assay as described in
Materials and Methods. After 10 days of 3D culturing, the colony number and
diameter were determined. Figure 4.9A and B shows that zinc treatment enhances
tumorigenic ability of the lung cancer cells as indicated by the significant increase
in the number and size of colonies in zinc-treated groups. The number of colonies
increased approximately 1.38-fold and 1.76-fold in response to zinc at 25 and 50
UM, respectively (Fig. 4.9B). The result suggested that zinc ion could enhance

tumorigenic potential of lung cancer H460 cells.
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Figure 4.9 Effects of zinc ion on tumorigenic potential of H460 lung cancer cells. (A)
HA460 cells were pre-treated with zinc (0-50 pM) for 24h. The treated cells were
subjected to 3D tumorigenesis assay. The cells were suspended in RPMI medium
containing 4% Matrigel and zinc ion (0-50 uM) and plated onto agarose-coated plate.
After 10 days, whole area of each well was captured in one picture under microscope
and the colonies with more than 25 pm of diameter were quantified; scale bar = 500
um. (B) Value was represented as average diameter and number of colonies in all field
of each well relatively to control cells using image analyzer. Values are means + S.E.M.

of independent triplicate experiments. *p<0.05 versus untreated control.
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3. Effect of zinc ion on intracellular ROS in lung cancer H460 cells and specific
type of ROS identification.

Studies have demonstrated the roles of ROS on cancer EMT phenotypes (Wu,

2006; Wang et al.,, 2010; Wu and Wu, 2010). Because zinc ion has been previously

shown to affect the redox balance of the cells and exhibit the pro-oxidant activity in

normal and cancer cells (Noh and Koh, 2000; Rudolf et al., 2005; Rudolf, 2007; Wu et

al,, 2013), we next evaluated whether the effect of zinc ion in regulation of EMT in

these lung cancer cells is through ROS-dependent mechanism.

To examine the specific ROS levels induced by zinc ion, cells were incubated
with various ROS specific probes as mentioned in Material and Methods for 30 min
before treatment with various concentrations of zinc ion (0-50 pM) and intracellular
ROS levels were determined by flow cytometry and fluorescence microplate reader

after 0-3 h of incubation.

Figures 4.10A and 4.11A show that zinc ion significantly increased cellular
superoxide anion, while it had minimal effect on hydrogen peroxide (Figure 4.10B and
4.11B) and hydroxyl radical (Figure 4.10C and 4.11C). Consistent with microplate reader
determination, flow cytometric analysis revealed that intracellular superoxide anion
significantly increased up to 2-fold in response to zinc ion treatment (Figure 4.12A and
B) and zinc ion had no detectable effect on hydrogen peroxide and hydroxyl radical

(Figure 4.12A, C and D).
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Figure 4.10 Effects of zinc ion on ROS generation in H460 cells in time-dependent
manner analyzed by microplate reader. The cells were incubated with specific ROS
probes, namely, DHE, DCFH,-DA, or HPF for superoxide anion, hydrogen peroxide and
hydroxyl radical, respectively at 4°C for 30 min prior to the treatment with zinc ion (50
uM) for 0-3 h and the fluorescence intensity was analyzed by a microplate reader.
Mean intensity was normalized to untreated control cells and represented as relative
ROS levels. (A) Effects of zinc ion on superoxide anion generation. (B) Effects of zinc
ion on hydrogen peroxide generation. (C) Effects of zinc ion on hydroxyl radical
generation. Values are means + S.E.M. of independent triplicate experiments. *p<0.05

versus untreated control.



72

nnoe n <9 n Q9
S I B =R

(1opeax dejdordiw Aq) [9A9)
uorue aprxoradns dAane[ay

v

10
Zinc (uM)

mil

i

LV

-l

Ve o o o

(1opeat gejdordiwn £q) [9A9]
ap1xolad UdSoIpAY sAnR[Y

Zinc (uM)

(1opear dejdosdrw Aq)
[QAJ] [BOIpRI [AXOIPAL dALIR[IY

s

10

Zinc (uM)

o



73

Figure 4.11 Effects of zinc ion on ROS generation in H460 cells in dose-dependent
manner analyzed by microplate reader. The cells were incubated with specific ROS
probes, namely, DHE, DCFH,-DA, or HPF for superoxide anion, hydrogen peroxide and
hydroxyl radical, respectively at 4°C for 30 min prior to the treatment with zinc ion (0-
50 pM) for 3 h and the fluorescence intensity was analyzed by a microplate reader.
Mean intensity was normalized to untreated control cells and represented as relative
ROS levels. (A) Effects of zinc ion on superoxide anion generation. (B) Effects of zinc
ion on hydrogen peroxide generation. (C) Effects of zinc ion on hydroxyl radical
generation. Values are means + S.E.M. of independent triplicate experiments. *p<0.05

versus untreated control.
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Figure 4.12 Effects of zinc ion on ROS generation in H460 cells in time dependent
manner analyzed by flow cytometry. (A) The cells were incubated with specific ROS
probes, namely, DHE, DCFH,-DA, or HPF for superoxide anion, hydrogen peroxide and
hydroxyl radical, respectively at 4°C for 30 min prior to the treatment with zinc ion (50
uM) for 0-3 h and the fluorescence intensity was analyzed by flow cytometry. Mean
intensity was normalized to untreated control cells and represented as relative ROS
levels. (B) Effects of zinc ion on superoxide anion generation. (C) Effects of zinc ion on
hydrogen peroxide generation. (D) Effects of zinc ion on hydroxyl radical generation.
Values are means + S.E.M. of independent triplicate experiments. *p<0.05 versus

untreated control.

We further confirmed the superoxide anion-inducing effect of zinc ion using
specific superoxide anion inhibitor MNTBAP. Results indicated that treatment with the
zinc ion caused the superoxide anion up-regulation in the cells and such event could
be abolished by the addition of MNTBAP as shown in figure 4.13, confirming that the

major ROS induced by zinc treatment in our system was superoxide anion.
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Figure 4.13 Effects of zinc ion on superoxide anion generation in H460 cells analyzed
by flow cytometry. (A) The cells were incubated with DHE at 4°C for 30 min prior to
pre-treatment with 50 uM MNTBAP (superoxide anion inhibitor) for 1 h in the presence
or absence of zinc ion (50 uM) for 3 h and the fluorescence intensity was analyzed by
flow cytometry. (B) Mean intensity was normalized to untreated control cells and
represented as relative superoxide anion levels. Values are means + S.EM. of
independent triplicate experiments. *p<0.05 versus non-treated control cells, #p<0.05

versus zinc ion-treated group.

4. Effect of superoxide anion on EMT characteristics.
In order to investigate the role of superoxide anion on EMT induction, cell
morphology, EMT markers, migratory behaviors, and tumorigenic assay were evaluated

in the cells treated with zinc ion and specific inhibitor of superoxide anion.

4.1 Effect of superoxide anion on cell morphology of H460 cells
For EMT marker evaluation, cells were cultured in the presence or absence
of MnTBAP for 1 h prior to zinc ion (50 uM) treatment and EMT phenotypes were

determined. Also, to clarify role of superoxide anion, the superoxide anion inducer
DMNQ was used. The results show that treatment of the cells with DMNQ or zinc
ion alone was able to switch the morphology of lung cancer cells from epithelial
to fibroblast-liked mesenchymal feature (Figure 4.14). Addition of MnTBAP to the
zinc ion-treated cells could be able to attenuate such morphologic

transformation.
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Figure 4.14 Effect of superoxide anion on cell morphology. H460 cells were incubated
with 5 uM of DMNQ (superoxide anion inducer) or 50 uM of zinc ion, in the presence
or absence of MNTBAP (superoxide anion inhibitor; 50 uM) for 24 h prior to morphology

examination using phase contrast microscope; scale bar=100 um.

4.2 Effect of superoxide anion on EMT markers.

Consistently, the results of western blot analysis revealed that EMT
markers including N-cadherin, vimentin, snail, and slug were found to be
significantly increased in response to DMNQ and zinc ion treatment and such

phenomenon could be reversed by the addition of MNnTBAP (Figure 4.15A and B).

In addition, immunocytochemistry showed the increased vimentin found
in DMNQ- and zinc ion- treated cells. And the increased vimentin signal induced

by zinc ion was suppressed by the addition of MNnTBAP (Figure 4.15C).
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Figure 4.15 Effect of superoxide anion on EMT markers. (A) Cells were treated with 5

Hoechst

Vimentin

uM of DMNQ or 50 uM of zinc ion, in the presence or absence of MNTBAP (50 uM) for
24 h. The cells were collected and analyzed for EMT markers by Western blotting. The

blots were re-probed with 3-actin to confirm equal loading. (B) The immunoblot signals

were quantified by densitometry and mean data from independent experiments were
normalized to the results. The bars are the means + S.E.M. of independent triplicate
experiments. *p<0.05 versus non-treated control cells, #p<0.05 versus zinc ion-treated
group. (C) The expression of vimentin was analyzed by immunofluorescence staining;

scale bar = 100 pm.
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4.3 Effect of superoxide anion on cell motility.

The migration and invasion of the cells were further evaluated. The results
were consistent with the expression levels of EMT proteins that DMNQ and zinc
ion could be able to induce cell migration and invasion and such inductions could

be abolished by superoxide anion inhibitor (Figure 4.16 and 4.17).

4.4 Effect of superoxide anion on tumorigenicity.

Tumorigenic potential in response to superoxide anion was also
investigated. The result indicated that the colony size and number which were
increased in response to DMNQ and zinc ion treatment were found to be

significantly attenuated by the treatment of MNnTBAP (Figure 4.18).

Taken together, these results pointed out that zinc ion induces EMT process,
migratory behaviors, and tumorigenic potential in the lung cancer cells via superoxide

anion-dependent mechanism.
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Figure 4.16 Effect of superoxide anion on cell migration in H460 cells. H460 cells were
treated with 5 pM of DMNQ or 50 uM of zinc ion, in the presence or absence of MNTBAP
(50 pM) for 24 h. The treated cells were subjected to migration assays. (A) For wound
healing assay, the confluent monolayers of the cells were wounded by using a 1 mm-
wide tip and cultured with the fresh medium. After 24 h of incubation, wound spaces
were analyzed and represented as a relative migration level. (B) The relative migration
level was determined by comparing the relative change of zinc ion-treated cells to
untreated control cells. Values are means + S.E.M. of independent triplicate

experiments. *p<0.05 versus non-treated control cells, #p<0.05 versus zinc ion-treated

group.
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Figure 4.17 Effect of superoxide anion on cancer cell invasion in H460 cells. H460 cells
were treated with 5 uM of DMNQ or 50 uM of zinc ion, in the presence or absence of
MnTBAP (50 uM) for 24 h. The treated cells were subjected to invasion assays. (A) Cell
invasion was evaluated using a transwell coated with matrigel as described under
Materials and Methods. After 24 h, the cells that invaded across the membrane were
stained with Hoechst 33342 for 30 min and visualized under a fluorescence
microscope. (B) Value was represented as average number of invaded cells in each
field relatively to control. Values are means + S.EIM. of independent triplicate
experiments. *p<0.05 versus non-treated control cells, #p<0.05 versus zinc ion-treated

group.
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Figure 4.18 Effect of superoxide anion on tumorigenicity of H460 cells. (A) H460 cells
were treated with 5 uM of DMNQ or 50 uM of zinc ion, in the presence or absence of
MnTBAP (50 uM) for 24 h. The treated cells were subjected to 3D tumorigenesis assay.
The cells were suspended in RPMI medium containing 4% Matrigel and plated onto
agarose-coated plate. After 10 days, whole area of each well was captured in one
picture under microscope and the colonies with more than 25 pm of diameter were
quantified; scale bar = 500 um. (B) Value was represented as average diameter and
number of colonies in all field of each well relatively to control cells using image
analyzer. Values are means + S.E.M. of independent triplicate experiments. *p<0.05

versus non-treated control cells, #p<0.05 versus zinc ion-treated group.
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4.5 Effect of DMNQ on superoxide anion generation in H460 cells

As DMNQ was used as a superoxide anion donor, the intracellular
superoxide anion generated by DMNQ was determined. Cells were incubated with
DHE as mentioned in Material and Methods for 30 min and treated with 5 uM of
DMNQ. DHE intensity was determined by flow cytometry. The result indicated the

1.5-fold superoxide induction in DMNQ-treated cells as shown in Figure 4.19.
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Figure 4.19 Effects of DMNQ on superoxide anion generation in H460 cells analyzed by
flow cytometry. (A) Cells were incubated with DHE at 4°C for 30 min prior to the
treatment of DMNQ (5 uM) or zinc ion (50 uM), and the fluorescence intensity was
analyzed by flow cytometry at 3 h. (B) Mean intensity was normalized to untreated
control cells and represented as relative superoxide anion levels. Values are means +

S.E.M. of independent triplicate experiments. *p<0.05 versus non-treated control cells.

5. Effect of zinc ion on CSC phenotypes in lung cancer H460 cells.

Cancer stem cells (CSCs) as well as epithelial-to-mesenchymal transition (EMT)
play critical roles in cancer progression and metastasis. Although these two events
have distinct characteristics and molecular pathways, EMT were frequently found to
possess CSC characteristics. Next, the effects of zinc ion on CSC phenotypes was

investigated.

5.1 Effect of zinc ion on CSC markers.

Previous evidence has stated self-renewal and pluripotency properties of
CSCs were regulated by distinct transcription factors, including Nanog, Sox2 and
Octd (Liu et al., 2013). Additionally, well-accepted indicators for CSCs, in particular
in lung cancer CSCs, such as CD133 and ALDH1A1 are often up-regulated (Ginestier
et al,, 2007; Eramo et al., 2008; Jiang et al., 2009). And these CSC markers have a
significant prognostic value strongly related to poor survival in non-small cell lung

cancer (Alamgeer et al., 2013).

Therefore, CSC markers were determined in this study using western blot
analysis and flow cytometry. Cells were treated with various concentrations of

zinc ion (0-50 uM) for 72 h and the expression levels of lung CSC markers (CD133
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and ALDH1A1) were determined. The results of western blot analysis and flow

cytometry consistently indicated that zinc ion significantly decreased cellular

levels of CD133 and ALDH1A1 in a dose-dependent manner (Figure 4.20).

In addition, the transcription factors regulating CSCs, namely Octd, Nanog,

and Sox2 were determined as described. The results indicated that zinc ion

dramatically reduced cellular levels of Oct4, Nanog, and Sox2 (Figure 4.20A and B).
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Figure 4.20 Effect of zinc ion on CSC markers of lung cancer H460 cells. Zinc ion-

exposed cells (0-50 uM) for 3 days were analyzed for the expression levels of CSC

markers (A) Expression levels of CSC markers were analyzed by western blotting. The

blots were re-probed with f3-actin to confirm equal loading of the samples. (B) The

blots were quantified by densitometry and mean data from three independent
experiments were normalized to the results. The bars are the means + S.E.M. of
independent triplicate experiments. *P<0.05 versus non-treated control. (C) The
expression of CD133 and ALDH1Al was measured by flow cytometry for zinc ion-
treated and non-treated cells at 72 h. Flow cytometry was performed using rabbit anti-
CD133 and ALDH1Al monoclonal antibodies followed by Alexa Fluor 488-labeled

secondary antibody to visualize CD133 and ALDH1A1 expressions.
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5.2 Effect of zinc ion on spheroid formation.

According to established knowledge of stem cell characteristics of cancer
cells, spheroid type cells grown under suspension culture conditions have CSC
phenotype-enrich population presented self-renewal ability in a number of
cancers (Levina et al., 2010; Cao et al., 2011; Singh et al., 2012; Kantara et al., 2014,
Condello et al., 2015; Chanvorachote and Luanpitpong, 2016; Grun et al., 2016;

Luanpitpong et al., 2016; Zhou et al., 2016).

To proof the presence of CSC phenotype-rich population in the model
which was used in this study, lung cancer cells were grown in single cells-
suspended condition to form primary and secondary spheroids (in total the cells
were suspended 28 days (14 + 14 days). The secondary spheroids were collected

and characterized for the well-known CSC markers.

Figure 4.21A and B, shows that the expressions of CD133 and ALDH1A1
were dramatically increased in stem cell phenotype-rich population in comparison

with their parental cells, confirming the exitance of CSC population in this model.
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Figure 4.21 The expression of CD133 and ALDH1A1 in CSC-rich population. (A) Cells
were grown in suspended condition in serum free RPMI medium to form the primary
and secondary spheroid as described in Materials and Methods for 28 days in total.
Cell lysate was prepared and well-known lung CSC markers were determined by
western blot analysis comparing to attached-cultured parental cells. The blots were

re-probed with 3-actin to confirm equal loading of the samples. (B) The blots were

quantified by densitometry and mean data from three independent experiments were
normalized to the results. The bars are the means + S.E.M. of independent triplicate

experiments. *P<0.05 versus non-treated control.
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To test the effect of zinc ion on CSC regulation in lung cancer cells, H460
cells were similarly incubated with various non-toxic concentrations of zinc (0-50

uM) for 72 h and subjected to spheroid formation assay.

Consistent with the western blot results figure 4.22 show that zinc ion-
treated cells formed a reduced number of secondary tumor spheres in
comparison to that of passage-matched control cells. Such a finding indicates the
existence of CSC phenotype-rich population in HA460 cell counterpart and the loss

of CSC properties in zinc ion-treated cells. At the treatment doses of 5-50 pM, zinc

ion-treated cells exhibited a 50-75% reduction in numbers of spheroids (Figure
4.22B), however, the size of the spheroids formed was only found to be slightly

different (Figure 4.220).

Taken together, these results revealed that zinc ion could attenuate CSC

phenotypes of these lung cancer cells.
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Figure 4.22 Effects of zinc ion on tumor spheroid formation in H460 cells. (A) Zinc ion-

exposed cells (0-50 uM) for 3 days were analyzed for tumor sphere formation. Tumor
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spheroids were visualized under a phase contrast microscope after 4 weeks of culture;
scale bar = 1000 pm. (B-C) Quantitative analysis of tumor spheroids. Values are means

+ S.E.M of triplicate independent experiments. *P<0.05 versus non-treated control.

6. Effect of zinc ion on CSC regulatory proteins.

[3-catenin is known to play a central role in the maintenance of CSCs in many

cancers including lung cancer (Cai and Zhu, 2012; Holland et al., 2013; Mao et al,,

2014).

6.1 Effect of zinc ion on R-catenin expression.
To investigate whether zinc ion suppresses CSC features of lung cancer

cells through a f3-catenin-dependent mechanism, the cells were treated with
various concentrations of zinc ion (0-50 uM) for 24 and 72 h, and the cellular level

of 3-catenin was determined by western blot analysis.

Figure 4.23 shows that the f(-catenin levels were depleted in dose-

dependent manner both at 24 and 72 h post zinc ion treatment.
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Figure 4.23 Effect of zinc ion on 3-catenin expression. (A, C) Cells were treated with

zinc ion (0-50 uM) for 24 or 72 h. The treated cells were subjected to western blot

analysis to determine the expression levels of (-catenin. The blots were re-probed
with 3-actin to confirm equal loading of the samples. (B, D) The blots were quantified

by densitometry and mean data from three independent experiments were
normalized to the results. The bars are the means + S.E.M. of independent triplicate

experiments. *p<0.05 versus untreated control.

6.2 Effect of zinc ion on B-catenin degradasion.

As the decrease of [3-catenin via the ubiquitin-proteasomal mechanism is
the determining step of 3-catenin signaling (Holland et al., 2013), the proteasome

inhibitor was used to prove whether such degradation was responsible for the zinc

ion-mediated (3-catenin depletion. The cells were treated with 50 uM of zinc ion
for 24 h in the absence or presence of 10 pM of clasto-lactacystin (3-lactone
(specific proteasome inhibitor).

The results indicated that treatment of the cells with zinc ion resulted in
a significant decrease in 3-catenin level. Interestingly, such a phenomenon was

prevented by the addition of proteasome inhibitor (Figure 4.24), suggesting that

zinc ion could affect proteasome degradation of {3-catenin.

Further, ubiquitination of 3-catenin was analyzed in response to zinc ion

treatment using immunoprecipitation. The cells were treated with zinc ion (0-50
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uM) for 0-3 h and cell lysates were prepared and immunoprecipitated using an

anti- 3-catenin antibody.

The resulting immune complexes were then analyzed for ubiquitin by
western blot using an anti-ubiquitin antibody. Fugues 4.25 shows that the levels

of B-catenin-ubiquitin complexes were found to be increase in zinc ion-treated

group in dose- and time-dependent manner, suggesting that zinc ion was able to

induce ubiquitination of [3-catenin

Taken together, zinc ion mediated (-catenin down-regulation via a

proteasome-dependent mechanism.
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Figure 4.24 Effect of zinc ion on proteasome degradation of (-catenin. Cells were
treated with zinc ion (50 uM) in the presence or absence of clasto-lactacystin 3-lactone
(Lac 10 uM) for 24 h. Expression level of B-catenin was determined by western blot

analysis. The blots were quantified by densitometry and mean data from three
independent experiments were normalized to the results. The bars are the means +
S.E.M. of independent triplicate experiments. *P<0.05 versus non-treated control,

#P<0.05 versus 50 uM zinc ion-treated cells.
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Figure 4.25 Effect of zinc on (-catenin ubiquitination. After 1-3 h of treatment the cells

with zinc ion (0-50 uM) in the presence of Lac (10 uM), cells lysates were prepared and

immunoprecipitated (IP) with anti-B-catenin antibody. The resulting immune
complexes were then analyzed for 3-catenin ubiquitination by western blotting (WB)

using anti-ubiquitin antibody.

6.3 Effect of zinc ion on PKCa activation.PKCa is an important negative

regulator of [3-catenin as it was phosphorylated and subjected to proteasomal

degradation (Gwak et al., 2006).
Active PKCa (phosphorylated PKCa) and its total form were evaluated by
western blot analysis in the cells treated with zinc ion (0-50 uM) for 12 h. Figures
26A and B show that treatment of the cells with zinc ion resulted in a substantial

increase in phosphorylated PKCa, while the total PKCa remained unaffected.
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Figure 4.26 Effect of zinc ion on PKCa activation in H460 cells. (A) Cells were treated
with zinc ion (0-50 uM) for 12 h. The treated cells were subjected to western blot

analysis to determine the expression levels of PKCa. The blots were re-probed with (3-

actin to confirm equal loading of the samples. (B) The blots were quantified by
densitometry and mean data from three independent experiments were normalized
to the results. The bars are the means + S.E.M. of independent triplicate experiments.

*p<0.05 versus non-treated control.
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6.4 Effect of PKCa on CSC phenotypes

To investigate the effects of PKC on CSC markers, we next utilized a highly
selective PKCa inhibitor bisindolylmaleimide | (BIM; 5 uM) and PKCa activator
A23187 (0.1 uM). The cells were treated with zinc ion for 3 days in the absence or
presence of BIM, and the key spheroid forming behavior was tested with spheroid

formation assay and CSC markers were analyzed by western blotting.

Figure 4.27 shows that treatment of the cells with zinc ion alone reduced

the expressions of all CSC-related proteins including CD133, (3-catenin, ALDH1A1,

Octd, Nanog, and Sox2. The addition of the PKCa inhibitor (BIM) obviously

prevented such decrease of CSC markers. Consistantly, the attenuated spheroid

formation induced by zinc ion could be reversed by the treatment of PKCa

inhibitor as indicated in figure 4.28.

In like fashion, treatment of the cells with PKCa activator resulted in a
significant reduction of CSC properties of lung cancer cells, such as the down-

regulation of CSC markers (CD133, R-catenin, and ALDH1A1) and the decrease in

spheroid formation as shown in figures 4.29 and 4.30, respectively.

Taken together, these finding provided the evidence that zinc ion exerted
its inhibitory effect on CSC regulation of lung cancer cells via PKCgq, activation and

mediated f3-catenin degradation via a PKCa-dependent mechanism.
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Figure 4.27 Effect of PKCa on expression of CSC markers verified by PKCa inhibitor. (A)
Cells were treated with zinc ion (50 pM), in the presence or absence of 5 UM
bisindolylmaleimide | (BIM; PKCa inhibitor) for 72 h. The treated cells were subjected

to western blot analysis to determine the expression levels of CSC markers. The blots

were re-probed with 3-actin to confirm equal loading of the samples. (B) The blots

were quantified by densitometry and mean data from three independent experiments
were normalized to the results. The bars are the means + S.E.M. of independent
triplicate experiments. *p<0.05 versus non-treated control cells. #p<0.05 versus zinc

ion-treated cells.
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Figure 4.28 Effect of PKCa on spheroid formation verified by PKCa inhibitor. (A) Cells
were treated with zinc ion (50 uM) in the presence or absence of 5 uM BIM for 3 days.
Tumor sphere formation was determined. Cells were cultured under non-attached and

serum-starved conditions and tumor spheroids were visualized under a phase contrast
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microscope after 4 weeks of culture, scale bar = 1000 um. (B, C) The tumor spheroids
were quantified. Values are means + S.E.M. of triplicate independent experiments.

*p<0.05 versus non-treated control cells. #p<0.05 versus zinc ion-treated cells.
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Figure 4.29 Effect of PKCa on expression of CSC markers verified by PKCa inducer. (A)

Cells were treated with 0.1 uM A23187 (PKC activator) for 72 h. The treated cells were
subjected to western blot analysis to determine the expression levels of CSC markers.

The blots were re-probed with (3-actin to confirm equal loading of the samples. (B)

The blots were quantified by densitometry and mean data from three independent
experiments were normalized to the results. The bars are the means + S.EM. of

independent triplicate experiments. *p<0.05 versus non-treated control cells.
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Figure 4.30 Effect of PKCa on spheroid formation verified by PKCa inducer. (A) Cells
were treated with 0.1 uM A23187 for 3 days. Tumor sphere formation was determined.
Cells were cultured under non-attached and serum-starved conditions and tumor

spheroids were visualized under a phase contrast microscope after 4 weeks of culture,
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scale bar = 1000 um. (B, C) The tumor spheroids were quantified. Values are means +

S.EM. of triplicate independent experiments. *p<0.05 versus non-treated control cells.

7. Effect of superoxide anion on CSC phenotypes
7.1 Effect of superoxide anion on CSC markers.
For CSC marker evaluation, cells were treated with zinc ion (50 uM) in the
absence or presence of superoxide anion scavenger (MnTBAP; 50 uM) and
evaluated for CSC markers. Additionally, a superoxide anion generator DNMQ (5

uM) was used to indicate the effect of superoxide anion on CSCs.

The results indicated that treatment of the cells with zinc ion or DMNQ
alone had a negative effect on CSC markers expressed in these cells, and this

effect of zinc ion could be abolished by the addition of MnTBAP (Figure 4.31).

7.2 Effect of superoxide anion on spheroid formation.
Cells were treated with DMNQ or zinc ion, in the absence or presence of

MnTBAP (50 uM) and evaluated for spheroid formation capability.

Figure 4.32 demonstates that MnTBAP completely inhibited zinc ion-
suppressed spheroid formation as shown by the number of spheroids in
Zinc+MnTBAP groups reversed to the control level. Also, a superoxide anion
inducer significantly reduced the number of spheroids formed, indicating the role

of superoxide anion in inhibiting this CSC behavior.
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Fisure 4.31 Effect of superoxide anion on CSC markers of H460 cells. Cells were
incubated with 5 uM DMNQ or 50 uM zinc ion, in the presence or absence of MNTBAP
(50 pM) for 3 days. (A) The treated-cells were collected and analyzed for the expression

levels of CSC markers by Western blotting. The blots were re-probed with 3-actin to

confirm equal loading. (B) The immunoblot signals were quantified by densitometry

and mean data from independent experiments were normalized to the results. The
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bars are the means + S.E.M. of independent triplicate experiments. *p<0.05 versus non-
treated control cells. #p<0.05 versus zinc ion-treated cells.
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Figure 4.32 Effect of superoxide anion on tumor spheroid formation of H460 cells. H460
cells were incubated with 5 uM DMNQ or 50 UM zinc ion, in the presence or absence
of MnTBAP (50 uM) for 3 days. (A) Tumor spheroids were visualized under a phase
contrast microscope after 4 weeks of culture; scale bar = 1000 um. (B-C) Quantitative
analysis of tumor spheroids. Values are means + S.E.M. of triplicate independent
experiments. *p<0.05 versus non-treated control cells. #p<0.05 versus zinc ion-treated

cells.

7.3 Effect of superoxide anion on on B-catenin degradation.
Further, cells were similarly treated with DMNQ or zinc ion, in the presence

or absence of MnTBAP and subjected to western blot analysis for [3-catenin
determination after 24 h of treatment and immunoprecipitation for {3-catenin-

ubiquitin complex evaluation after 3 h of treatment.

Figures 4.33A and B show that the intracellular (-catenin levels were
reduced by DMNQ and zinc ion treatments. Significantly zinc-induced {3-catenin

reduction can be reversed by MnTBAP treatment. Besides, the evidence also

poined to the possibility that the increase of 3-catenin-ubiquitin complex in zinc-

treated cells can be inhibited by treatment with MnTBAP (Figure 4.33C). These

finding implied that superoxide anion generated by zinc ion could regulate f3-

catenin degradation via ubiquitin-proteasome pathway.
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Figure 4.33 The effects of superoxide anion on f(-catenin degradation. Cells were

incubated with 5 yM DMNQ or 50 pM of zinc ion in the presence or absence of 50 uM

MnTBAP. (A) the expression levels of -catenin was determined by western blotting

after 24 h of incubation. The blots were re-probed with (-actin to confirm equal



110

loading of the samples. (B) The immunoblot signals were quantified by densitometry
and mean data from three independent experiments were normalized to the results.
The bars are the means + S.E.M. of triplicate independent experiments. *p<0.05 versus
non-treated control cells. #p<0.05 versus zinc ion-treated cells. (C) After 3 h of

treatment, cell lysates were prepared and immunoprecipitated (IP) with anti-3-catenin
antibody. The resulting immune complexes were then analyzed for [3-catenin

ubiquitination by western blotting (WB) using anti-ubiquitin antibody.

8. Effect of superoxide anion on PKCa expression.

Evidence indicated that ROS as a signaling messenger have a capability to
oxidize the crucial target molecules, including PKCa (Wu and Wu, 2010). Importantly,
PKCa contains multiple cysteine residues which can be oxidized and activated by ROS
(Gomez et al,, 1999). This study next investigated the effect of superoxide anion on
PKCa activation. Cells were treated with zinc ion in the presence or absence of MNTBAP
(50 pM) for 12 h and the expression level of activated PKCa and total PKCo were

measured by western blot analysis.

Figure 4.34 shows the increased activation of PKCa by zinc ion could be
significantly inhibited by MnTBAP treatment, suggesting the role of zinc ion-induced

superoxide anion generation in PKCa activation.

Taken together, these results support the earlier findings and indicate the
regulatory roles of zinc and superoxide anion in CSC regulation and PKCa -mediated

[3-catenin degradation.
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Figure 4.34 The effect of superoxide anion on PKCa activation. Cells were incubated
with 50 uM of zinc ion in the presence or absence of 50 yM MnTBAP for 12 h. (A)
Expression levels of active PKCa and total PKCa were analyzed by western blotting.

(B) The blots were re-probed with 3-actin to confirm equal loading of the samples.

The immunoblot signals were quantified by densitometry and mean data from three
independent experiments were normalized to the results. The bars are the means +
S.E.M. of triplicate independent experiments. *p<0.05 versus non-treated control cells.

#p<0.05 versus zinc ion-treated cells.
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9. Effect of zinc ion on stem cell program in other lung cancer cells

Having shown the suppressive role of zinc on CSC traits of H460 lung cancer
cells, this study further confirmed such findings in other lung cancer cell lines. Human
lung cancer H292 and H23 cells were treated with various non-toxic concentrations of
zinc ion (0-50 pM) and CSC characteristics as well as key molecular mechanism, such

as CSC markers, spheroid inductive ability, intracellular superoxide anion generation,

and PKCq, activation were evaluated as previously described.

The results demonstrated that in both H292 and H23 cell lines, zinc ion

exhibited a negative regulatory effect on CSC phenotypes which were similar to those

of H460 cells.

9.1 Effect of zinc on CSC in lung cancer H292 cells
Figures 4.35 and 4.36 show that zinc ion depleted expression levels of CSC

markers (CD133, (3-catenin, and ALDH1A1) and suppressed the ability to form

spheroids of H292 lung cancer cells. Also, zinc ion caused an elevation of
superoxide anion level (Figure 4.37) and a significant increase in phosphorylated

PKCa expression (Figure 4.38) in H292 cell lines.



9.1.1 Effect of zinc on CSC markers in H292 cells.
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Figure 4.35 Effect of zinc ion on CSC markers of lung cancer H292 cells. Zinc ion-

exposed cells (0-50 uM) for 3 days were analyzed for the expression levels of CSC

markers (A) Expression levels of CSC markers were analyzed by western blotting. The

blots were re-probed with f3-actin to confirm equal loading of the samples. (B) The

blots were quantified by densitometry and mean data from three independent
experiments were normalized to the results. The bars are the means + S.E.M. of
independent triplicate experiments. *P<0.05 versus non-treated control. (C) The
expression of CD133 and ALDH1A1 was measured by flow cytometry for treated and
non-treated cells at 72 h of zinc ion treatment. Flow cytometry was performed using
rabbit anti-CD133 and ALDH1A1 monoclonal antibodies followed by Alexa Fluor 488-

labeled secondary antibody to visualize CD133 and ALDH1A1 expression.
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9.1.2 Effect of zinc ion on spheroid formation in H292 cells.
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Figure 4.36 Effects of zinc ion on tumor spheroid formation in H292 cells. (A) Zinc ion-

exposed cells (0-50 pM) for 3 days were analyzed for tumor sphere formation. Tumor



116

spheroids were visualized under a phase contrast microscope after 4 weeks of culture;
scale bar = 1000 pm. (B-C) Quantitative analysis of tumor spheroids. Values are means

+ S.E.M of triplicate independent experiments. * P<0.05 versus non-treated control.

9.1.3  Effect of zinc ion on superoxide anion generation in H292 cells.
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Figure 4.37 Effects of zinc ion on superoxide anion generation in H292 cells in dose-
dependent manner analyzed by microplate reader. The cells were incubated with DHE
at 4°C for 30 min prior to the treatment with zinc (0-50 pM) for 3 h and the
fluorescence intensity was analyzed by a microplate reader. Mean intensity was
normalized to untreated control cells and represented as relative superoxide anion
level. Values are means + S.E.M. of independent triplicate experiments. *p<0.05 versus

non-treated control.
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9.1.4 Effect of zinc ion on PKCa activation in H292 cells
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Figure 4.38 Effect of zinc ion on PKCa activation in H292 cells. (A) Cells were treated
with zinc ion (0-50 uM) for 24 h. The treated cells were subjected to western blot

analysis to determine the expression levels of PKCa. The blots were re-probed with 3-

actin to confirm equal loading of the samples. (B) The blots were quantified by
densitometry and mean data from three independent experiments were normalized
to the results. The bars are the means + S.E.M. of independent triplicate experiments.

*p<0.05 versus non-treated control.
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9.2 Effect of zinc on CSC in lung cancer H23 cells
Figures 4.39 and 4.40 indicate that zinc ion reduced the expression levels

of CSC markers (CD133, R-catenin, and ALDH1A1) and attenuated the ability to

form spheroids of H23 lung cancer cells. In addition, zinc ion resulted in an
elevation of superoxide anion level (Figure 4.41) and a significant increase in

phosphorylated PKCa expression (Figure 4.42) in H23 cell lines.

9.2.1 Effect of zinc on CSC markers in H23 cells.
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Figure 4.39 Effect of zinc on CSC markers of lung cancer H23 cells. Zinc ion-exposed

cells (0-50 pM) for 3 days were analyzed for the expression levels of CSC markers (A)

Expression levels of CSC markers were analyzed by western blotting. The blots were

re-probed with 3-actin to confirm equal loading of the samples. (B) The blots were

quantified by densitometry and mean data from three independent experiments were
normalized to the results. The bars are the means + S.E.M. of independent triplicate
experiments. *P<0.05 versus non-treated control. (C) The expression of CD133 and
ALDH1A1 was measured by flow cytometry for treated and non-treated cells at 72 h
of zinc ion treatment. Flow cytometry was performed using rabbit anti-CD133 and
ALDH1A1 monoclonal antibodies followed by Alexa Fluor 488-labeled secondary

antibody to visualize CD133 and ALDH1A1 expression.
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9.2.2 Effect of zinc ion on spheroid formation in H23 cells.
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Figure 4.40 Effects of zinc on tumor spheroid formation in H23 cells. (A) Zinc ion-

exposed cells (0-50 pM) for 3 days were analyzed for tumor sphere formation. Tumor

spheroids were visualized under a phase contrast microscope after 4 weeks of culture;
scale bar = 1000 um. (B-C) Quantitative analysis of tumor spheroids. Values are means

+ S.E.M. of triplicate independent experiments. * P<0.05 versus non-treated control.

9.2.3 Effect of zinc ion on superoxide anion generation in H23 cells.
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Figure 4.41 Effects of zinc on superoxide anion generation in H23 cells in dose-
dependent manner analyzed by microplate reader. The cells were incubated with DHE
at 4°C for 30 min prior to the treatment with zinc (0-50 uM) for 3 h and the
fluorescence intensity was analyzed by a microplate reader. Mean intensity was
normalized to untreated control cells and represented as relative superoxide anion
levels. Values are means + S.E.M. of independent triplicate experiments. *p<0.05

versus non-treated control.
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9.2.4 Effect of zinc ion on PKCa activation in H23 cells
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Figure 4.42 Effect of zinc on PKCa activation in H23 cells. (A) Cells were treated with
zinc ion (0-50 pM) for 24 h. The treated cells were subjected to western blot analysis

to determine the expression levels of PKCa. The blots were re-probed with 3-actin to

confirm equal loading of the samples. (B) The blots were quantified by densitometry
and mean data from three independent experiments were normalized to the results.
The bars are the means + S.E.M. of independent triplicate experiments. *p<0.05 versus

non-treated control.
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Taken together, these results have supported the earier conclusion that
zinc ion has a negative regulatory effect on CSC control in lung cancer cells by

regulating of PKCa via a superoxide-mediated mechanism.
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CHAPTER V
DISCUSSION AND CONCLUSIONS

Zinc ion is an essential trace element that is incorporated in many enzymes
and transcription factors regulating several cell functions, such as cell replication, tissue
or cell growth, immunity, and bone formation (Hajo and Wolfgang, 2010; Wu et al,,
2013). Zinc ion has a capability to bind directly to amino acid residues at the catalytic
site and participates in reaction activity of enzymes, leading to affect several life
processes (Kuwahara and Coleman, 1990). Commonly, zinc ion is transported by two
major proteins, including Zrt/Irt-like protein (ZIP) and zinc transporter protein (ZnT). ZIP
transports extracellular zinc ion to the cytosol, while ZnT transports cytosolic zinc ion
out of the cells or moves it into vesicle or organelle (Haase and Maret, 2003; Cousins

et al., 2006).

Interestingly, previous evidence indicated that several zinc ion influx
transporters such as ZIP 6 (Hogstrand et al., 2013), ZIP7 (Taylor et al., 2012) and ZIP10
(Kagara et al.,, 2007) were shown to be up-regulated in some cancer cells and their
high levels correlate with aggressive behaviors and poor prognosis. Besides, the
aberrant level of zinc ion has been found in the condition of cancer. The reduced
plasma zinc ion level was found in patients with gallbladder, prostate, and lung cancers
(Gupta et al., 2005; Gumulec et al., 2014), while the elevated level of zinc ion in plasma
or tissues was detected in liver and breast cancers (Wright and Dormandy, 1972;
Margalioth et al., 1983; Kollmeier et al., 1992). The different plasma levels of zinc ion
among cancer types may be due to the different expressions of zinc ion transporter

proteins in each kinds of cancer (Kagara et al., 2007; Taylor et al., 2012; Hogstrand et
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al,, 2013). Furthermore, recent study has shown that zinc ion treatment succeeds in
sensitizing lung cancer cells for anoikis (Pramchu-Em et al., 2016). Such information has

suggested that zinc ion may play important parts on the basis of cancer cell biology.

For clinical application, in case of zinc supplement, clinical data revealed a
significant increase in plasma zinc ion level approximately 23 uM after supplemented
with 150 mg of elemental zinc for 6 weeks (Samman and Roberts, 1987). The
concentration of zinc ion in various conditions was considered in this work. The results
illustrated that although concentrations of zinc ion used in this study caused no
cytotoxic effect on lung cancer cells, they clearly have intracellular effects on cell

functions.

An amount of evidence has indicated the roles of EMT and CSCs in cancer
progression and metastasis (Hermann et al., 2007; Yang and Weinberg, 2008; Iwatsuki
et al., 2010; Merlos-Suarez et al., 2011; Perona et al., 2011; Craene and Berx, 2013).
Until recently, the knowledge of zinc ion on the molecular mechanisms of cancer
metastasis is still not fully understood especially those regulating EMT and CSCs. EMT
is considered to be a critical augmenting process of cancer metastasis as it facilitates
cancer dissemination in many ways (Yang and Weinberg, 2008; Iwatsuki et al., 2010;

Craene and Berx, 2013).

In the process of EMT, cellular phenotypes are altered together with the
distinguished expressions of protein markers being changed from epithelial toward
mesenchymal types (Yang and Weinberg, 2008; Thiery et al., 2009; lwatsuki et al., 2010;
Craene and Berx, 2013). The process facilitates the loss of cell adhesion and increases

cell motility and survival in detached condition (Yang and Weinberg, 2008; Thiery et
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al,, 2009; Iwatsuki et al,, 2010; Craene and Berx, 2013). During EMT, an elongated
fibroblast-like morphology of the cells is frequently observed. However, indicators like
the switching between E-cadherin and N-cadherin, as well as EMT transcription factors
snail and slug are more acceptable as hallmarks of EMT (Yang and Weinberg, 2008;
Thiery et al., 2009; Iwatsuki et al., 2010; Craene and Berx, 2013). EMT features of H460
cells were characterized by (i) the change of cell morphology from epithelial to
fibroblast-liked mesenchymal shape, (i) the increased EMT markers N-cadherin,
vimentin, snail, and slug, together with the reduction of epithelial marker E-cadherin,
and (i) EMT behaviors, including increased migration, invasion and tumorigenic
potential (Gomez et al., 1999; Fernando et al., 2010; Kim et al., 2014; Lin et al,, 2014;
Winitthana et al., 2014; Yao et al., 2015). In consistent with such studies, the results of
this work showed that zinc ion-treated lung cancer cells displayed the elongated
mesenchymal-like shape with the significant increase of EMT markers namely N-
cadherin, vimentin, snail and slug. Also, this study found that the E-cadherin was

dramatically reduced in response to zinc ion treatment.

Previous studies have indicated that EMT facilitates the cell motility by
decreasing cell-cell interaction via E-cadherin, while increases in N-cadherin-mediated
steady-state of active Racl (Nieman et al., 1999; Wheelock et al., 2008). Similar to N-
cadherin, vimentin was shown to increase FAK and Racl activities (Mendez et al., 2010;
Havel et al., 2015). This study found that zinc ion could induce EMT, resulting in the
increase of cancer cell migration and invasion. The proteins regulating cell motility like
FAK, RhoA, and Racl were found to be activated in response to such up-stream signals.
Like lung cancer, zinc ion seems to be involved in an enhancement of migratory ability

in breast cancer cells (Kagara et al., 2007; Levenson and Somers, 2008; Taylor et al,,
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2012; Hogstrand et al., 2013) and increased cell migration ability of normal keratinocyte

in regulation of wound repair (Tenaud et al., 2000).

In addition, the EMT event was shown to be a key factor that enhances ability
of cancer cells to metastasis by increasing the survival after cell detachment and ability
to form tumors (Chunhacha et al., 2013; Winitthana et al., 2014). It has been previously
reported that the ability of cancer cells in forming new tumor can be enhanced by
EMT as a result of snail augmentation (Hwang et al,, 2011; Voon et al., 2013; Zhou et
al,, 2014). We have supported this fact by the demonstration that treatment of the
cells with zinc ion induced EMT with significant up-regulation of snail expression
increased number and size of tumor colonies in 3D culturing anchorage-independent

condition.

Signaling pathways activated by ROS and impairment of redox control are
involved in various processes of carcinogenesis and cancer progression (Luanpitpong
et al,, 2010; Rungtabnapa et al., 2011; Chanvorachote and Luanpitpong, 2016). In
general, ROS are continuously produced as a byproduct of mitochondrial chain
reaction and detoxified by antioxidants and enzymes to keep them at nonharmful
levels (Chance et al., 1979). The accumulated evidence reveals the role of low-to-
moderate levels of ROS in maintaining several cell activities including proliferation and
motility (Luanpitpong et al., 2010). Such behaviors of cancer cells as migration,
apoptosis, and adhesion to endothelial cells were shown to be regulated through ROS-
dependent mechanisms (Chanvorachote and Chunhacha, 2013). In particular, hydrogen
peroxide was shown to mediate anoikis resistance in lung cancer cells by inhibiting

caveolin-1 degradation (Rungtabnapa et al., 2011). The involvement of ROS signaling
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on cancer metastasis and EMT has garnered increasing attentions (Wu, 2006; Wang et
al.,, 2010; Wu and Wu, 2010; Lee et al.,, 2013). The EMT-related transcription factor snail
was shown to be directly regulated by the balance of cellular ROS status (Lee et al,,

2013; Cichon and Radisky, 2014).

Zinc ion have a pivotal role in redox metabolism. In spite of its antioxidant role
as an essential cofactor of superoxide dismutase (lvanovska et al.), an enzyme that
catalyzes the conversion of superoxide anion to hydrogen peroxide (Rakhit and
Chakrabartty, 2006), zinc ion can act as a prooxidant. In neurons, intracellular zinc ion
was shown to be tightly associated with the change in cellular ROS. When neurons are
damaged, the bound zinc ion is released into the cytoplasm as a free form and this
form of zinc ion triggers further ROS production (Aizenman et al., 2000; Zhang et al.,
2004). In addition, the increase in intracellular zinc ion was demonstrated to promote
superoxide anion generation from the function of the enzyme 12-lipoxygenase (12-
LOX) (Aizenman et al., 2000; Zhang et al., 2004). Interestingly, zinc ion was shown to
induce Hep-2 cancer cell apoptosis by stimulating ROS production (Rudolf et al., 2005).
These observations are consistent with the results of this study showing that treatment
of lung cancer cells with zinc ion resulted in the induction of ROS, superoxide anion in

this condition.

Importantly, this current study has reported for the first time that zinc ion
significantly induced EMT characteristics in lung cancer cells through the enhancement
of cellular superoxide anion level. Superoxide anion has been implicated in various
biological and pathological processes (Yang et al., 2002; Brandes, 2003; Buetler et al,,

2004). Evidence has shown that the level of superoxide anion is frequently upregulated
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in cancer cells and regulates cancer cell proliferation, migration and metastasis (Safford
et al,, 1994; Suh et al.,, 1999; Yang et al., 2002; Lopez-Lazaro, 2007; Banskota et al.,
2015). Regarding of EMT process, although some studies have indicated that hydrogen
peroxide can also mediate EMT in human malignant mesothelioma and human ovarian
cancer cells (Cheng et al,, 2010; Kim et al,, 2013) , treatment of the zinc ion in our
system caused no effect on the cellular level of hydrogen peroxide. This study has
first revealed the role of superoxide anion in regulation of EMT in cancer cells, as the

EMT could be induced by addition of superoxide anion generator DMNQ.

DMNQ is known to induce superoxide anion generation via NADPH oxidase
activity (Watanabe and Forman, 2003; Ishihara et al., 2006). This study found that
treatment of the cells with DMNQ significantly increased the protein hallmarks of EMT
as well as metastatic potentials. Such roles of superoxide anion on EMT were linked
with the results of zinc ion, suggesting that zinc ion mediates the EMT phenotypes via
the production of cellular superoxide anion. These results were confirmed by the ROS
inhibitory experiment. Addition of superoxide anion inhibitor MNTBAP in the zinc ion-
treated cells was shown to abolish superoxide anion induction as well as EMT
phenotypes in response to zinc ion treatment, strongly indicating that the effect of
zinc ion on EMT was regulated via superoxide-dependent mechanism. These findings
not only provide the evidence of endogenous element in regulation of cancer biology,
but also add the fact involving specific ROS roles on EMT process of cancer cells. The
schematic mechanism of zinc ion-induced EMT in lung cancer cells is indicated in figure

5.1
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Figure 5.1 The schematic mechanism of zinc ion-induced EMT in lung cancer cells

Recent biological studies focusing on the aggressive behaviors of cancer cells
have posited the CSC paradigm as initiating and driving such malignant diseases
(Hermann et al., 2007; Merlos-Suarez et al., 2011; Perona et al., 2011). In lung cancer,
certain  populations of CSCs have been identified and associated with
chemotherapeutic resistance, cancer progression, metastasis, and relapse (Eramo et
al., 2010; Singh et al,, 2012; Zakaria et al., 2015). Therefore, all factors influencing CSC
characteristics are of great interest as they may deepen insight into cancer cell biology

leading to the development of novel anticancer strategies.

Furthermore, evidence stated that EMT could play a role in an acquisition of
CSC phenotypes (Kurrey et al., 2009; Scheel and Weinberg, 2012; Zhou et al., 2014,
Luanpitpong et al., 2016), since EMT-regulatory transcription factors, including snail and
slug are known to mediate CSC properties (Kurrey et al., 2009; Zhou et al., 2014,

Luanpitpong et al., 2016). Snail have been reported to enhance stemness properties,
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such as self-renewal, tumorigenicity and therapeutic resistance (Kurrey et al., 2009;
Zhou et al., 2014), while slug have been found to stabilize CSC transcription factor in
controlling of CSC phenotypes (Luanpitpong et al., 2016). On the other hand, some
studies suggested that CSCs often exhibited EMT characteristics and share some
behaviors with EMT cells (Yongsanguanchai et al., 2015). As zinc ion has the effect on
EMT process of lung cancer, therefore, this study further evaluated whether zinc ion
may affect CSC program. Surprisingly, the present study revealed that EMT was not
critical for the role of zinc ion in regulation of lung CSC program in the tested system,
which consistent with certain studies that EMT and CSCs are not always associated

(Biddle et al., 2011; Gavert et al., 2011; Phiboonchaiyanan et al., 2016)

It has been recently shown that expression levels of ALDH1A1 and CD133 have
a significant prognostic value strongly related to poor survival in non-small cell lung
cancer (Alamgeer et al,, 2013). Also, these two markers have been shown to be well-
accepted indicators for CSCs, in particular in lung cancer (Ginestier et al., 2007; Eramo
et al,, 2008; Jiang et al.,, 2009). The present study revealed that zinc ion treatment
reduced ALDH1Al and CD133 expression in the three different NSCLC cells. The
pluripotency markers Octd, Sox2, and Nanog have been shown to be augmented in
various CSCs (Jeter et al,, 2011; Liu et al., 2013; Boumahdi et al., 2014; Koo et al., 2015)
and such proteins were shown to be important to maintain CSC characteristics in such
cancers (Chiou et al., 2010; Jeter et al., 2011; Liu et al., 2013; Boumahdi et al., 2014;
Koo et al., 2015). The treatment of zinc ion resulted in Octd, Sox2, and Nanog down-
regulation, leading to attenuate self-renewal property of lung cancer cells.
Consistently, in three different cell lines, zinc ion succeeded in suppressing spheroid

formation under anchorage and serum-starved condition which has been shown to
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reflect self-renewal ability of CSCs (Levina et al., 2010; Cao et al., 2011; Singh et al,,
2012; Kantara et al,, 2014; Condello et al,, 2015; Chanvorachote and Luanpitpong,

2016; Grun et al,, 2016; Luanpitpong et al., 2016; Zhou et al., 2016)..

Evidence has shown that the Wingless (Wnt)/3-catenin pathway is an important

regulator of pluripotency embryonic stem cells and the role of the Wnt pathway in
regulation of CSCs is also widely accepted (Cai and Zhu, 2012; Holland et al., 2013;

Zhang et al,, 2015). In lung cancer, the Wnt/3-catenin has been shown as a potential

target for the development of novel anticancer drugs (Zhang et al., 2015; Yang et al.,

2016). Another evidence has indicated a link between the Wnt/R-catenin signaling and
CSCs that 3-Catenin is a component of the cadherin cell adhesion complex playing a
key role in the Wnt/B-catenin pathway (Clevers, 2006; Cai and Zhu, 2012; Su et al,,
2015). In addition, the link between (-catenin and such pluripotency markers has been

previously demonstrated in several studies (Cai and Zhu, 2012; Holland et al., 2013; Li

et al, 2013; Zhang et al,, 2015; Kim et al., 2016). Regarding of lung cancer, Wnt/j3-

catenin mediated increased expression of Octd (Zhang et al., 2015; Kim et al., 2016),
Nanog (Li et al., 2013; Zhang et al., 2015; Kim et al., 2016), and Sox2 (Kim et al., 2016).
Moreover, the Wnt antagonist was shown to reduce the expression of Nanog and Oct4
(Zhang et al.,, 2015) in lung cancer. Consistent with the results of this study, the
decrease in CSC-related transcription factors Octd, Sox2, and Nanog was found

subsequent to the downregulation of (3-catenin.

Previously, PKCa was demonstrated to diminish cellular {3-catenin levels by

phosphorylating the protein at the position of serine 33 and 37 and threonine 41,
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which actuated f3-catenin degradation through ubiquitin-proteasomal degradation (van

Noort et al.,, 2002; Gwak et al., 2006; Luna-Ulloa et al., 2011). The results of this study

not only advocated the role of PKCa in 3-catenin regulation but also firstly provided

a link between PKCa activation and cancer stemness in lung cancer cells. The increased

activation of PKCa by PKCa activator and zinc ion treatments can reduce (-catenin

level together with suppressing other determinants of spheroid formation and CSC-
related factors, and such event in zinc ion-treated cells was ameliorated by PKCa

inhibitor. As activity of 3-catenin strictly depends on its presence in the cells, the PKCa-
mediated degradation of (3-catenin presented in this study, would be, at least in part,

a mechanism by which zinc ion suppresses CSC program of lung cancer cells.

Moreover, having shown that superoxide anion generated by zinc ion play a
kay role in regulation of EMT. Focusing on CSC biology, iron was shown to induce CSC
phenotypes in lung cancer cells via the generation of hydroxyl radical (Chanvorachote
and Luanpitpong, 2016). This study provided the detail that the principal ROS
generated in response to zinc ion exposure is superoxide anion, which subsequently
linked the superoxide anion triggered by zinc ion with the activation of PKCa, a known

determinant of [3-catenin stability, as it has been previously shown that PKCa can be

activated by ROS (Lee et al., 2004).

Again, DMNQ and MnTBAP were used to clarify that superoxide anion could be
critical for CSC regulation. This study found that treatment of the cells with DMNQ
significantly decreased the CSC markers as well as spheroid initiation, unveiling the

roles of superoxide anion in CSC program. Besides, the results of the ROS inhibitory
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experiment provided the information that addition of superoxide anion inhibitor
MnTBAP in the zinc ion-treated cells was shown to reduce the activation of PKCa and

the accumulation of 3-catenin-ubiquitin complex as well as reverse CSC characteristics

in response to zinc ion treatment, indicating that the negative effect of zinc ion on

lung CSC features was regulated via superoxide anion/PKCa/(3-catenin dependent

mechanism. The schematic mechanism of zinc ion-suppressed CSC phenotype in lung

cancer cells is shown in figure 5.2
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Figure 5.2 The schematic mechanism of zinc ion-suppressed CSC phenotype in lung

cancer cells

The inverse effect of zinc ion on EMT and cancer stemness was disclosed in
this study may be due to the heterogeneity of cancer cells in cell model. The effect

of zinc ion on EMT was clearly detected because it mainly affected the major



135

population of the cells (non-CSC cells), while the role of zinc ion in stemness was
occurred in sub-population of cancer cells (CSCs) which were found only 0.01-3% of
total population (Klonisch et al., 2008; Visvader and Lindeman, 2008; Bao et al., 2013;

Enderling et al., 2013; Sottoriva et al., 2013).

Previous studies have indicated the regulatory role of Wnt/3-catenin signaling

in CSCs and EMT (Jiang et al., 2007; Cai and Zhu, 2012; Wu et al., 2012; Holland et al,,

2013; Su et al,, 2015; Zhang et al., 2015). Although zinc ion reduced intracellular 3-
catenin level, such decreased 3-catenin did not affect EMT process in this condition,
which could be due to the fact that (i) -catenin signaling might not to be a key
mechanism in lung cancer EMT regulation since 3-catenin signal seems to be a down-

stream effect of snail/slug transcription repressor of E-cadherin and cadherin switching
(Nelson and Nusse, 2004) and (ii) superoxide anion generated by zinc ion can directly

induce the up-regulation of EMT transcription factors.

In conclusions, our finding provided the evidence that zinc ion has inverse
effects on EMT and CSCs of lung cancer cells. While zinc ion induces EMT phenotypes,
it was shown to suppresses CSC characteristics as indicated in figure 5.3. The increase
in EMT markers and the reduction of epithelial marker were observed in zinc ion-
treated cells, indicating the induction of EMT with mesenchymal-like morphology and
increased cancer cell motility. In contrast, zinc ion reduced tumor spheroid forming
with the decrease in CSC markers. Such the regulation was dependent on zinc ion-
induced superoxide anion generation which increased the EMT proteins and promoted

cell motility. Also, this study found that superoxide anion generated by zinc ion
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suppressed CSCs through the PKCa/B-catenin dependent mechanism by activating
PKCa which subsequently phosphorylated and mediated 3-catenin degradation via the

ubiquitin-proteasomal mechanism. The novel finding derived from insight on EMT and
CSC regulation of lung cancer cells may lead to the better understanding of cancer
cell biology regarding this essential endogenous element on cancer aggressive
behaviors and have important implications for anti-cancer strategies, cancer

chemotherapy and prevention.
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APPENDIX

TABLES OF EXPERIMENTAL RESULTS

Table 1 The percentage of H460 cell viability was determined by MTT assay after

treatment with various concentrations of zinc ion for 24 h.

Zinc (uM) % Cell viability
0 100.00 + 0.00
5 99.05 + 5.47
10 95.88 + 3.40
25 93.08 + 3.23
50 91.86 + 3.57
100 86.62 + 9.29*

Value represents means + S.E.M. of four-independent experiments, *P<0.05

versus non-treated control.

Table 2 The percentage of apoptotic cells of H460 cells was determined by Hoechst

33342 staining after treatment with various concentrations of zinc ion for 24 h.

Zinc (uM) % Apoptosis
0 0.00 + 0.00
5 1.33 + 1.53
10 4.00 + 4.36
25 7.67 +3.51
50 9.00 + 5.57

100 19.67 + 3.51%




Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 3 Relative cell proliferation of H460 cells was determined by MTT assay after

treatment with various concentrations of zinc ion for 0-72 h.

Relative cell proliferation

Zinc (uM)
Oh 24h 48h 72h
0 1.00 + 0.00 2.07 +0.18 3.18 + 0.46 5.26 + 0.35
5 1.00 + 0.00 2.07 + 0.21 2.91+0.33 5.00 + 0.12
10 1.00 + 0.00 2.01+0.23 3.01 + 0.37 5.06 + 0.21
25 1.00 + 0.00 1.99 + 0.19 2.81+0.32 4.83 + 0.08
50 1.00 + 0.00 1.91 + 0.22 2.56 + 0.26 4.46 + 0.15

Value represents means + S.E.M. of four-independent experiments, *P<0.05

versus non-treated control.

Table 4 Relative protein levels of EMT markers of H460 cells were determined by

western blot analysis after treatment with various concentrations of zinc ion for 24 h.

Zinc Relative protein levels

(um) N-cadherin E-cadherin Vimentin Slug Snail
0 1.00 + 0.00 1.00 + 0.00 1.00 + 0.00 1.00 + 0.00 1.00 + 0.00
5 1.17 £ 0.15%  0.71 £ 0.01*  4.50 + 0.74* 1.27 £ 0.13*  2.42 + 0.53*
10 1.27 £ 0.20%  0.51 £ 0.03*  5.56 + 0.09* 1.28 £ 0.12*  4.50 + 0.15*
25 1,54 £0.10%  0.49 £0.00*  5.88+0.52*  1.55+0.16*  5.45 + 0.14*
50 2.01 +0.19* 0.18 +0.01*  6.09 +0.29% 1.76 + 0.12*  5.92 + 0.69*
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Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 5 Relative migration levels of H460 cells were determined by wound healing

migration assay after treatment with various concentrations of zinc ion for 24 h.

Zinc (uM) Relative migration level
0 1.00 = 0.00
5 1.31 + 0.10%
10 1.40 + 0.14%
25 1.57 +0.12%
50 1.88 + 0.10%

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 6 Relative migration levels of H460 cells were determined by transwell

migration assay after treatment with various concentrations of zinc ion for 24 h.

Zinc (pM) Relative migration level
0 1.00 + 0.00
5 1.29 + 0.16
10 1.31 +0.12%
25 1.50 + 0.12%
50 1.84 + 0.35%

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.
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Table 7 Relative invasion levels of H460 cells were determined by transwell invasion

assay after treatment with various concentrations of zinc ion for 24 h.

Zinc (uM) Relative invasion level
0 1.00 + 0.00
5 1.23 + 0.20
10 1.79 + 0.44%
25 2.06 + 0.60 *
50 2.60 + 0.37*

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 8 Relative protein levels of motility-regulatory proteins of H460 cells were

determined by western blot analysis after treatment with various concentrations of

zinc ion for 24 h.

Relative protein levels

Zinc (uM)
p-FAK/FAK Rac1-GTP RhoA-GTP
0 1.00 + 0.00 1.00 + 0.00 1.00 + 0.00
5 1.45 + 0.11% 1.28 + 0.11* 1.38 + 0.10%
10 3.70 + 0.24% 1.64 + 0.10* 1.64 + 0.18%
25 4.78 + 0.56* 1.77 + 0.22% 1.80 + 0.20%
50 5.02 + 0.42* 1.97 + 0.17% 2.11 + 0.26*

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.
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Table 9 Relative colony numbers and size of H460 cells were determined by in vitro

tumorigenicity assay after treatment with various concentrations of zinc ion for 24 h.

Relative colony numbers

Relative colony size

Zinc (uM)
0 1.00 + 0.00 1.00 + 0.00
5 0.95 + 0.06 1.03 + 0.03
10 1.12 + 0.08 1.08 + 0.08
25 1.38 + 0.12% 1.30 + 0.20%
50 1.76 + 0.18% 1.41 + 0.20%

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 10 Relative superoxide anion level in time-dependent manner determined by

microplate reader after treatment with zinc ion (50 pM) for 0-3 h.

Zinc (uM)

Relative superoxide anion levels

0h

3h

50

1.00 + 0.00

1.35 + 0.20%

2.05 + 0.57*

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.
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Table 11 Relative hydrogen peroxide level in time-dependent manner determined by

microplate reader after treatment with zinc ion (50 pM) for 0-3 h.

Relative hydrogen peroxide levels
Zinc (uM)

0h 1h 3h

50 1.00 + 0.00 1.03 + 0.07 1.09 + 0.09

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 12 Relative hydroxyl radical level in time-dependent manner determined by

microplate reader after treatment with zinc ion (50 pM) for 0-3 h.

Relative hydroxyl radical levels
Zinc (uM)

0h 1h 3h

50 1.00 + 0.00 1.07 + 0.04 1.10 + 0.06

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 13 Relative superoxide anion level in dose-dependent manner determined by

microplate reader after treatment with various concentrations of zinc ion for 3 h.

Zinc (uM) Relative superoxide anion levels
0 1.00 = 0.00
5 1.62 + 0.23%
10 1.64 + 0.23%
25 1.67 + 0.22%

50 1.80 + 0.12%
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Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 14 Relative hydrogen peroxide level in dose-dependent manner determined

by microplate reader after treatment with various concentrations of zinc ion for 3 h.

Zinc (uM) Relative hydrogen peroxide levels

0 1.00 + 0.00
5 1.04 + 0.07
10 1.02 + 0.17
25 1.06 + 0.18
50 1.14 + 0.13

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 15 Relative hydroxyl radical level in dose-dependent manner determined by

microplate reader after treatment with various concentrations of zinc ion for 3 h.

Zinc (uM) Relative hydroxyl radical levels
0 1.00 + 0.00
5 1.04 + 0.17
10 1.05 + 0.06
25 1.04 + 0.12
50 1.08 + 0.05

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.
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Table 16 Relative superoxide anion level in time-dependent manner determined by

flow cytometry after treatment with zinc ion (50 uM) for 0-3 h.

Relative superoxide anion levels
Zinc (uM)

0h 1h 3h

50 1.00 + 0.00 1.33 + 0.02% 1.60 + 0.10%

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 17 Relative hydrogen peroxide levels in time-dependent manner determined

by flow cytometry after treatment with zinc ion (50 uM) for 0-3 h.

Relative hydrogen peroxide levels
Zinc (uM)

0h 1h 3h

50 1.00 + 0.00 1.10 + 0.11 1.06 + 0.04

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 18 Relative hydroxyl radical level in time-dependent manner determined by

flow cytometry after treatment with zinc ion (50 uM) for 0-3 h.

Relative hydroxyl radical levels
Zinc (uM)

0Oh 1h 3h

50 1.00 + 0.00 1.07 + 0.09 1.04 + 0.05

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.
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Table 19 Relative superoxide anion levels in response to zinc ion and superoxide

anion modulators determined by microplate reader after treatment for 3 h.

Treatment Relative superoxide anion levels
Control 1.00 + 0.00
Zinc 1.99 + 0.18*
Zinc+MnTBAP 1.38 + 0.31#
MnTBAP 1.21 + 0.58

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control, #P<0.05 versus zinc ion-treated group.

Table 20 Relative protein levels of EMT markers of H460 cells in response to zinc ion

and superoxide anion modulators were determined by western blot analysis after

treatment for 24 h.

Relative protein levels

Treatment
N-cadherin  E-cadherin Vimentin Slug Snail

Control 1.00 + 0.00 1.00 + 0.00 1.00 + 0.00 1.00 + 0.00 1.00 + 0.00

DMNQ 1.15 + 0.12% 0.29 + 0.04* 7.83 £ 0.26* 1.19 + 0.07* 294 + 0.49*

Zinc 1.76 + 0.08% 0.24 + 0.03* 10.04 + 0.35% 1.10 + 0.02* 3.44 + 0.70*

ZinceMnT 053 £ 0.02# 1.52 + 0.09# 4.99 + 0.39# 0.84 + 0.02# 0.47 + 0.02#

BAP

MnTBAP 0.41 +0.02 1.37 + 0.08 323 + 057 0.81 +0.03 0.24 +0.10

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control, #P<0.05 versus zinc ion-treated group.
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Table 21 Relative migration level of H460 cells in response to zinc ion and

superoxide anion modulators were determined by wound healing assay after

treatment for 24 h.

Treatment Relative migration level
Control 1.00 + 0.00
DMNQ 1.41 + 0.13*

Zinc 1.53 + 0.19%
Zinc+MnTBAP 1.14 + 0.12#
MnTBAP 1.00 + 0.07

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control, #P<0.05 versus zinc ion-treated group.

Table 22 Relative invasion level of H460 cells in response to zinc ion and superoxide

anion modulators were determined by transwell invasion assay after treatment for 24

h.
Treatment Relative invasion level
Control 1.00 = 0.00
DMNQ 1.31 + 0.02%
Zinc 1.66 + 0.25%
Zinc+MnTBAP 1.17 + 0.09#
MnTBAP 1.16 + 0.01

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control, #P<0.05 versus zinc ion-treated group.
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Table 23 Relative colony numbers and size of H460 cells in response to zinc ion and
superoxide anion modulators were determined by in vitro tumorigenicity assay after

treatment for 24 h.

Treatment Relative colony numbers Relative colony size
Control 1.00 + 0.00 1.00 + 0.00
DMNQ 1.87 + 0.26* 2.51 + 0.00*

Zinc 2.00 + 0.25* 2.69 + 0.24%*
Zinc+MnTBAP 1.23 + 0.08# 1.72 + 0.10#
MnTBAP 1.25+0.11 1.47 = 0.44

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control, #P<0.05 versus zinc ion-treated group.

Table 24 Relative superoxide anion level in response to DMNQ and zinc ion

determined by microplate reader after treatment for 3 h.

Treatment Relative superoxide anion levels
Control 1.00 + 0.00
DMNQ 1.42 + 0.09%
Zinc 1.60 = 0.12*

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.
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Table 25 Relative protein levels of CSC markers in H460 cells were determined by

western blot analysis after treatment with various concentrations of zinc ion for 72 h.

Zinc Relative protein levels

(um) CD133 ALDH1A1 Octd Nanog Sox2
0 1.00 + 0.00 1.00 £ 0.11 1.00 + 0.02 1.00 + 0.03 1.00 + 0.04
5 0.89 £ 0.00*  0.75 + 0.00*  0.89 £ 0.04*  0.30 £ 0.01*  0.75 = 0.03*
10 0.89 £ 0.05* 0.73+0.12* 0.87 £ 0.01*  0.22 £0.02*  0.63 = 0.02*
25 0.83 £ 0.02*  0.44 £ 0.00* 0.35+0.00* 0.21 +0.03*  0.41 + 0.04*
50 0.44 £ 0.01*  0.36 £ 0.07*  0.20 + 0.02*  0.10 + 0.02*  0.27 + 0.01%

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 26 Relative protein levels of CD133 and ALDH1A1 in CSC-rich population

determined by western blot analysis.

Relative protein levels

Treatment
(D133 ALDH1A1
H460 WT cells 1.00 + 0.00 1.00 + 0.00
CSC-rich cells 3.66 + 0.02% 2.74 + 0.07%

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus H460 WT cells.
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Table 27 Relative spheroid numbers of H460 cells was determined by tumor

spheroid assay after treatment with various concentrations of zinc ion for 72 h.

Zinc (uM) Relative spheroid numbers
0 1.00 + 0.02
5 0.54 + 0.05%
10 0.40 + 0.06*
25 0.22 + 0.01%
50 0.10 + 0.02*

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 28 Relative [3-catenin level was determined by western blot analysis after

treatment with various concentrations of zinc ion for 24 and 72 h.

Relative [3-catenin level

Zinc (uM)
24 h 72 h
0 1.00 + 0.12 1.00 + 0.19
5 0.80 + 0.07* 0.88 + 0.11%
10 0.33 + 0.11% 0.81 + 0.17%
25 0.33 + 0.06* 0.69 + 0.14*
50 0.33 + 0.01* 0.38 + 0.10*

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.
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Table 29 Relative [3-catenin level was determined by western blot analysis after

treatment with zinc ion in the present and absence of proteasome inhibitor for 24 h.

Treatment Relative 3-catenin level
Control 1.00 + 0.03
Zinc 0.22 + 0.04*
Zinc+Lac 0.65 £ 0.07#
Lac 1.00 + 0.06

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control, #P<0.05 versus zinc ion-treated group.

Table 30 Relative p-PKCo/ PKCa level was determined by western blot analysis after

treatment with various concentrations of zinc ion for 12 h.

Zinc (uM) Relative p-PKCa/PKCa. level
0 0.21 £ 0.03
5 0.37 + 0.01*
10 0.57 + 0.08*
25 1.00 + 0.07*
50 1.28 + 0.10%

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.
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Table 31 Relative protein levels of CSC markers in response to zinc ion treatment in
the present and absence of PKCa inhibitor were determined by western blot analysis

after treatment for 72 h.

Treatme Relative protein levels

nt CD133 [3-catenin ALDH1A1 Octd Nanog Sox2

Control 1.00 £ 0.06 1.00 £ 0.00 1.00 £ 0.17 1.00 = 0.00 1.00 £ 0.13 1.00 £ 0.06

Zinc 0.56 £0.01* 053 +0.03* 076 +0.03* 057 +0.06* 0.69+0.12* 0.56 £ 0.01*

Zinc+BIM  0.79 £ 0.09# 0.81 £ 0.03# 1.00 + 0.10# 1.01 +0.05# 098 £0.18%# 0.79 + 0.09#

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control, #P<0.05 versus zinc ion-treated group.

Table 32 Relative spheroid numbers in response to zinc ion treatment in the present
and absence of PKCa inhibitor determined by spheroid formation assay after

treatment for 72 h.

Treatment Relative spheroid numbers
Control 1.00 + 0.17
Zinc 0.56 + 0.07*
Zinc+BIM 1.05 + 0.06#

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control, #P<0.05 versus zinc ion-treated group.
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Table 33 Relative protein levels of CSC markers in response to PKCa activator were

determined by western blot analysis after treatment for 72 h.

Relative protein levels

Treatment
CD133 [3-catenin ALDH1A1
Control 1.00 + 0.21 1.00 + 0.08 1.00 + 0.21
A23187 0.68 + 0.08* 0.42 + 0.12* 0.14 + 0.02*

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 34 Relative spheroid numbers in response to PKCa activator determined by

spheroid formation assay after treatment for 72 h.

Treatment Relative spheroid numbers
Control 1.00 + 0.25
A23187 0.62 + 0.21%

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.
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Table 35 Relative protein levels of CSC markers in response to zinc ion and
superoxide anion modulators were determined by western blot analysis after

treatment for 72 h.

Relative protein levels

Treatment
CD133 ALDH1A1 Octd Nanog Sox2
Control 1.00 £ 0.07  1.00+0.04  1.00+0.03  1.00+0.04  1.00 £ 0.02
DMNQ 0.65 + 0.09* 0.71 + 0.07* 0.31 + 0.06* 0.13 + 0.00* 0.60 + 0.02%
Zinc 0.97 + 0.15* 0.59 + 0.05* 0.22 + 0.05* 0.13 + 0.00* 0.54 + 0.16%

ZincHMnTBAP 193+ 0.14# 077 +003# 052+0.22# 021+001# 113+ 0.04#

MnTBAP 246 £0.12* 242 +0.17% 028 £0.13*  0.55+0.01* 0.95 + 0.05

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control, #P<0.05 versus zinc ion-treated group.

Table 36 Relative spheroid numbers in response to zinc ion zinc ion and superoxide

anion modulators determined by spheroid formation assay after treatment for 72 h.

Treatment Relative spheroid numbers
Control 1.00 + 0.14
DMNQ 0.67 + 0.09*
Zinc 0.50 + 0.09*
Zinc+MnTBAP 0.99 + 0.11#
MnTBAP 0.97 £ 0.05

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control, #P<0.05 versus zinc ion-treated group.
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Table 37 Relative [3-catenin level in response to zinc ion and superoxide anion

modulators treatment was determined by western blot analysis after treatment for

24 h.
Treatment Relative 3-catenin level
Control 1.00 + 0.03
DMNQ 0.50 + 0.03*
Zinc 0.19 + 0.01%*
Zinc+MnTBAP 0.65 + 0.01#
MnTBAP 0.70 + 0.02

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 38 Relative p-PKCo/PKCa level in response to zinc ion and superoxide anion

modulators treatment was determined by western blot analysis after treatment for

72 h.
Treatment Relative p-PKCa/PKCa. level
Control 1.00 + 0.10
Zinc 1.64 + 0.06*
Zinc+MnTBAP 0.69 + 0.00#
MnTBAP 0.53 + 0.00%

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.
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Table 39 Relative protein levels of CSC markers in H292 cells were determined by

western blot analysis after treatment with various concentrations of zinc ion for 72 h.

Relative protein levels

Zinc (uM)
CD133 R-catenin ALDH1A1
0 1.00 + 0.01 1.00 + 0.14 1.00 + 0.17
10 0.98 + 0.04 0.70 + 0.03* 0.98 + 0.07
25 0.65 + 0.01% 0.64 + 0.08% 0.97 + 0.17
50 0.52 + 0.07% 0.30 + 0.08% 0.91 +0.10

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 40 Relative spheroid numbers of H292 cells was determined by tumor

spheroid assay after treatment with various concentrations of zinc ion for 72 h.

Zinc (uM) Relative spheroid numbers
0 1.00 + 0.05
10 071 + 0.08%
25 0.39 + 0.04%
50 0.20 + 0.04*

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.
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Table 41 Relative superoxide anion level in dose-dependent manner in H292 cells

was determined by microplate reader after treatment for 3 h.

Zinc (uMm) Relative superoxide anion level
0 1.00 + 0.04
10 1.08 + 0.05
25 1.10 £ 0.06 *
50 1.21 £0.04 *

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 42 Relative p-PKCo/PKCa level in H292 cells were determined by western blot

analysis after treatment with various concentrations of zinc ion for 24 h.

Zinc (uM) Relative p-PKCa/PKCa level
0 1.00 + 0.00
10 1.98 + 0.07 *
25 2.82+0.16 *
50 2.83+0.27 %

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.
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Table 43 Relative protein levels of CSC markers in H23 cells were determined by

western blot analysis after treatment with various concentrations of zinc ion for 72 h.

Relative protein levels

Zinc (uM)
CD133 R-catenin ALDH1A1
0 1.00 + 0.01 1.00 + 0.07 1.00 + 0.03
10 0.64 + 0.01* 0.24 + 0.02* 0.72 + 0.05*
25 0.56 + 0.04% 0.03 + 0.00% 0.70 + 0.07*
50 0.31 + 0.05% 0.01 + 0.00% 0.35 + 0.03*

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 44 Relative spheroid numbers of H23 cells was determined by tumor spheroid

assay after treatment with various concentrations of zinc ion for 72 h.

Zinc (uM) Relative spheroid numbers
0 1.00 + 0.03
10 0.90 + 0.02*
25 0.48 + 0.04*
50 0.35 + 0.05%

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.



Table 45 Relative superoxide anion level in dose-dependent manner in H23 cells

determined by microplate reader after treatment for 3 h.

Zinc (uMm) Relative superoxide anion level
0 1.00 + 0.05
10 1.10 + 0.08
25 1.14 + 0.04*
50 1.23 + 0.06*
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Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.

Table 46 Relative p-PKCo/PKCa level in H23 cells were determined by western blot

analysis after treatment with various concentrations of zinc ion for 12 h.

Zinc (uM) Relative p-PKCo/PKCa. level
0 1.00 + 0.00
10 1.76 + 0.03*
25 2.52 + 0.04*
50 2.53 + 0.09%

Value represents means + S.E.M. of three-independent experiments, *P<0.05

versus non-treated control.
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