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ABSTRACT OF THE DISSERTATION

Role of Orail in Oral Cancer

by

Sung Hee Lee
Doctor of Philosophy in Oral Biology
University of California, Los Angeles, 2016
Professor Ki-Hyuk Shin, Co-Chair

Professor No-Hee Park, Co-Chair

Oral cancer is the 6™ most common cancer worldwide, and more than 30,000 Americans are
diagnosed with oral cancer each year. The 5-year survival rate for this group of cancers has been
about 50%, despite advances in surgery, radiation, and chemotherapy. In addition to premature
death associated with oral cancer, the severe morbidity from cancer treatment makes oral cancer
a major public health concern. Thus, although there has been in depth studies for understanding
the molecular pathogenesis of oral cancer, further studies of the understanding of the cancer
etiology, development, progress and recurrences are warranted. Recent studies have shown that
cancer cells, including oral cancer, contain a small population of cancer stem cells (CSCs or

alternatively cancer initiating cells) associated with drug resistance, metastasis and recurrence of
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the cancer. Therefore, CSCs might be strategically plausible targets for cancer therapies. More
recently, many studies indicated that the suppression of Orail can diminish malignant
phenotypes of cancer cells. Although Orail is known as a key calcium channel for store-operated
Ca’ entry, the underlying mechanism by which Orail regulates cancer progression remains
unknown. Here we demonstrate that Orail is increased in a stepwise manner during
oral/oropharyngeal carcinogenesis and highly expressed in cancer stem-like cell (CSC)-enriched
populations of human oral/oropharyngeal squamous cell carcinoma (OSCC). Ectopic Orail
expression further induced malignant transformation and self-renewal capacity, ALDH1" cell
population, increased. Conversely, inhibition of Orail suppressed tumorigenic and CSC
phenotype in OSCC, indicating that Orailcould be an important element for tumorigenicity and
stemness of OSCC. Mechanistically, Orail activates its major downstream effector molecule,
NFATc3. Knockdown of NFATc3 in the Orail-overexpressing oral epithelial cells abrogates the
effect of Orail on CSC phenotype. Antagonist of NFAT signaling also decreases CSC
phenotype, implying the functional importance of Orail/NFAT axis in OSCC CSC regulation.
Moreover, Orail-induced cytokines in HOK-16B/Orail cells were commonly upregulated in
CSCs and enhanced important CSC phenotypes, i.e., self-renewal in OSCC. Subset of these
CSC-specific cytokines were regulated by NFAT signaling, and partially rescued CSC phenotype
in Orail inactivated OSCC, which suggests a possible role of cytokines in regulating CSC
through Orail-NFAT signaling. This study identifies Orail as a novel molecular determinant for
OSCC progression by enhancing cancer stemness, suggesting that inhibition of Orail-NFAT

signaling may offer an effective therapeutic modality against OSCC.
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1. INTRODUCTION
1.1 Oral cancer

1.1.1 Prevalence of oral cancer

Oral cancer is the sixth most common cause of death from cancer worldwide with only about
50% chance of 5-year survival (Al-Swiahb et al., 2010). About 90 percent of oral cancer is
squamous cell carcinoma, and common site includes tongue, floor of oral cavity and lip (Rivera
and Venegas, 2014). The recent annual estimated incidence of oral cancer worldwide is around
275,000 with two thirds of cases occurring in developing countries, including South and
Southeast Asia, parts of Eastern and Western Europe, parts of Latin America and Caribbean and
in Pacific regions (Warnakulasuriya, 2009). According to the NIH Cancer Statistics Review in
2016, approximately 48,330 cases of oral cancer and pharynx cancer are reported with estimated
death of 9,570 cases in the United States (National Cancer Institute, 2016). Estimated new
diagnosed and death case associated with oral cancer is commonly in aged population between
55 to 64, and is more prevalent in men than women. Also, rising incidence of oral cancer in
young adults is reported in the United States and Europe (Shiboski et al., 2005; Warnakulasuriya,

2009).

1.1.2 Oral cancer risk factors

Well-known Risk factor of oral cancer are tobacco, alcohol and high-risk HPV infection,
and their effects can be additive (Hansson et al., 2005; Lee et al., 2005a; Perez-Sayans et al.,
2009). All forms of tobacco contain more than 60 different carcinogens (Hecht, 2003). Among
these carcinogens, Benzo[a]pyrene (BaP) is the first detected carcinogen implicated as forming

DNA adduct, which cause mutation in tumor suppressor gene TP53 gene in the lung cancer



(Denissenko et al., 1996; Pfeifer et al., 2002). Significance of smoking as risk factor for oral
cancer is also well-documented. Long-term exposure to BaP converted the immortalized non-
tumorigenic oral epithelial cells to tumorigenic cells, indicating the role of BaP in cellular
transformation leading to cancer formation (Park et al., 1995). Alcohol is another important
factor playing important role in development of several cancers types, including oral cancer (Cao
and Giovannucci, 2016). Acetaldehyde, the first and most toxic ethanol metabolites, promotes
cancer development through different mechanism, including interference with DNA replication,
formation of DNA adducts, and induction of DNA damage (Seitz and Becker, 2007).
Combination of alcohol consumption and tobacco consumption significantly increased the
permeability of oral mucosa to nitrosonornicotine (NNN), which is one of tobacco carcinogen
(Du et al., 2000). HPV is a DNA virus that is typically transmitted through sexual contacts.
Many studies revealed that high-risk HPV (e. g., HPV16, HPV18) is an additional independent
risk factor for oral cancer(Smith et al., 2004). HPV infection is closely associated with benign
and malignant oral lesions and up to 30—40% of oral cancer biopsies contain the viral DNA
(Kellokoski et al., 1992; Syrjanen, 1992). Also, the enhancement of oral cancer growth and
cancer stemness by HPV16 further augments that of HPV infection is an important risk factor for

oral cancer development (Lee et al., 2015).

1.1.3 Current oral cancer treatments

Currently available treatments for oral cancer are chemotherapy and radiotherapy. Surgical
resection and/or radiotherapy has been widely used to treat the early stage cancer, and systemic
chemotherapy has been employed in advanced cancer. Since the introduction of cisplatin in the

1970s, combining cisplatin with a variety of other drugs have been used for improved clinical



response rate in a number of trials with advanced cancer (Rooney et al., 1985). However,
combination therapy is effective in treating 33% of advanced cancer, as compared to its
effectiveness in treating 97 percent of early stage cancer (Marcial et al., 1990). Furthermore, the
recurrence rates ranges from 30 percent to 47 percent for oral squamous cell carcinoma, affecting
the quality of life for the oral cancer patients (Kligerman et al., 1994; Wang et al., 2013).
Therefore, implementation of prevention strategies, e.g., early diagnosis, HPV vaccination and
education on safe sex, and continuous oral cancer research are crucial to control the incidence

and mortality related to oral cancer.

1.2 Cancer stem cells (CSCs) and cancer

1.2.1 Definition of CSCs

CSCs are a subpopulation of cancer cells with self-renewal capacity and a potential to
differentiate that establishes heterogeneity of cancer. CSCs are also known as cancer initiating
cells and are responsible for the long sustenance of cancer (Beck and Blanpain, 2013a). It has
been postulated that CSC might be originated from specific stem cells, progenitor cells or
differentiated cells (Beck and Blanpain, 2013a). CSCs have been isolated from various tumor
and established cancer cell lines, such as breast, prostate, lung and oral cancer (Chiou et al.,

2008; Clevers, 2011; Ginestier et al., 2007; Lang et al., 2009; Singh and Chellappan, 2014).

1.2.2 Identification and isolation of CSCs

CSCs are genetically and epigenetically regulated such that phenotypes of CSCs have been
reported to be regulated by several cellular pathways, such as Notch, Hedgehog, and Wnt, all of

which are frequently activated in human cancer (Giles et al., 2003; Lee et al., 2012a; Lee et al.,



2015; Liu et al., 2006). In addition to various molecular pathways which provide the means to
identify cancer stem cell, other useful methods have been used to isolate CSCs including oral
CSCs. Drug resistant property of CSCs has been used to isolate population of cancer cells called
side population, which can pump out intracellular toxins. Also, common surface markers used
for oral CSCs isolation include CD44"¢" CD24"°", CD133" and ALDH1"#", and cells expressing
high level of these surface markers have been shown to propagate tumor in mouse xenograft
assay, indicating tumorigenic potential of CSCs (Clay et al., 2010; Ginestier et al., 2007,
Hermann et al., 2007). ALDHI1 is well-known oral cancer stem cell marker, as cells with high
expression of ALDHI1 have been shown to produce tumor in vivo with much higher efficiency
than the cells sorted with traditionally used oral cancer surface marker (Clay et al., 2010).
Although these surface markers are widely used in research, there is no single biomarker that
selectively isolate oral CSCs. Along with these useful markers to isolate oral CSCs, further
understanding the unique biology of oral CSCs may enable more selective isolation and

generation effective targeted therapy for oral cancer.

1.2.3 Role of CSCs in cancer progression

CSCs are also responsible for drug resistance, metastasis, and recurrence of cancer. Indeed,
CSCs plays important role as the driving force of cancer formation and cancer progression,
making them strategically plausible target for cancer therapy. As cancer progresses to advanced
stages, cancer become more difficult to eradicate mainly due to the property of cancer cells to
metastasize. CSCs have been defined as cells that are able to re-form secondary tumor when
transplanted in immune-deficient mice, suggesting the role of CSCs in cancer metastasis

(Hermann et al., 2007). Their migratory and invasive behavior and cell’s morphological change



is the result of changes in molecular events within cancer cells, enabling cancer cells to evade
into the circulatory system and metastasize. As most adult tissues possess capacity to generate
epithelial to mesenchymal transition (EMT) for the purpose of wound healing and tissue
regeneration, CSCs may undergo EMT to initiate metastasis. EMT is cellular process in which
cell-cell junction and cell-extracellular matrix breaks apart and undergo morphological change
that switches cell to the condition favorable for migration (Chu et al., 2013). Co-expression of
ZEB1/ZEB2, key transcriptional factor regulating EMT, was found increased in oral CSCs with
capacity of distant metastasis. Silencing ZEB1/ZEB2 in oral CSCs resulted in reduction in
distant lung metastasis, Conversely, overexpression of these factors in non-CSCs cells enhanced
key mesenchymal markers expression along with CSC phenotypes (Chu et al., 2013). Other
important makers of metastasis found in CSCs include vascular endothelial growth factor
(VEGF), Zinc finger protein SNAI1 (SNAIL), Vimentin, N-Cadherin, all of which aids CSCs to
either migrate or form the secondary tumor (Bhat-Nakshatri et al., 2010; Morel et al., 2008).
ALDHI1 positive oral CSCs revealed high expression of SNAIL protein, which was shown
responsible for invasiveness and also chemo-radioresistance of oral cancer cells (Chen et al,
2009). CSCs express anti-apoptotic genes and high DNA damage response factors to promote
DNA repair and become resistant to chemotherapy and radiation therapy (Abdullah and Chow,
2013). CSCs express ATP-binding cassette (ABC) pumps that allows exclusion of cancer
therapeutic drugs, therefore is known to have multidrug resistance (MDR), making cancer more
difficult to eradicate (Grimm et al., 2012). Role of checkpoint kinase 1 (CHK1) in
chemoresistance in CD133" colon and glioma, and CD24+ CD44+ ESA+ pancreatic CSCs is
also well-documented (Abdullah and Chow, 2013). In particular, oral cancer stem cells with

increased B-Cell Lymphoma-2 (Bcl-2) family proteins was shown to improve oral cancer



prognosis, and ABCBS overexpression in oral cancer showed strong association of cancer
formation and progression (Grimm et al., 2012; Sinevici and O'Sullivan, 2016). Furthermore,
Oral CSCs expressing high ALDH1 showed high resistance to chemo-radiotherapy and were
capable of forming tumor in vivo at much higher efficiency than non-CSC oral cancer cells (Clay

etal., 2010).

1.3 Cellular calcium signaling

1.3.1 Overview of calcium signaling

Ca®" regulates various cellular processes including proliferation, apoptosis, and migration
(Monteith et al., 2007). There are many different Ca>" channels on the plasma membrane or on
the surface of cellular organelles, i.e., endoplasmic reticulum (ER) and mitochondria Ca®" is
derived either from internal store or extracellularly. Intracellular Ca** is tightly controlled to
achieve the regulation of cell signaling pathways in response to stimuli. In a resting state,
intracellular Ca®" level is kept low (~100nM) compared to the extracellular level (1.2mM)
(Carafoli, 1987). External stimuli that control the Ca** entry through those channels include
membrane depolarization, extracellular agonist, intracellular messengers and depletion of
intracellular store, and subsequent Ca”" signaling can be initiated within cells to control various
biological processes (Berridge et al., 2000). Largely, there are three different types of Ca**
channels: Voltage-operated, receptor-operated, and second-messenger-operated channels
(Berridge et al., 2000). Voltage-operated channels are dominant Ca®" channel on excitable cells,
such as neurons and in heart, and is activated by membrane depolarization. For example, Ca*"
entered through these channels in heart functions to induce muscle contraction by activating

sarcomere. Second messengers-operated channel is controlled by intracellular messengers, such



as arachidonic-acid-sensitive channel, Inositol-1,4,5-triphosphate receptor (Ins(1,4,5)P;R and
sarcoendoplasmic reticulum Ca’"-ATPase (SERCA) expressed on the ER membrane (Cancela et
al., 2002; Lukyanenko et al., 2001; Mignen and Shuttleworth, 2000). Some Ca*" channel opens
in response to external signal, such as receptor-operated channels. N-methyl-D-aspartate receptor
(NMDAR) receptor that opens in responds to the binding of glutamate on the channel. Store-
operated channels are the plasma membrane-bound channel, which can open upon depletion of
ER Ca®’ store. Ca®” which made entry through these channels relay various cellular signaling
pathway by activation of Ca*"-dependent effectors. Ca®" signaling can be either spatial and
temporal (Berridge et al., 2000). Ca>* channels and cellular proteins form complexes that
function together to modulate Ca** entry, and it can function as independent unit. For example,
the cardiac Ca®* channel unit, which comprise of Ryanodine receptor 2 (RynR2) and other
interacting proteins, can work independently from its neighbor to control Ca®" entry to produce
regional graded contraction (Berridge et al., 2000). Temporally, single Ca®" channel unit can
activate other channels to spread the local Ca®“signal to create the Ca®" oscillation (Berridge et

al., 2000).

1.3.2 Calcium signaling and stem cell maintenance

Hallmarks of stem cell are self-renewal capacity and multi-lineage differentiation, and studies
have shown the role of intracellular Ca®" in maintaining stem cells of different origin.
Numerous reports highlight the role of Ca*" as a key regulator of the cell cycle, and lowering
extracellular Ca*" decrease cell proliferation (Berridge et al., 2000; Hazelton et al., 1979; Hickie
et al., 1983; Kahl and Means, 2003; Whitfield et al., 1979). Indeed, flow cytometry analysis

revealed that changes in intracellular Ca®" has been detected in different stages of cell cycle,



especially as cells passed through G1 phase (Pande et al., 1996). In the same manner,
spontaneous Ca*" oscillations were found during cell cycle embryonic stem cells (ESC).
Mechanistically, recent study on mouse ESC revealed that induction of Ca** signaling by
lysophosphatidic acid (LPA) receptor coupled to G-Protein coupled receptor (GPCR) resulted in
the induction of c-myc and increased cell proliferation (Todorova et al., 2009). Another similar
study has shown that the activation Ca*"/Calmodulin-dependent kinase (CaMKII) and Jun-N-
terminal Kinase (JNK) by Wntl1 can regulate the differentiation function of cardiac stem
cell(Biteau et al., 2008). Number of reports also emphasized the significance of Ca** in cellular
differentiation process. A study on human mesenchymal stem cell revealed the importance of
intracellular Ca®" content and stimulation of intracellular Ca*" oscillation in in osteogenic
differentiation (Sun et al., 2007). Moreover, store-operated Ca”" entry was detected in human
mesenchymal stem cells, and specific transient receptor potential (Trp) Ca®" channel isoforms
were expressed in cells of the megakaryocytes or platelets lineage of monocytes (den Dekker et

al., 2001).

14 Calcium and cancer

1.4.1 Calcium signaling in cancer survival and growth

Increasing number of studies have demonstrated the importance of Ca®* in regulating cancer
cell proliferation. As the matter of fact, Ca*" channels with altered expression in cancer are
directly involved in cancer growth. Importance of Ca®" channels for cell proliferation is reported
in breast, colorectal, prostate and gastric cancer cells (Lehen'kyi et al., 2007; Panner and Wurster,
2006). For example, inhibition of Ca*" entry using Ca>" channel blocker suppressed human lung

and colon cancer, and U87 MG glioma cells growth (Benzaquen et al., 1995; Panner and



Waurster, 2006). Furthermore, expression of plasmalemmal Ca’"-APTase (PMCAs), which efflux
Ca”" outside the cell, was reduced in oral cancer and transformed skin and lung fibroblast, giving
an advantage to cancer to utilize Ca>" signaling for cancer growth (Endo et al., 2004; Saito et al.,
2006). Importance of Ca*" signaling is also highlighted by in the studies on the Ca**-dependent
proteins. Nuclear factor of activated T cells (NFATSs) have been shown to regulate cell cycle-
related genes responsible for cell cycle progression to S phase in mouse 3T3-L1 fibroblast (Neal
and Clipstone, 2003). Also, constitutively active NFATc1 mutant promoted cell proliferation of
3T3-L1 fibroblast and induced cell transformation. NFATc1 overexpression directly upregulates
c-myc transcription, which resulted in cell proliferation and anchorage-independent growth in
pancreatic cancer (Buchholz et al., 2006b).

Due to complex biology of ever transforming cancer, Ca>"-induced apoptosis and death
signaling is tightly controlled. In the proliferative cancer cells, the disruption of the balance
between cell survival and cell death signals are detected. It is reported that increased intracellular
Ca”" level due to Endoplasmic reticulum (ER) depletion of Ca** or increased Ca”" influx leads to
Ca®" overload in the mitochondria, sensitizing cells to apoptotic stimuli (Rizzuto et al., 2003). In
order to promote proliferation, cancer cell’s Ca*" signaling is regulated by anti-apoptotic proteins,
such as B-cell lymphoma 2 (BCL2) and B-cell lymphoma-extra large (BCL-X;) and Protein
kinase B (PKB) proteins (Roderick and Cook, 2008). Suppression of Ca** depletion from ER by
BCL2-related proteins has been shown to increase apoptosis resistance in cancers, which seem
paradoxical to the reports suggesting the importance of Ca>" signaling in cancer growth (Pinton
et al., 2000; Vanden Abeele et al., 2002). However, recent report indicated that BLC2 inhibited
apoptosis without inhibiting Ca®" oscillation and NFAT activation in T cells, showing that it is

possible to modify Ca*"-induced apoptotic signal while not altering Ca®" signaling (Zhong et al.,



2006). Also, concurrent overexpression of Ca®" influx channel and efflux channel were found in
breast cancer cells lines, owing to the possibility that cancer can modulate Ca>" content favorable
for its growth (Lee et al., 2002; Tsavaler et al., 2001). These data suggest the importance of Ca**

signaling in cancer growth with tight control of Ca*"-induced apoptosis.

1.4.2 Calcium signaling in cancer progression

Clinically, intracellular Ca* level is strongly linked to poor overall and recurrence-free
survival in different cancer types, such as human esophageal SCC (Lee et al., 2012b; Zhang et al.,
2013) and non-small cell lung cancer (Zhan et al., 2015) due to their malignant phenotype. Ca>"
promoted cancer cell migration/invasion (Yang et al., 2009a), drug resistance (Schmidt et al.,
2014), both phenotypes of which are well known for CSC characteristics (Beck and Blanpain,
2013a; Beck and Blanpain, 2013b; Ribatti, 2012).

Metastatic cancer cells display highly migratory and invasive phenotype, and Ca** plays
important role in acquiring these phenotypes in cancer cells. Migrating cells exhibit transient
intracellular Ca®" gradient from the front of the cell to rear, which is responsible for cell
retraction (Brundage et al., 1991). Also, there are aberrant expression of Ca**-handling proteins
as well as Ca*"-dependent effector, leading to increased focal adhesion turnover and extracellular
matrix remodeling, the key features of cell migration (Prevarskaya et al., 2011). As a secondary
messenger in cellular signaling pathways, Ca®" is required for the activation of focal adhesion-
localized proline-rich tyrosine kinase (PYK), which in turn phosphorylates focal adhesion kinase
(FAK) and Paxillin in order to form a focal adhesion complex (Du et al., 2001). Several reports
showed the significant role of Ca®" channels in cancer motility and invasive property of cancer

(Yang et al., 2009a; Yang et al., 2009b; Zhu et al., 2014a). In particular, genetic and chemical
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inhibition of store-operated Ca>" channel resulted in significant inhibition of breast cancer cell
migration in vitro and lung metastasis in vivo (Yang et al., 2009a). Also, Transient receptor
potential channel subfamily V member 2 (TRPV2) promotes migration of prostate cancer by
inducing matrix metalloproteinase 2 (MMP2) and MMP9, both of which are important protein
for remodeling of ECM (Monet et al., 2010).

Metastatic cancer also is highly resistant to cancer drugs. Ca>" signaling has been shown to
be involved in the resistance of cancer to chemotherapy. As disruption of ER Ca”" content leads
the activation apoptosis signaling in cells, acquisition of chemoresistance may require
compensating change in a molecular level. Study on chemoresistant lung cancer lines revealed
reduced Ca®" content of the ER and SERCA expression (Schrodl et al., 2009). Furthermore,
paclitaxel-resistant adenocarcinoma cells showed lower ER Ca®* content and high anti-apoptosis
protein called BCL2 compared to non-resistant cells. (Padar et al., 2004). While maintenance of
Ca*" content is crucial for the cellular homeostasis, the role of Ca*" in various mechanism
regulating drug resistance is recognized. Recent report showed the drug resistance in
hepatocellular carcinoma cells is regulated by Ca" via transient receptor potential canonical 6
(TRPC6)/signal tranducer and activator of transcription-3 (STAT3) signaling pathway (Wen et
al., 2016). Also, store operated Ca®" entry through Orail Ca*" channel revealed importance of
Ca®" in cisplatin-resistant ovarian cancer and the role of phosphatidylinositol 3-kinases (PI3K)-
protein kinase B (Akt), a known target of Ca*"-dependent Calmodulin, in the regulation of Ca**
entry. As Ca*"-activated Calmodulin phosphorylase targets, such as Akt, STAT3, have been
reported to promote drug resistance in cancer (Lee et al., 2014; West et al., 2002), modulation of

Ca®" is very plausible in the malignant progression of cancer. Thus, Ca>", Ca®* channels and
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Ca”"-regulated effector molecules play important role in cancer cell migration, invasion and drug

resistance to further progress cancer to metastatic phenotypes.

1.5  Pathological role of cytokines and chemokines in cancer

1.5.1 Chronic inflammation and cancer

Inflammation is the process by which body’s immune system respond to infection or injury and
eradicate the foreign invader followed by repair of damaged tissue. In particular, within a
process of inflammation, immune cells and cells exposed to foreign antigens produce cytokines
and chemokines acting in autocrine or paracrine fashion to recruit immune cells to eradicate
evading antigen within an organism (Balkwill and Coussens, 2004). Chronic inflammation is
marked by sustained inflammatory condition in the site of infection or injury causing
accumulation of genomic mutation in cells, which may lead to carcinogenesis. The inflammatory
microenvironment in cancer is characterized by the presence of host immune cells promoting
cancer growth (Balkwill and Mantovani, 2001). Cancer microenvironment contains immune cells,
such as tumor associated macrophages (TAM), neutrophils, T and B lymphocyte, along with
cancer cells and their surrounding stroma cells, and these diverse cells produce cytokines and
chemokines acting in autocrine or paracrine fashion to control and promote cancer progression.
Indeed, in cancer microenvironment, pro-tumorigenic inflammatory signal prevails over anti-
tumorigenic inflammatory signal and allow caner to use the inflammatory signal to proliferate

and progress.
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1.5.2 Function of cytokine and chemokine

Within a process of inflammation, immune cells and cells exposed to foreign antigens
produce cytokines and chemokines acting in autocrine or paracrine fashion to recruit immune
cells to eradicate evading antigen within an organism. Cytokines are secretory proteins that are
released by different cell types, including immune cells, stromal cells and cancer cells, and they
function to recruit immune cells to the site of damage, serve as growth factor for B cell
maturation and T cell activation, and induce apoptosis of infected cells (Feghali and Wright,
1997). Chemokines are secretory proteins (8-11 kDa) that are produced by immune cells and
cells of inflammatory microenvironment in responds to stimuli, including inflammatory
cytokines and growth factors (Mueller et al., 2007). They mostly signal through G-proteins
mediated pathways. Main function of chemokine is to localize cells toward the source of
chemoattractant, and G-protein-dependent chemokine receptor signaling induce activation of
signaling involved in cell polarization and cell migration, such as F-actin polymerization and
transcription of matrix metalloproteinases (MMPs) (O'Hayre et al., 2008). Also, some
chemokines can activate other signaling, such as cell survival or anti-apoptotic signal, and

proliferative signals (O'Hayre et al., 2008).

1.5.3 Significance of cytokines and chemokines in tumorigenesis

Different cytokine and chemokine promote tumor development through activation of
transcriptional factor, such nuclear factor kappa-light-chain enhancer of activated B cell (NF-kB),
activator protein 1 (AP-1) and signal transducer and activator of transcription (STAT), to
transcribe pro-inflammatory cytokine and promote the initiation, growth and progression of

cancer (Grivennikov et al., 2010). Previous findings suggested that inflammatory
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microenvironment can increase mutation in cells, as inflammatory cells play role in producing
cytokines that stimulate of reactive oxygen species and inactivation of DNA damage, which may
act as another driving force of cancer initiation (Grivennikov et al., 2010). Also, cytokines can
regulate transformed stem-like cancer cells to proliferate. It is reported that macrophages-derived
tumor necrosis factor-a (TNF-a) promote cancer initiation by activating Wnt signaling in gastric
mucosa (Oguma et al., 2008). Also, activation NF-kB signaling by chronic inflammation
enhanced Wnt/B-catenin signaling, which resulted in hyper-proliferation of and anti-apoptosis of
colonic crypt (Umar et al., 2009). Also, blocking IL-4 signaling using the neutralizing antibody
resulted in higher sensitization of colon cancer stem cells to the chemotherapy, suggesting that
IL-4 plays role in survival and maintenance cancer stem cell population, the driving force of
cancer initiation and progression (Francipane et al., 2008). Thus, activation of inflammatory
signaling and prolong exposure of cells to cytokine play important role in promoting

tumorigenesis.

1.5.4 Role of cytokines and chemokines in cancer progression

Clinically, cancer mortality is closely related to cancer metastasis. Also, it is important to
note that collaboration among the cancer cells, immune and inflammatory cells, and stromal cells
is required for cancer metastasis (Grivennikov et al., 2010). Cytokines plays important role in the
progression of various cancer types. Cancer-promoting signaling through NF-kB, STAT and
caspases have shown to be activated by various cytokines, such as IL-1, I[L-4, IL-6, IL-10, IL-12,
IL-23, TGF-B, TNF-a and TRAIL (Lin and Karin, 2007). In inflammatory human tumor
environment, cytokines function to enhance proliferation and survival. IL4, pro-inflammatory

cytokine, has been shown to promote cancer cell survival and expansion by inducing the
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expression of anti-apototic genes (Todara et al., 2007). Also, cancer cells themselves produce
IL4 in autocrine fashion and confer drug resistance, which then allow cancer cells to escape from
cancer drug-induced death (Conticello et al., 2004). In addition, the role of cytokines in cancer
metastasis is highlighted in different scientific reports. Cytokines play important role in every
step of metastasis: extravasation, circulation, colony expansion. As EMT is the hallmark of
migratory phenotype of cells, cytokines may affect cells morphological change by regulating
known EMT transcriptional factors. TNF-a induction by NF-kB activation induced zinc finger
protein SNAII transcriptional factor. Furthermore, STAT-mediated twist-related protein (Twist)
transcriptional factor was known to promote EMT phenotype in cancer (Yu et al., 2009). In order
for the cancer cells to invade, proteolysis of extracellular matrix by MMP is required during
metastasis. Secretion of IL-1, TNF- a by cancer induce expression of MMP by activation of NF-
kB and STAT signaling in immune cells and promote invasive property of cancer (Yu et al.,
2007). Particularly, IL-1p knockout mice showed significant decrease in local metastasis of
melanoma, prostate, and mammary cells, and this suggested that IL-13 may control tumor

invasiveness as well as metastasis (Voronov et al., 2003).
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2 MATERIALS AND METHODS

2.1 Cell culture and reagents

Primary normal human oral keratinocytes (NHOK)) were prepared from oral mucosa and
cultured in Keratinocyte Growth Medium (KGM, Lonza) as described previously (Park et al.,
1991). Three non-tumorigenic immortalized oral epithelial cell lines, NOK-SI (Castilho et al.,
2010), OKF6/tert (Dickson et al., 2000), and HOK-16B (Park et al., 1991), were also cultured in
KGM. Ten human OSCC cell lines, HOK-16B BapT, SCC4 (Min et al., 1994), SCC15, SCC1,
SNU1041, SNU1076, SCC9/TNF (Lee et al., 2012a), YD9 (Lee et al., 2005b), YD15M, and
UMI17b (Lin et al., 2007), were cultured in DMEM/Ham's F12 (Invitrogen) supplemented with
10% FBS (Gemini Bioproducts) and 0.4 pg/ml hydrocortisone (Sigma-Aldrich). Orail chemical
blocker, Compound 5D (Kim et al., 2014b), was obtained from Dr. Yousang Gwack (UCLA
David Geffen School of Medicine). Antagonist of NFAT signaling, cyclosporine A (CsA), was

purchased from Sigma-Aldrich.

2.2 Western blotting

Western blotting was performed as described previously (Lee et al., 2012a). Briefly, Whole
cell extracts were isolated using the lysis buffer (1% Triton X-100, 20 mM Tris -HCl pH 7.5,
150 mM NaCl, ImM EDTA, ImM EDTA, 2.5 mM sodium pyrophosphate, I p M f3 -
glycerophosphate, 1 mM sodium orthovanadate, 1 mg/ml PMSF). Cytoplasmic and nuclear
proteins were isolated using the NE-PER® Nuclear and Cytoplasmic Extraction Reagents kit
(Pierce, Rockford) following the manufacturer’s instructions. Briefly, harvested cell pellet was
resuspended in iced-cold cytoplasmic extraction reagent (CER) I, vortexed vigorously for 15

seconds and incubated on ice for 10 minutes. Ice-cold CER II were added followed by additional
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5 second vortex. After centrifugation at maximum speed (~16,000 x g), supernatant (cytoplasmic
extract) was transferred to a separate tube. Then, the pellet was resuspended in ice-cold nuclear
extraction reagent (NER) followed by 15 second vortexing for four times every 10 minutes.
After centrifugation, the supernatant (nuclear extract) fraction was transferred to a separate tube.
The extracts were then fractionated by SDS-PAGE and transferred to Immobilon protein
membrane (Millipore). The membranes were incubated successively with the primary and the
secondary antibodies,and exposed to the chemiluminescence reagent (Amersham) for signal
detection. We used the following primary antibodies for our study: Orail (AB9868; EMD
Millipore), NFATc3 (sc-8405; Santa Cruz Biotech), NFATc1 (8032S; Cell Signaling Tech),
Lamin B1 (sc-20682; Santa Cruz Biotech), a-tubulin (T9026; Sigma) and GAPDH (FL-335;

Santa Cruz Biotech).

23 Immunohistochemistry

Tissue specimens that were previously collected for diagnostic purposes were obtained from
the Oral Pathology Diagnostic Laboratory at the UCLA School of Dentistry. All tissue
specimens were collected and processed according to the guidelines of the University of
California at Los Angeles Institutional Review Board. Immunohistochemical staining was
performed as described previously (Shin et al., 2011). Briefly, four to five-micrometer tissue
sections were cut from the block and deparaffinized in an oven at 60°C for 30 minutes followed
by rehydration in xylenes twice and a graded series of ethanol three times. Antigen was retrieved
using citrated buffer in a pressure cooker for 20 minutes. The endogenous peroxidase activity
was quenched with 3% solution of H,O, for 15 minutes and washed in the running water to wash

off the peroxide residues. After incubation with 1X PBST for 5 minutes, tissues samples were
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blocked with 10% serum for 30 minutes and incubated with antibodies at 1:100 overnight in
humid chamber. The optimal concentration (1:100) of Orail antibody (AB9868; EMD Millipore)
was first established using serially diluted primary antibody along with IgG as a negative control.
In the following day, the tissue samples were washed with 1X PBST 5 minutes for three times,
and the secondary antibody was incubated for 1 hour followed by 30 minutes incubation with
HRP. After another three times of washing using 1X PBST, tissues were then developed with the
3,3’-diaminobenzidine (DAB) chromogen substrate for 3—4 minutes. Two independent

examiners scored the immunohistochemical expression of Orail protein. The level of Orail
staining pattern was scored into four subgroups: (1) weak; (2) moderate; and (3) strong (+++); (4)

very strong. Representative images were taken at 50X and 150X.

24 Confocal laser scanning microscopy

Five thousand cells were seeded on the 4 chamber slides (Thermo Fisher Scientific) one day
prior to the immunofluorescence staining. After cell permeabilization using TNT buffer
containing 20mM Tris-HCI pH.7.4, 150mM NacCl, and 0.5% Triton-X 100, cells were blocked
with TNT buffer with 3% Bovine Serum Albumin (BSA) for 30 minutes at room temperature.
Then, cells were probed with NFATc3 primary antibody in 1X PBS supplemented with 3% goat
serum overnight, then with Alexa Fluor 594 dye-conjugated secondary antibody and DAPI (blue-
green) for confocal laser scanning. Confocal laser scanning microscopy was performed using
Fluoview FV10i Confocal Microscope (Olympus), and images were captured with 60x
oil objective under different gain settings. The laser diode 559 nm was used to capture NFATc3
staining, and the diode 405 nm laser was used to capture DAPI nuclear stain. Image acquisition

and further adjustment of brightness was performed using Olympus Fluoview Ver.
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4.2a. Fluorescent images of cells were taken as single channel images then converted to overlay

images and all images were saved in TIFF format.

2.5  Ectopic expression of dominant negative Orail E106Q mutant and wild-type Orail

The retroviral pMSCV-CITE-eGFP-Puro vectors encoding ORAII™" and ORAI1*'*Q
(Gwack et al., 2007) were used to prepare viruses as described previously (Kim et al., 2010).
Briefly, for retroviral expression plasmids encoding human Orai proteins, Orail cDNAs with
FLAG epitope tags introduced at the C terminus were cloned between the Xhol and EcoRI sites
of pMSCV-CITE-eGFP-PGK-Puro. The endogenous termination codon was substituted with the
coding sequence of the FLAG tag (AADYKDDDDK) followed by a TAG termination codon.
For mutagenesis of Orail, the QuikChange site-directed mutagenesis kit (Life Technologies) was
used according to the manufacturer's instructions. These vectors were transfected into GP2-293
universal packaging cells (Clonetech, Mountain View, CA, USA). First vector master mix was
prepared by mixing the vectors with pVSV-G envelope plasmid and pCMV-dR8.9 packaging
plasmid with Opti-MEM medium (Life Technologies) in a tube, and Opti-MEM with
lipofectamine 2000 (Life Technologies) were mixed together in another tube. After 5 minutes of
incubation, two tubes are mixed together and incubated for 20 minutes in room temperature.
Complete mixtures were added to the cells gently in dropwise. Additional 4 ml of pre-warmed
Opti-MEM is added to the culture plate after 3 hours of incubation. Next day, viral soup was
collected and centrifuged under 20,000rm for 90 minutes to collect the viral pellet. Then, the vial
pellets were incubated in 1 ml of the serum and antibiotics free cell culture medium overnight.
Cells were then infected with 300ul of viral soup in 1.2ml of pre-warmed culture medium for 3

hours. Infected cells were selected with 0.5pug/ml puromycin for two weeks and used for
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experiments. The GFP fluorescence was used to check the efficiency of viral infection and

selection.

2.6 SOCE assay (Single-cell Ca’ imaging)

Cells were plated on UV-sterilized coverslips using poly-L-lysine one day prior to imaging.
Next day, cells were loaded with 1 mM Fura 2-AM for 45 min at 25°C. Intracellular [Ca®'];
measurements were performed using essentially the same methods as previously described (Kim
et al., 2011). Briefly, cells were mounted in an RC-20 closed bath flow chamber (Warner
Instrument Corp., Hamden, CT, USA) and analyzed on an Olympus IX51 epifluorescence
microscope (Olympus, Center Valley, PA, USA) with SlideBook (Intelligent Imaging
Innovations Inc., Denver, CO, USA) imaging software. Cells were perfused with Ca*'-free
Ringer solution, and Ca”" stores were passively depleted with 1 uM thapsigargin. Fura-2
emission was detected at 510 nm with excitation at 340 and 380 nm, and the Fura-2 emission
ratio (340/380) was acquired at every 5-s interval after subtraction of the background. For each
experiment, 50 to 100 individual cells were analyzed using OriginPro (OriginLab Corp.,
Northampton, MA, USA) analysis software. Acquisition and image analysis including
measurement of the Pearson correlation coefficient was performed using SlideBook (Intelligent

Imaging Innovations Inc.) software, and graphs were plotted using OriginPro 8.5 (OriginLab

Corp.).

2.7  Anchorage-independent growth

To determine colony-forming efficiency in semi-solid medium, 1 x 10* cells were plated in

culture medium, DMEM/F12, containing 0.3% agarose over a base layer of serum-free medium
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containing 0.5% agarose. Briefly, bottom agarose gel is prepared by mixing 0.15g of Agar Noble
(DIFCO) with the 45ml DMEM/F12 followed by melting by microwave. As soon as the gel
solution cools to 50°C, 5Sml of FBS were added, and 4ml of the bottom gel solution is poured into
60mm dish. Top agarose gel is prepared in the same manner but with 0.5% agarose, and the
agarose gel solution was kept in tubes in a 37 °C until cells were ready. Once cells are ready,
cells and top agarose gel solution is mixed together and transferred on top of the bottom agarose
gel. The cultures were incubated with 95% air, 5% CO, and 100% humidity at 37°C. Next day,
Iml of the culture medium was added to each well in order to prevent the dry and keep the
humidity. After three weeks of incubation in the incubator, colonies were counted using the light
microscope. The experiment was performed in triplicate with 60mm dishes. The assay was

performed as described previously (Lee et al., 2012a).

2.8  Invivo xenograft tumor assay

Each cell lines were grown to confluency in 100mm dishes to subcutaneously inject ten
million cells into the flank of five immunocompromised mice (strain nu/nu, Charles River
Laboratories). After counting cells, cell pellets were resuspended in 1.2ml of serum free culture
medium, the volume enough for injecting six mice. Cell suspension, 0.5cc syringes and other
equipment for the procedure were taken down to the vivarium in a sterile secondary container.
Five mice were anesthetized with inhalant isoflurane inside the fume hood, and each cell lines
were injected into the flank regions in sterile condition. Upon completion of the injection, mice
were laid on the heat pad until they become conscious. The kinetics of tumor growth was
determined by measuring the volume in three perpendicular axes of the nodules using micro-

scaled calipers. After six weeks of incubation, tumors were excised for histological validation by
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hematoxylin and eosin (H&E) staining. The animal study was performed according to the

protocol approved by UCLA Animal Research Committee.

29 Tumor sphere formation assay

Three thousand cells were prepared from the monolayer culture grown in 100mm dish. Then,
cells were directly added to tubes which contains 3 ml of conditioned medium to grow self-
renewing cells. Conditioned medium consisted of serum-free DMEM/F12 media supplemented
with 1:50 B27 (Life Technologies), 20 ng/mL EGF, 20 ng/mL, 10pg/mL insulin, penicillin,
streptomycin, and amphotericin B. Cells were transferred to the Ultra-Low Attachment 6-well
Plates (Corning) to grow cells in suspension for 6-10 days (Lee et al., 2012a). Additional 1ml of
medium was added every 5 days in order to prevent the medium evaporation. After incubation in
95% air, 5% CO, and 100% humidity at 37°C, the number of cells grown in spheres are counted,

and photographs were taken under the light microscope. The experiment was done in triplicates.

2.10 Quantitative real-time PCR (qPCR)

RNA isolation was done using TriZol (Life Technologies). Briefly, 1ml of TriZol was added
to the cells grown on 100mm dish. Then, 0.2 ml of chloroform was added to the solution,
vortexed for 60 seconds, and incubated at room temperature for 10 minutes. After centrifugation
at 12,000 rpm for 15 minutes, supernatant was mixed with 0.5ml of isopropyl alcohol and
incubated for additional 10 minutes. Following the second round of centrifugation, the RNA
pellets were washed twice with 70% ethanol, air dried and resuspended in RNase-free water. To
synthesize cDNA, 5ug of total RNA was mixed with Random Primer (Life Technologies) and

dNTP (Promega) in the PCR microtubes and incubated at 65°C for 5 minutes. Then, RNA
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samples were chilled on ice to add reverse transcriptase mixture containing SuperScript first-
strand synthesis system (Life Technologies), 0.1M DTT and 5X buffer. Complete mixture was
incubated at 25°C for 12 minutes, 42°C for 50 minutes and 70°C for 15 minutes to complete the
synthesis. We used 1 pl cDNA for quantitative PCR amplification using SYBR Green I Master
mix (Roche) and LightCycler 480 II (Roche). The primer sequences were obtained from the
Universal Probe Library (Roche). The quantitative PCR cycle conditions were 1 cycle of 10
minute pre-incubation at 95°C and 55 cycles of 10s at 95°C, 45s at 55°C and 10s at 72°C.
Second derivative Cq value determination method was used to compare fold-differences

according to the manufacturer’s instructions.

2.11 ALDHI1 assay

Using Aldehyde Dehydrogenase-Based Cell Detction Kit (STEMCELL), ALDH enzymatic
activity was determined. Total of 1 x10° cells were re-suspended in the ALDEFLUOR Assay
Buffer in the volume of 1ml. Fluorescent nontoxic ALDEFLUOR Reagent BODIPY™ (1.25u1)
was added as a substrate to measure ALDH enzymatic activity in intact cells. Immediately after
adding the substrate reagent, 0.5ml of the cell suspension was transferred into the control tube
which contains specific inhibitor for ALDH, diethylaminobenzaldehyde (DEAB) for calculating
background fluorescence. Then, cells were incubated at 35°C for 30 minutes and fluorescence

data acquisition was made by using a BD FACScan flow cytometer (BD Biosciences).

2.12 Migration and invasion assays
Cell migration was measured using transwell chambers with polycarbonate membranes

(Corning) as described in our previous publication (Chen et al., 2016; Lee et al., 2012a). Briefly,
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1 x10* cells were resuspended in serum-free culture medium were seeded in the upper chamber
of 24-well transwell inserts with 8 um pores (Corning, NY). The bottom chambers were filled
with the culture medium (DMEM/F12 with 1% FBS). After 96 hours, non-migrated cells on the
upper surface of the chamber were mechanically removed with a cotton, and the migrated cells
on the lower surface of chamber were fixed with formalin and stained with 1% crystal violet, and
photographs were taken using the light microscope at 20X and 50X. For quantification of
migrated cells, three different random areas were chosen from the photographed images of the
whole transwell to count cells, and average cell number from three areas were calculated. All

experiments were done in triplicate.

2.13 siRNA-mediated gene knockdown

Orailand NFATc3 were knocked down by duplex corresponding siRNAs or the control,
scrambled siRNA (Santa Cruz Biotech), which was introduced using Lipofectamine RNAIMAX
(Invitrogen). Cells (2 x 10°) were plated in 60-mm dishes one day prior to the transfection with
siRNA. On the day of transfection, 500 pl of transfection solution was made by adding 20 pul of
10 uM siRNA, 10ul of Lipofectamin RNAIMAX, and 470 pl of antibiotics-free and serum-free
DMEM/F12 and was incubated in the room temperature for 5 minutes. Meanwhile, old cell
medium was aspirated from the dish and changed to fresh complete culture medium. Then, 500
ul of the transfection solution was added to the dish and incubated overnight. Next day, medium
was changed to fresh culture medium next day. The cultures were harvested after two-day post-

transfection for expression and functional analyses.
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2.14 Laser-captured microdissection

Epithelial layers from the paraffin-embedded dysplastic and oral cancer tissue samples were
excised by laser-captured microdissection (LCM) using Leica (LMD) 7000 system (Leica
Microsystems Inc, Richmond, IL) at the California NanoSystems Institute at UCLA (Los
Angeles, CA). RNAs from LCM-derived tissue were extracted using a high pure RNA paraffin
kit (Roche). RT was performed with RNA isolated from the tissue sections using a SuperScript
first-strand synthesis system (Life Technologies) with random primers (Life Technologies)
according to the manufacturer’s instructions. Transcript expression was analyzed by quantitative

PCR with the LightCycler® 480 system (Roche). All experiments were repeated in triplicate.

2.15 Determination of cytokine rescue effect in Orail-inhibited OSCC

Rescue effect of cytokine on self-renewal in Orail-inhibited OSCC was determined by
growing SCC4/EV control and SCC4/E106Q cells in tumor sphere medium with I1L4 (204-I1L-
010; R&D) and CCL3 (270-LD-010/CF; R&D). 5000 cells were seeded in the Ultra-Low
Attachment 6-well Plates (Corning) in triplicate with 10ng/ml of IL4 and CCL3 recombinant
protein and were cultured for 6 days. Non-treated cells were used as the controls. After
incubation in 95% air, 5% CO, and 100% humidity at 37°C, the number of cells grown in
spheres are counted, and photographs were taken under the light microscope. The effect of
cytokines on cell migration in Orail-inhibited OSCC was also determined by examining the
effect of either IL4 and CCL3 treatment on cell migration in SCC4/EV control and SCC4/E106Q
cells. 10ng/ml of IL4 and CCL3 recombinant proteins were added to the bottom chamber

containing DMEM/F 12 supplemented with 1% FBS. Then, 1 x10* cells were seeded on the top
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chamber in DMEM/F12 without FBS. After 96 hours, non-migrated cells on the upper surface of
the chamber were mechanically removed with a cotton, and the migrated cells on the lower
surface of chamber were fixed with formalin and stained with 1% crystal violet, and photographs
were taken using the light microscope at 50X. For quantification of migrated cells, three different
random areas were chosen from the photographed images of the whole transwell to count cells,
and average cell number from three areas were calculated. All experiments were done in

triplicate.
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3. The role of Orail in OSCC progression

3.1 Status of Orail expression during oral carcinogenesis

To investigate the role of Orail in oral/oropharyngeal carcinogenesis, we first determined
the expression level of Orail protein in normal human oral keratinocytes (NHOK), non-
tumorigenic immortalized oral epithelial cell lines (NOK-SI, OKF6/tert, and HOK-16B), and
OSCC cell lines (HOK-16B-BapT, SCC4, SCC15, SCC1, SNU1041, YD9, YD15M, UM17B,
SNU1076 and SCC9/TNF) by western blot analysis. All of the OSCC cell lines expressed higher
level of Orail protein compared to the tested immoralized cell lines (Figure 1A). All
immoralized cell lines showed higher expression of Orail protein compared to NHOK (Figure
1A). Our findings suggested a stepwise increase of Orail expression during oral/oropharyngeal
carcinogenesis. To extend our findings, immunohistochemical (IHC) staining for Orail was
performed using normal human oral epithelia (NHOE), oral dysplasia, and OSCC tissues. The
results of in vivo Orail staining are summarized in Figure 1B, and a typical Orail staining
observation in NHOE, dysplasia and OSCC tissue is shown in Figure 1C. In 13 NHOE, weak
Orail staining was detected in 11 cases (84.6%), and moderate staining detected in 2 cases
(15.4%). Of 15 dysplastic tissues, weak staining was detected in 2 cases (13.3%), moderate
staining detected in 8 cases (53.3%), and strong staining detected in 5 cases (33.3%). In 19
OSCC samples, 16 cases (84.2%) demonstrated strong staining and 3 cases (15.8%) with very
strong staining. Mean [HC scores for Orail in NHOE, dysplasia, and OSCC were 1.15, 2.2, and
3.16, respectively, showing statistical significant difference (<0.0001 between NHOE and
dysplasia; P<0.0001 between dysplasia and OSCC). Using laser capture microdissection (LCM),
we determined the level of Orail mRNA in dysplasia and OSCC tissues and found that Orail

mRNA is also increased in OSCC compared to dysplastic tissues (Figure 1D). Taken together,
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our findings clearly indicate a stepwise elevation of Orail protein during oral/oropharyngeal

carcinogenesis, suggesting an important role of Orail in the progression of OSCC.

3.2 Effect of Orail inhibition on tumorigenic potential of OSCC

Many studies reported the efficacy of targeting Orailto suppress cancer growth (Flourakis et
al., 2010; Kim et al., 2014a; Liu et al., 2011; Yang et al., 2009a; Zhu et al., 2014b). A point
mutation in the negatively charged residues of Orail is known to function as a dominant negative
mutant (Gwack et al., 2007). To investigate the role of Orail in OSCC growth, we inhibited
Orail using a dominant negative Orail mutant (E106Q). SCC4, a human tongue squamous
carcinoma cell line, was infected with retroviral vector expressing E106Q or empty vector (EV)
as a control. As shown in Figure 2A, treatment of SCC4/EV with 1 pM thapsigargin (TG), an ER
Ca”*'-ATPase inhibitor, resulted in a rapid rise in intracellular Ca*" level, consistent with
depletion of ER Ca”" stores. Subsequent addition of Ca*" to the extracellular bath solution
triggered another increase in the Ca>" level, consistent with Ca*" influx from the extracellular
solution. However, SCC4/E106Q failed to show the increase in Ca*" influx. Our finding
indicated that E106Q successfully impaired Orail-mediated SOCE in OSCC cells, confirming
the inactivation of Orail (Figure 2A). E106Q slightly lowered proliferation capacity of SCC4

(Figure 2B).

Effect of Orail inactivation on tumorigenic potential of OSCC was then evaluated using in
vitro anchorage independent growth and in vivo tumor xenograft assay. E106Q significantly
reduced formation of colonies in soft agar suggesting decreased anchorage independent growth
ability by Orail inactivation (Figure 2C). As demonstrated by xenograft tumor assay in nude

mice, 3 out of 5 animals inoculated with SCC4/EV formed tumors, whereas the animals
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inoculated with SCC4/E106Q failed to form tumor in vivo (Figure 2D). These findings indicate

that Orail is required for tumorigenicity of OSCC.

3.3 Effect of Orail inhibition on oral CSCs

A key feature of CSCs is self-renewal capacity, which appears to be a driving force for the
initiation and maintenance of tumorigenicity (Beck and Blanpain, 2013b). Our data revealed the
crucial role of Orail function in tumorigenicity of OSCC. To determine the role of Orail on
CSC phenotype of OSCC, we first employed tumor sphere formation assay in which CSCs can
be enriched in non-adherent tumor spheres (Wang et al., 2011). Thus, abundance and the growth
kinetics of tumor spheres are indicative of CSC content and self-renewal capacity in a given
culture of heterogeneous cancer cells. We determined the effect of E106Q on self-renewal
capacity of two OSCC cell lines, SCC4 and HOK-16B BapT. Tumor sphere formation assay
revealed that E106Q significantly inhibits the tumor sphere forming ability of both cell lines
(Figure 3A and 3B), indicating that Orail is indeed essential for sustaining self-renewal
capacity of CSCs. ALDHI1 activity is one of CSC markers and known to enrich CSCs in solid
malignancies, including head and neck cancer (Monroe et al., 2011). Thus, we investigated
whether Orail inhibition could affect CSC property by performing ALDHI assay. The assay
revealed a significant decrease in ALDH]1 activity in SCC4/E106Q compared to their control
SCC4/EV (Figure 3C). Because another well-known property of CSCs is their metastatic
potential (Beck and Blanpain, 2013b), we examined the effect of Orailinhibiton on metastatic
potential of OSCC in vitro. As demonstrated by a transwell migration assay (Figure 3D), E106Q
markedly suppressed migration of SCC4 cells. We also found a significant inhibitory effect of

E106Q on invasion ability using Matrigel invasion assay (Figure 3E). This is consistent
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observation reported by other (Yang et al., 2013; Yang et al., 2009a). To extend these
observations, we determined whether a chemical inhibitor of Orail also suppresses CSC
phenotype. We treated OSCC cells with non-cytotoxic dose of the Orail-specific small
molecular blocker, compound 5D (Kim et al., 2014b) (Figure 4A), and found that the Orail
inhibitor dramatically inhibited tumor sphere forming ability (Figure 4B), secondary sphere
forming ability (Figure 4C). Also, compound 5D significantly suppressed AIDH]1 activity
(Figure 4D) and migration (Figure 4E) at the dose of 15 uM. We observed no significant effect
of compound 5D on cell proliferation at the same dose, indicating that the inhibitory effect of
compound 5D on CSC phenotype was unlikely an artifact of slower cell proliferation and a
cytotoxic effect of the chemical. Similar to the effects of E106Q and compound 5D on CSC
phenotype, successful Orail knockdown (Figure 4F) reduced self-renewal and migration ability

of SCC4 (Figure 4G and 4H).

3.4 Orail overexpression in CSC-enriched oral cancer population

To further examine the importance of Orail in CSC, we compared Orail expression of CSC-
enriched populations with that of non-CSC populations. Orail expression is highly enriched in
tumor spheres compared with their corresponding adherent monolayer cells (Figure SA and 5B).
Similarly, stemness transcription factors, Nanog, Oct4, KLF4, Lin28, and Sox2 were enriched in
tumor spheres (Figure SA). We also observed robust induction of CSC marker, ALDH1, in
tumor spheres (Figure SA), confirming that tumor spheres are CSC-enriched cell population.
Furthermore, we sorted the ALDH1"" and ALDH1"?" cell populations from SCC4 according
to ALDHI1 activity (Figure 5C) and examined Orail expression in these two cell populations.

The ALDH1™%" population expressed higher Orail protein than the ALDH1"?Y population
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(Figure 5D). Overall, our data clearly indicate that Orail is enriched in CSC and essential for

maintenance of CSC phenotype in OSCC.

3.5  Effect of Orail on tumorigenic potential in non-tumorigenic oral epithelial cells

Having established that increased Orail is associated with OSCC progression and is
necessary for CSC phenotype, we next examined whether ectopic Orail expression confers
tumorigenic capacity and CSC phenotype on non-tumorigenic immortalized oral epithelial cells.
As shown in Figure 6A, we overexpressed Orail in non-tumorigenic immortalized oral
epithelial cells, HOK-16B, using the lentiviral vector expressing Orail or empty vector (EV) as a
control. Orail overexpression was also confirmed by immunohistochemistry for Orail. We first
examined the effect of Orail on cell proliferation and found that Orail overexpression led to
robust increase in proliferation capacity of HOK-16B in vitro (Figure 6B). To further examine
the effect of Orail on tumor growth in vivo, we injected the cells into nude mice and observed
tumor formation. Three out of 5 mice injected with HOK-16B/Orail developed tumor, whereas,
as expected, the mice injected with HOK-16B/EV failed to form tumor (Figure 6C).
Histological examination of tumors grown in mice injected with HOK-16B/Orail revealed the
presence of malignant cells, with hyperchromatic nuclei, prominent nucleoli, and active mitosis

(Figure 6D), indicating that Orail conferred tumorigenicity to the non-tumorigenic cells.

3.6 Effect of Orail overexpression on non-tumorigenic oral epithelial cells

Next, we investigated the effect of Orail on CSC phenotype in HOK-16B. Ectopic Orail

expression resulted in robust induction in tumor sphere formation, indicating the acquisition of
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self-renewal capacity by Orail (Figure 7A). The flow analysis revealed a significant increase in
ALDH1+ cell population in HOK-16B/Orail compared to HOK-16B/EV (13.1% vs. 1.4%;
Figure 7B). As demonstrated by a transwell migration assay (Figure 7C), HOK-16B/Orail
migrated significantly faster than HOK-16B/EV. The effect of Orail on CSC phenotype was
further validated by qPCR analysis of stemness transcription factors and CSC-related genes
(Figure 7D). Orail increased stemness transcription factors (i.e., Nanog, Oct4, Sox2, KLF4, and
Myc) and CSC-related genes (i.e., Ezh2, Glil, Hesl, Zeb2, FGF4, and IL4). Our findings
indicate that Orail indeed conferred CSC phenotype on the non-tumorigenic oral epithelial cells.
We then determined the effect of compound 5D on self-renewal and cell migration on HOK-16B
cells. Treatment of non-cytotoxic compound 5D (Figure 8A) significantly suppressed Orail-
induced self-renewal (Figure 8B) and cell migration (Figure 8C), which further confirms the

importance of Orail in CSC phenotype acquisition in HOK-16B cell.

3.7 Status of NFAT signaling for Orail-induced CSC phenotype

It is well documented that Orail-mediated SOCE activates downstream responses including
NFAT signaling pathway (Parekh, 2007; Parekh and Putney, 2005). Emerging evidence has
suggested that NFAT signaling plays an important role in tumorigenesis (Mancini and Toker,
2009a). Thus, we investigated whether Orail promotes CSC phenotype through NFAT signaling
pathway. We treated HOK-16B/Orail with the NFAT antagonist, cyclosporine A (CsA)
(Martinez-Martinez and Redondo, 2004), and subsequently performed the assays for CSC
properties. NFAT inhibitor significantly inhibited self-renewal (Figure 9A) and migration

(Figure 9B) of HOK-16B/Orail. With minimal effect of CsA on cell viability (Figure 9C), it
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also suppressed self-renewal and migration in OSCC cells (Figure 9D and 9E). Our data

indicate that NFAF signaling is required for Orail-induced CSC phenotype.

3.8 Effect of Orail on NFATc3

Four isoforms of NFAT, NFATcl, NFATc2, NFATc3, and NFATc4, were identified (Daniel
et al., 2014). To determine which of the NFAT isoforms are involved in Orail-induced CSC
phenotype, we first examined the expressions of the isoforms in HOK-16B/EV and HOK-
16B/Orail. Among these four members, we found that NFATc3 was the dominant isoform and
increased by Orail in HOK-16B (Figure 10A). We also found that NFATc3 is the dominant
isoform in various OSCC cell lines (data not shown). Notably, NFATc3 was primary found in
the cytoplasm of HOK-16B/EV but accumulated in the nucleus of HOK-16B/Orail (Figure 10B

and 10C), indicative of NFATc3 activation by Orail(Mancini and Toker, 2009a).

3.9 Function of NFATc3 in Orail-induced CSC phenotypes

To further assess the functional role of NFATc3 in Orail-induced CSC phenotype, we
knocked down NFATc3 using siRNA in HOK-16B/Orail (Figure 11A). Knockdown of
NFATc3 showed significant suppressive effect on tumor sphere formation (Figure 11B) and
migration (Figure 11C) in HOK-16B/Orail cells. Furthermore, treatment CsA reduced self-
renewal (Figure 11E) and cell migration in HOK-16B (Figure 11F) without severely affecting
cell viability (Figure 11D). We also demonstrated that silencing of NFATc3 (Figure 12A)
resulted in significant suppression of tumor sphere formation and migration ability in OSCC

cells (Figure 12B and Figure 12C). Orail knockdown and treatment of compound 5D
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suppressed NFATc3 expression, indicating that revealed that NFATc3 is regulated by Orail
(Figure 12D). Our findings indicate that Orail promotes CSC phenotype through NFATc3,

suggesting the role of Orail/NFAT axis in CSC regulation

3.10 Global human transcription profile upregulated by Orail

To further study the mechanism by which Orail regulates CSC phenotypes, we decided to
conduct a microarray of human genome to investigate the genes regulated as the result of Orail
overexpression using HOK-16B/EV and HOK-16B/Orail cells. Analysis of raw microarray data
using strict fold change limit of 2-folds or higher, we have found significant upregulation of
immunity-related genes expression. Analysis of genes revealed that out of 279 canonical
pathways regulated by Orail overexpression in HOK-16B, 79 immunity-related signaling
pathways were significantly upregulated. (Figure 13) These signaling pathways include cytokine
and chemokine signaling, T cell and B cell activation and differentiation, and immune cell

communication (Figure 14).

3.11 Identification of cytokines regulated by Orail/NFATc¢3 axis

Cytokines are demonstrated to regulate CSCs, i.e., self-renewal, drug resistance and
tumorigenicity, in different cancer types, including oral cancer (Lee et al., 2012; Lee et al. 2016).
To validate the significant change in cytokine and chemokines genes expression from the
microarray data, cytokines and chemokine genes expression were determined using qPCR.

Among the 25 cytokine genes tested, 14 cytokine genes, i.e., IL1o, IL1f, IL4, ILS, IL6, ILS, IL15,

IL17, IL36RN, CCL3, RANTES, TNF o, and VEGF, were upregulated by Orail in HOK-16B
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compared to the EV control, suggesting that they are Orail-induced cytokines (Figure 15A). To
further investigate cytokines regulated in Orail-NFATc3 axis, we then performed qPCR to
determine the effect of NFATc3 knockdown on the 14 Orail-induced cytokines in HOK-
16B/Orail. Out of 14 Orail-induced cytokines, 9 were downregulated by NFATc3 knockdown
(Figure 15B and Figure 16A) .We also examined whether these 9 cytokine were regulated by
NFAT activation, OSCC cells were treated with NFAT activator, PMA/lonomycin, and/or NFAT
inhibitor, CsA. When the cells were stimulated by NFAT activator, expression level of 5
cytokines, i.e., IL4, IL5, CCL3, RANTES and VEGF, increased significantly, and CsA treatment
reverted the induction significantly (Figure 16B), indicating downstream cytokines of Orail-

NFATCc3 axis,

3.12 Role of the Orail/NFATc3 cytokines in CSC phenotypes

To investigate the role of the Orail/NFATc3 cytokines in oral CSCs, we first determine the
expression of 5 Orail/NFTc3 cytokines in CSC-enriched OSCC. As demonstrated earlier
(Figure 5), we used tumor sphere assay and ALDH]1 assay to isolate CSC-enriched OSCC.
Among the 5 cytokines, /L4 and CCL3 were commonly upregulated significantly both in
SCC4/Sphere compared to SCC4 adherent monolayer (Figure 17A) and ALDH1"" cells

compared to ALDH1"" cells (Figure 17B).

Next, to determine the role of IL4 and CCL3 in regulating Orail-dependent CSC
phenotypes, we tested the effect of each cytokine on self-renewal in Orail inhibited OSCC,
SCC4/E106Q. As expected, SCC4/E106Q showed suppression of self-renewal compared to the
EV control, but subsequent addition of IL4 and CCL3 resulted in rescue of self-renewal

comparable to the EV control (Figure 18A). To further investigate if these cytokines are
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required for the CSC phenotype regulated by Orail, we tested the rescue effect of cytokines on
cell migration in Orail-inhibited OSCC. Again, SCC4/E106Q showed dramatic suppression of
cell migration compared to the EV control. Addition of CCL3 partially rescued suppressed cell
migration in SCC4/E106Q, but addition of IL4 did not have any effect (Figure 18B). These data
indicate the role of IL4 and CCL3 in regulating different CSC phenotypes and possible

involvement of other Orail target genes in CSC regulation.

3.13 Role of Orail-induced stem cell and cancer/metastasis markers

Along with upregulation of cytokine genes, stem cell and cancer/metastasis genes were also
upregulated. Gene ontology analysis of genes upregulated 2 folds or higher also revealed that 22
stem cell pathways and 24 cancer/metastasis pathways out of 275 pathways were upregulated by
Orail in HOK-16B cells (Figure 19A). Validation of 15 out of 22 genes in these pathways
showed significant induction, i.e., ALSHIA3, CPTIA, ID1, ID2, AKAP12, COL12A1, DLX2,
DLX6, DPP4, FABP4, MAF, LOX2, LOXL2, SERPINBI, and SEMA3A. To identify Orail-
induced stem cell and cancer/metastasis-related genes regulated by NFAT, we determined the
effect of NFATc3 knockdown on these genes expression. Out of 15 genes, 4 genes were
significantly downregulated by NFATc3 knockdown (Figure 19B), indicating that these genes

are regulated by Orail-NFATc3 axis.
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DISCUSSION

In this study, we demonstrate for the first time that Orail is a novel molecular regulator of
tumorigenicity and stemness of OSCC. Orail expression is elevated in a stepwise manner during
oral/oropharyngeal carcinogenesis and enriched in CSC populations. Ectopic Orail expression
confers in vivo tumorigenic capacity and CSC phenotype on non-tumorigenic immortalized oral
epithelial cells. Moreover, inhibition of Orail suppresses tumorigenicity and CSC phenotype in
OSCC. We also provide the evidence that Orail enhances CSC phenotype through NFAT
signaling, indicating the importance of Orail/NFAT axis in oral CSC. Therefore, our study
highlights the functional significance of Orail signaling in malignant progression of OSCC by
enriching cancer stemness.

Emerging role of Orail in human cancer has been reported. Upregulation of Orail expression
was observed in various human cancers, including esophageal cancer (Zhu et al., 2014b). A high
expression of Orail protein is also strongly linked to poor prognosis and aggressive behavior of
human cancers. However, no information is available regarding Orail expression during
oral/oropharyngeal carcinogenesis. Our results showed that Orail is highly expressed in OSCC
compared to precancerous and normal tissues in vivo. Moreover, precancerous oral epithelial
cells express higher Orail protein than normal oral epithelial cells, suggesting that Orail plays
an important role in cancer progression. To our knowledge, our finding is the first report
showing a stepwise elevation of Orail in multistep carcinogenesis in vivo and further oncogenic
transformation of immortalized cells by Orail overexpression. Consistent with previous
observation (Zhu et al., 2014b), our immunohistochemistry study confirmed localization of Orail
in the plasma membrane. We also observed diffused staining of Orail in both the cytoplasm and

nucleus. Since the tissue sections were obtained from 3 dimensional tissue structures, there
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could be some overlap with another cell layer positioned in different orientation compared to
monolayer-cultured cells. Indeed, we were able to detect predominant Orail staining to the
plasma membrane in the monolayer-cultured cells of HOK-16B/Orail. Our study clearly
demonstrated that Orail is required for tumorigenicity of OSCC in vivo. Inactivation of Orail by
the dominant negative Orail mutant not only suppressed SOCE, but also abolished in vivo
tumorigenic potential of OSCC. Conversely, ectopic Orail expression further transformed non-
tumorigenic oral epithelial cells to tumorigenic cells. This finding is consistent with the results of
a previous study reporting that Orail inhibition led to significant decreases in cancer growth in
vivo and in vitro (Kim et al., 2014a; Liu et al., 2011; Zhu et al., 2014b). Our findings support the

hypothesis that Orail is a novel molecular determinant of oral/oropharyngeal cancer progression.

Self-renewal is the critical characteristic by which CSCs regenerate themselves, suggesting
the driving force of tumorigenesis. CSCs are viewed as the seed of cancer and hence as effective
target of anti-cancer therapies. Therefore, findings from our studies are of paramount important
for the development of more effective cancer therapies. By phenotypic and functional analysis,
we demonstrate that Orail is an important regulator of CSC phenotype in OSCC. Orail is highly

expressed in CSC-enriched cell populations, such as tumor spheres and ALDH1™H

population
of OSCC. Furthermore, Orail endowed non-tumorigenic immortalized oral epithelial cells with

self-renewal and concomitantly increased stemness transcription factors, i.e., Nanog, Oct4, Sox2,

KLF4, and Myc.

These stemness factors, especially Nanog, Oct4 and Sox2, serve as the key pluripotency
transcriptional factor, which dictates formation of embryo. Octamer 3/4 (Oct4), a member of the
POU family, is known as an essential transcription factor during human embryogenesis thus is

considered important stem cell marker (Lee et al., 2006). Recently, there have also been reports
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about the presence of Oct 4 in benign and malignant human cancer cells which serves to enhance
cancer stemness and cancer progression (Tai et al., 2005). Sox2 is a member of the Sox (SRY-
Related HMG box) gene family that serves as the transcriptional factors with a single HMG
DNA-binding domain. Sox2 is another well-known embryonic stem cell marker and is
considered to function important role in the formation of early pluripotent embryonic cells. Also,
Sox2 sustains stemness of the neural progenitor cells by prohibiting the differentiation (Bani-
Yaghoub et al., 2006). Nanog is known to function in conjunction with Oct4 and Sox2 to form
embryonic stem cells and maintain their self-renewal during embryogenesis (Chambers et al.,
2003; Pan and Thomson, 2007). Oct4, Sox2, and Nanog is also aberrantly expressed in several
cancers such as breast, colon, lung and oral cancer cells, and they serves important function
tumorigenesis and metastasis (Schoenhals et al., 2009)((Ezeh et al., 2005). These evidences
support the role of Orail in conferring tumorigenic potential in non-tumorigenic oral epithelial

cells in our study.

Orail also promoted other CSC properties, ALDHI activity and migration. Ectopic Orail
expression markedly increases ALDH1+ cell population in the non-tumorigenic oral epithelial
cells. ALDHI1 has been found to be a marker for stem cells in different types of cancer, including
OSCC (Clay et al., 2010; Ota et al., 2014a). ALDHI1" cancer cells displayed higher self-renewal,
migration, and tumorigenic potential than ALDH1" cells (Clay et al., 2010; Ota et al., 2014b;
Richard et al., 2013). Orail also markedly increases motility of the non-tumorigenic cells. Our
finding is consistent with previous reports showing the importance of Orail in cell migration.
Knockdown of Orail in invasive breast cancer cell lines decreased cell migration, whereas its
overexpression promoted cellular motility (Lee et al., 2012b). However, underlying mechanism

by which Orail enhances oral epithelial cell migration has not been understood. Therefore,
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effects of Orail on epithelial-to-mesenchymal transition (EMT) and metastasis-related gene
expression should be warranted to investigate (Davis et al., 2012). In multiple OSCC cell lines,
inhibition of Orail led to suppression of such CSC phenotype. We conclude that Orail increases
not only the number of CSCs, but also CSC properties. Thus, we hypothesize that Orail
promotes malignant progression of OSCC by enriching CSC phenotype. Therefore, Orail could

be an effective therapeutic target for OSCC.

We also found that Orail regulates the expression of several important CSC-related genes,
i.e., Ezh2, Glil, Hesl, Zeb2, FGF4, and IL4. Studies have shown the important role of these
genes in acquisition and maintenance of CSC phenotype. For instance, our previous study
demonstrated that Hes1 is upregulated in OSCC, and the suppression of Hes1 in oral cancer cells
inhibits self-renewal capacity of OSCC, suggesting the important role of Hes1 in OSCC CSC
(Lee et al., 2012a). In addition, other reports also revealed the crucial roles of Hes1 in the
maintenance of CSC properties, such as metastasis, chemotherapy resistance, and EMT (Liu et
al., 2015). Zebl and Zeb2 are significantly increased in head and neck CSCs compared to non-
CSCs (Chu et al., 2013). Knockdown of Zeb1 and Zeb2 in head and neck cancer cells decreased
their CSC properties such as self-renewal capacity, the expression of stemness markers, and drug
resistance. Moreover, their suppression inhibited in vivo tumor growth and the rate of metastasis
to distant site (Chu et al., 2013). Conversely, co-overexpression of Zeb1 and Zeb2 enhanced
sphere-forming ability of head and neck cancer cells (Chu et al., 2013). FGF4 is shown to play a
key role in maintaining self-renewal capacity of normal and cancer stem cells (Jordan et al., 2011;
Yasuda et al., 2014). FGF4 promoted self-renewal of CSC-enriched population (Yasuda et al.,

2014).
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Orail-mediated SOCE activates NFAT, a family of transcription factors composed of four
members, NFATcl, NFATc2, NFATc3, and NFATc4 (Daniel et al., 2014; Parekh, 2007; Parekh
and Putney, 2005). NFATSs are first elucidated in immune cells, NFATSs are activated as a result
of calcium flux from endoplasmic reticulum stores and from the extracellular environment
through the activation of store-operated channels on the plasma membrane. In the basal state
NFATS are hyperphosphorylated in the cytoplasm. Following the stimulation and increase in
intracellular Ca® level, NFATS are activated by the phosphatase calcineurin-dependent
dephosphorylated, and active NFAT form then can translocate to the nucleus, where they
cooperate with other factors and co-activators to promote gene transcription (Mancini and Toker,
2009b). The calcium-regulated isoforms NFATc1-4 share two conserved domains: the Rel-
homology region (RHR) and conserved NFAT homology region (NHR). NHR domain contains
the transactivation region of NFATSs, which binds to gene promoter to initiate gene transcription,
and numerous serine residues that can be phosphorylated by protein kinase again to transfer

NFAT back to the cytoplasm (Chen et al., 1998).

NFATSs also have an important role in maintaining the balance between quiescence and
proliferation in stem cells (Horsley et al., 2008). When hair follicle stem cells enter quiescent
state, NFATc1 activation by bone morphogenic protein 4 (BMP4) serves to repress cycline-
dependent kinase 4 (CDK4) and repress cell cycle progression. Conversely, activation of
NFATcl drives stem cells to enter the proliferative stage and allow differentiation (Mancini and
Toker, 2009b; Mani et al., 2008). This suggests the role of NFATc1 in maintaining stemness in
stem cells and is involved in biological cue which directs transition of stem cells from the
undifferentiated state to the differentiation state. Emerging evidence has suggested that NFAT

signaling plays an important role in tumorigenesis by regulating various target genes involved in
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cancer development (Mancini and Toker, 2009a). For instance, NFATc1 induced malignant cell
growth phenotype in pancreatic cancer cells by upregulating Myc (Buchholz et al., 2006a) and
promoted metastasis of mammalian cancer cells via MMP-2 upregulation (Chen et al., 2011; Liu
et al., 2013; Velupillai et al., 2010). NFATc2 was overexpressed in multiple cancer types (Chen
etal., 2011; Liu et al., 2013), and its depletion suppressed migration/invasion of cancer cells (Liu

etal., 2013).

Despite these reports, the role of NFAT proteins in OSCC has not been documented. In our
study, we showed that treatment of OSCC cells with NFAT inhibitor suppressed self-renewal
and migration. Similar effect of the NFAT inhibitor was also observed in HOK-16B/Orail,
suggesting that NFAT is required for Orail-induced CSC phenotype. Furthermore, our studies
revealed that NFATc3 is dominant isoform in oral epithelial cells and activated by Orail
overexpression. Silencing NFATc3 in HOK-16B/Orail led to suppression of CSC phenotype,

suggesting the funtional role of Orail/NFAT axis in the regualtion of CSC.

The role of cytokines during inflammation include sending signals to immune cells via
ligand-receptor interaction to help resolve infection, and studies suggests oncogenic role of these
cytokines signaling (Sriuranpong et al., 2003). Generally, secreted cytokines can send signals in
an autocrine or paracrine fashion. Chronic inflammation is a sustained inflammatory condition in
the site of injury which may lead to environments that promote genomic mutation and initiation
of cancer. About 20% of cancer formation and progression are reported to be linked to chronic
inflammation (Aggarwal et al, 2009). Inflammatory tumor microenvironment is populated with a
many different cell types, which includes groups of the innate immune cells (neutrophils,
macrophages, mast cells, dendritic cells, myeloid derived suppressor cells and natural killer

cells), adaptive immune cells (B and T lymphocytes), stromal cells (fibroblasts, endothelial cells,
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pericytes and mesenchymal cells) and cancer cells. (de Visser et al, 2006). Recent scientific
evidences inferring the significant role of immune system in cancer growth and progression in
inflammation (Blair and Cook, 2008). The role of pro-inflammaotry cytokines in tumorigenesis
of various cancer types is generally well-documented in research. NF-K3, STAT and caspases
are activated by various cytokines, including IL-1, IL-4, IL-6, IL-10, IL-12, IL-23, TGF-f, TNF-

a and TRAIL, and can also sustain the inflammatory microenvironment (Lin and Karin, 2007).

To investigate the role of cytokines in Orail-induced CSC phenotypes, we first examined the
global expression of human genome using high-throughput microarray using HOK-16B/EV and
HOK-16B/Orail cells. Interestingly enough, HOK-16B/Orail revealed significant number of
genes increased by Orail. Among those genes, there were significant number of genes involved
in immunity-related canonical signaling pathway. These pathways include cytokine and
chemokine receptor-mediated inflammatory signaling, immune cell activation and differentiation
signaling, and inflammatory signaling in involved in different human diseases. Along with our
previous study demonstrating enhanced oral CSC phenotypes by chronic inflammatory cytokine
exposure (Lee et al., 2012a), this microarray data provides another valuable information that
these genes involved immunity-related canonical pathways may also participate in regulating

CSC phenotype in HOK-16B cells.

Evidences revealed overexpression of IL4 in many cancers including lung, colon, breast and
thyroid cancer (Todaro et al., 2007b). IL4 is well-known pro-inflammatory cytokine with
multifunction which can promote cancer formation by enhancing proliferation and inhibiting
apoptosis (Li et al., 2008; Prokopchuk et al., 2005). It has previously been demonstrated that L4
confer apoptosis resistance in chronic lymphocytic leukemia B-cells and enhance the anti-

apoptotic proteins expression in cancers cell lines, such as breast, prostate and bladder. IL4 is
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reported to promote cancer cell survival and expansion by inducing the expression of anti-
apototic genes (Todara, 2007). Also, cancer cells producing IL4 in autocrine fashion showed
drug resistance thereby escaping from chemotherapy-induced cell death (Conticello et al., 2004).
Many studies demonstrated that cytokines increased CSC population and phenotype (Asiedu et
al., 2011; Lee et al., 2012a; Sansone et al., 2007; Storci et al., 2010; Todaro et al., 2007a). We
also previously reported that inflammatory cytokine enhanced CSC phenotype of OSCC (Lee et
al., 2012a). Its role in CSC is also highlighted. IL4 secretion by colon CSCs conferred
chemoresistance (Di Stefano et al., 2010; Todaro et al., 2007b). Indeed, many evidences indicate
the role of IL-4 cytokine in cancer progression and is found to be associated with cancer
initiation and CSC regulation. In our study, we found an increase in IL-4 expression in OSCC
cell lines and increased CSC phenotypes, e.g., self-renewal capacity and cell migration and

invasion.

CCL3, also known as macrophage inflammatory protein 1a (MIP-1a), is a pro-inflammatory
cytokine belonging to the CC chemokine subfamily and is a ligand for CCL3 receptors, CCR1,
CCR3, CCR4 and CCRS5. On the site of inflammation, CCL3 is known to have function to elicit
chemotactic activities of immune cells including lymphocytes, macrophages, and monocytes
(Schall et al., 1993). Also, it has been reported that various cancers secrete or stimulate different
complex chemokine networks in immune cells and stromal cells that directs immune cell
recruitment to tumor microenvironment as well as growth, drug resistance, angiogenesis and
metastasis of cancer (Gales et al., 2013; Mueller et al., 2007). CCL3 promote cancer cell growth,
angiogenesis and metastasis of different tumors such as melanoma, colorectal cancer, and renal
cell carcinoma (Arabzadeh et al., 2013; Hsu et al., 2013; Wu et al., 2008). Recent report

highlighted the important metastatic role of CCL3 by inducing expression and secretion of
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MMPs, which digest extracellular matrix and help cell migration in cancer (Wu et al., 2008). In
human chondrosarcoma cells, activation of MMP and secretion dependent on CCL3. In one
study, CCL3 induced MMP-2 expression and secretion while introduction of MMP-2 inhibitor
suppressed cell migration induced by CCL3 (Hsu et al., 2013). Also, upregulation of cytokines
and chemokines, such as CCL3 and IL8, by exposure to carcinogen called benzo[a]pyrene
increased migration and invasion of lung cancer (Zhang et al., 2016). Along with these
phenotypes of cancer, CCL3 has been shown to promote expansion leukemic initiating cells,
indicating its role in regulating stemness in leukemia (Baba et al., 2013). CCL3 can initiates
cellular signaling pathway upon binding to its receptor. Activation of CCRS signaling by CCL3
in cancer-associated fibroblast allowed fibroblast to accumulate near the colon cancer during the
late phase of colitis-associated colon carcinogenesis, and chemical inhibition of CCRS5
suppressed tumor formation in vivo (Tanabe et al., 2016), which also emphasizes the
significance role CCL3 in perpetuating the inflammatory environment favorable for
carcinogenesis. These evidence are in line with our finding that CCL3 functions to regulate CSC

phenotypes in oral cancer.

Due to significant involvement of chemokines in cancer progression, further investigation
should be warranted to determine whether chemokines are plausible oral cancer therapeutic
target. In this study we demonstrated the possible regulation mechanism of these chemokines.
We showed that IL4 and CCL3 are overexpressed in SCC4 spheres and ALDH1"" cells
compared to the monolayer cells ALDH1'" cells, respectively (Figure 17A and 17B). Ectopic
Orail expression resulted in the significant induction of these cytokine/chemokine expression
(Figure 15A), indicating that these cytokines expression are dependent on Ca”" entry via Orail.

As NFAT is the well-known effector of Orail and is the transcriptional factor that regulates

45



transcription of various cytokines, we speculated that NFAT signaling may be involved in Orail -
induced cytokine/chemokine expression. As expected, these cytokines were consistently
upregulated by NFAT activator, PMA and lonomycin, and down-regulated by subsequent
inhibition of NFAT signaling using CsA in SCC4. Moreover, specific knockdown of NFATc3
also consistently downregulated these genes expression. Gene ontology and canonical pathway
analysis of our microarray data revealed regulation of significant number of immunity-related
genes expression, which also support the idea that cytokines may play a major role in regulating
Orail-induced tumorigenic potential by conferring CSC phenotypes in HOK-16B, non-

tumorigenic immortalized oral epithelial cell.

In addition to delineating the molecular signaling that regulates these cytokine expression,
we showed their function in CSC regulation. Effect of CCL3 and IL4 on self-renewal of different
oral cancer cell lines indicate that these secretory molecules may direct the autocrine and
paracrine signals specifically to stem cells to promote their growth. In order to determine the role
of these cytokines in regulating important CSC phenotypes, we investigated whether cytokines
can rescue CSC phenotypes suppressed by NFAT inhibition. IL4 and CCL3 treatment rescued
self-renewal and CCL3 but not IL4 partially rescued migration capacity of SCC4/E106Q. These
data suggest involvement of various network of cytokines and possibly different effectors of

Orailorchestrating the oral cancer progression in NFAT-independent manner.

Gene ontology analysis also identified Orail-induced cancer stem cell and cancer/metastasis-
related genes in HOK-16B. Gene ontology analysis of genes upregulated 2 folds or higher
revealed upregulation of 22 stem cell and 24 cancer/metastasis-related pathways. Validation of
Orail-induced genes in the HOK-16B by qRT-PCR revealed 15 genes upregulated by Orail.

Among those genes regulated by Orail, many genes including ID1, ID2, LOX and LOXL2, were
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previously reported as cancer stem cell marker or genes involved in malignant cancer
progression in different cancer types. Among the four isoforms of Inhibitor of DNA binding (ID)
proteins, we identified ID1 and ID2 which were overexpressed by Orail in HOK-16B. Both ID1
and ID2 has implication in tumorigenesis and cancer progression. ID1 overexpression and
knockdown study has revealed its function in maintenance of self-renewal, chemoresistance and
tumorigenic potential in colon cancer, and maintenance of glioma stem cells population (Niola,
et al., 2013; O’Brien et al., 2012). Also, ID2 has been reported to play important function in
tumor initiation, proliferation and angiogenesis in retinoblastoma mutant mice (Lasorella et al.,
2005). ID2 loss of function study showed that ID2 knockdown resulted in more differentiated
cell phenotype in human salivary gland cancer cells, with less aggressive phenotype, such as
reduction of EMT marker and suppression of cell proliferation (Sumida et al., 2016). Moreover,
upregulation of lysyl oxidase (LOX), which functions to catalyze the cross-linking of collagen
and elastin in the extracellular matrix, was found crucial in cancer metastasis. According to the
report from Erler et al., LOX expression showed positive correlation with overall survival in
estrogen receptor-negative breast cancers and head and neck cancer patients. In the same report,
they demonstrated that chemical inhibition of LOX inhibited cell invasion in breast cancer and
head and neck squamous cell carcinoma, indicating important function of LOX in cancer
metastasis (Erler et al., 2006). Moreover, expression of Lysl oxidase-like 2 (LOXL2) was
increased in different tumor types such as colon and esophageal cancer (Fong et al., 2007), and
was shown to promote invasion of breast cancer and gastric cancer (Akiri et al., 2003) and
metastasis of gastric carcinoma cells in vitro and in vivo (Peng et al., 2009). From our study, we
showed that Orail indeed confers CSC phenotype in HOK-16B, non-tumorigenic oral epithelial

cells, and we provide another line of evidence that Orail induced a network of stem cell and
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cancer metastasis-related genes expression may promote oral cancer progression by regulating
CSC phenotype. Also, as we identified Orail target genes which were regulated by either NFAT-
dependent or NFAT-independent pathways (Figure 20), Orail may regulate CSC phenotypes in
oral cancer via many signaling pathways. Therefore, studying the role of Orail-induced stem cell

and cancer/metastasis genes in CSC regulation is warranted.

Nonetheless, we have shown the important oral CSC regulating axis: Orail-NFATc3-
Cytokine. Orail-NFATc3 target cytokines, IL4 and CCL3, has been shown to regulate CSC
phenotype regulated by Orail in OSCC. Based on our finding, we speculate that cytokines
secreted by oral CSCs in the tumor environment may regulate CSC phenotypes in autocrine
manner as well as exerts molecular signals in neighbor cells in paracrine manner to promote oral
cancer growth and further progression (Figure 21). Due to various mechanisms by which CSCs
regulate themselves and manipulating cell-cell signaling networks to their own advantage within
the tumor environment, and its drug resistance and metastatic phenotypes, targeting CSCs would
prevent recurrence of cancer. Our study demonstrates that Orailis the key regulator of tumor
formation as well as CSC phenotypes. With the potent Orail-specific chemical blocker
compound 5D identified to suppress Orail function (Kim et al., 2014), our study proposes for the
first time that targeting Orail by using Orail chemical inhibitor 5D may offer a therapeutic

modality against oral cancer (Figure 22).

In conclusion, we demonstrate that Orail is a novel molecular regulator of tumorigenicity
and stemness of OSCC. Orail enhances CSC phenotype through NFAT signaling. Cytokine and
chemokine genes expression induced by Orail-NFATc3 axis also participate in regulating
important CSC phenotypes, e.g., self-renewal and cell migration in OSCC. Thus, the

Orail/NFAT axis could be an important therapeutic target in OSCC.
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4. SUMMARY AND CONCLUSION

Oral cancer is the 6™ most common cancer worldwide with poor survival rate. Recent studies
evidence the presence of cancer stem cells (CSCs or alternatively cancer initiating cells) that are
subpopulations of tumor cells considered as the driving force of tumorigenesis. CSCs are also
potentially responsible for drug resistance, metastasis, and recurrence of cancers. Thus, this
dissertation aims to investigate the novel pathway specifically involved in the maintenance of
CSCs and explore the potential use of this unique pathway as a novel therapeutic target for CSCs.
Orail, a major pore subunit of Ca®" channel of non-excitatory cells, has been involved in
carcinogenesis and cancer progression. To investigate the significance of Orail in oral cancer,
the study was designed to specify the role of Orail and its underlying mechanism by which

Orail regulates oral cancer stemness. Here, we report very notable findings from our study that:

v" Orail is gradually increased from normal to OSCC cancer cells and tissues.

v" Orail is overexpressed the CSC-enriched population in OSCC.

v" Orail gain-of-function and loss-of-function experiments demonstrate that Orail is
required for the tumorigenicity and CSC maintenance of OSCC.

v" Orail overexpression in non-tumorigenic epithelial cells activated NFATc3.

NFATc3 knockdown reverted Orail-induced CSC phenotypes.

v" Orail-NFATc3 target cytokines, i.e., IL4 and CCL3, are highly expressed in CSC-
enriched cells and regulate CSC phenotypes in OSCC.

v" Orailalso induced inflammation, stemness and cancer/metastasis-related genes in a
NFATc3-independent manner.

<\

Based on these findings, we show that Orail maintains oral cancer stemness via activation of
NFATc3 signaling. Also we provide evidence that CSC-specific cytokines regulated by Orail-
NFATc3 axis play a role in regulating oral CSC phenotype. Indeed, we claim that Orail-
NFATc3 axis is the novel CSC regulating pathway in oral cancer and this finding may offer a

targeted therapeutic modality against cancer.
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Figure 1. A stepwise increase of Orail in oral/oropharyngeal carcinogenesis.

(A) Level of Orail protein was determined in normal human oral keratinocyte (NHOK), 3
precancerous, non-tumorigenic immortalized oral epithelial cell lines (NOK-SI, OKF6/tert, and
HOK-16B) and 10 OSCC cell lines (HOK-16B-BapT, SCC4, SCC9/TNF, UM17b, and YD38)
by performing Western blot. GAPDH was used as a loading control. (B) /n vivo Orail
expression was determined in normal human oral epithelia (NHOE), oral dysplasia and OSCC
tissues by immunohistochemical staining. (C) Representative examples of Orail
immunohistochemical staining in NHOE, oral dysplasia and OSCC tissues in vivo. Bar indicates
100 pm. (D) OSCC and dysplastic cells were microdissected from oral cancer tissue and oral
dysplastic tissue, respectively. The levels of Orail mRNA were measured by qRT-PCR and

normalized with the expression of GAPDH.
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Figure 2. The dominant negative Orail mutant (E106Q) suppresses tumorigenicity of

OSCC in vivo.

(A) SCC4 cells were infected with retroviruses containing E106Q or empty vector (EV) as a
control. Intracellular Ca®" imaging assay was performed to confirm the inactivation of Orail
function. Intracellular Ca>" stores were depleted with 1 uM TG in the absence of extracellular
Ca®", followed by re-addition of 2 mM Ca®". Ca®" influx was analyzed by single-cell video
imaging of Fura2-labeled, GFP+ cells. More than 30 GFP+ cells were analyzed in each
experiment. (B) Effect of E106Q on cell proliferation of SCC4 was determined by cell counting.
Data are means + SD of triplicate experiments. (C) Effect of E106Q on anchorage independent
growth of SCC4 was determined by soft agar assay. Data are means + SD of triplicate
experiments. *P < (0.001 by two-tailed Student’s ¢ test. (D) Effect of E106Q on in vivo
tumorigenicity of SCC4 was determined by xenograft tumor assay. SCC4/EV and SCC4/E106Q
were injected subcutaneously into five nude mice. Mice were killed at week 6, and tumors were

surgically removed from all animals and photographed.
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Figure 3. The dominant negative Orail mutant (E106Q) inhibits CSC phenotype.

(A) Effect of E1060 on self-renewal capacity of two OSCC cell lines, SCC4 and HOK-16B
BapT, was determined by tumor sphere formation assay. Data are means + SD of triplicate
experiments. *P < 0.01 and **P < 0.05 by two-tailed Student’s ¢ test. Representative images of
tumor spheres formed by E106Q-transduced OSCC cell lines (SCC4/E106Q and BapT/E106Q)
and their corresponding controls (SCC4/EV and BapT/EV). The photographs were taken at a
magnification of 50X. (B) Effect of E/060Q on ALDHI1 activity in SCC4 was determined by
Aldefluor assay. (C) Effect of E/06Q on migration ability in SCC4 was determined by transwell
migration assay. Migration ability was described as number of migrated cells per field with data
as mean + SD for 3 randomly selected fields. *P < 0.01 by two-tailed Student’s ¢ test.
Representative images of transwell migration assay are shown on the right. (D) Effect of E/060Q
on invasion ability of SCC4 was determined by Matrigel invasion assay. Invasion ability was
described as the number of invaded cells per field with the data as mean + SD for 3 randomly
selected fields. *P < 0.01 by two-tailed Student’s 7 test. Representative images of Matrigel

invasion assay are shown on the right.
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Figure 4. Chemical and Orail knockdown suppress CSC phenotype.

(A) Orail-specific chemical blocker, compound 5D, was used to observe the effect of Orail
inhibition on CSC phenotype. Efficiency of 5D in blocking the function of Orail is determine
previously (Kim, et al, 2014). Effect of compound 5D on cell viability was determined by MTT
assay. (B) Effect of compound 5D on self-renewal capacity of two OSCC cell lines, SCC4 and
HOK-16B BapT, was determined by tumor sphere formation assay. *P < 0.01 by two-tailed
Student’s ¢ test. (C) In order to confirm the effect of compound 5D on self-renewal, secondary
sphere assay was performed using 5000 dissociated primary sphere cells. Experiment was done
in triplicate and images are taken at 50X. *P < 0.01 by two-tailed Student’s ¢ test. (D) Effect of
5D on ALDHI activity was measured using ALDH1 Aldefluor kit. (E) Effect of compound 5D
on migration ability in SCC4 was determined by transwell migration assay. *P <0.01 by two-
tailed Student’s ¢ test. Representative images of transwell migration assay are shown on the right.
(F) Endogenous Orail was knocked down in SCC4 using siRNA against Orail (Oraili: Santa
Cruz) and was confirmed by Western Blot. The cells transfected with control siRNA (CTL1)
were included for comparison. (G) Effect of Orail knockdown on self-renewal capacity of SCC4
was determined by tumor sphere formation assay. Data are means + SD of triplicate experiments.
(H) Effect of Orail knockdown on migration ability of SCC4 was determined by transwell
chamber. Migration ability was described as number of migrated cells per field with data as

mean + SD for 3 randomly selected fields.
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Figure 5. Orail expression is enriched in CSC populations of OSCC.

(A) Expressions of Orail, stemness transcription factors (Nanog, Oct4, KLF4, Lin28A, and Sox2)
and ALDH1were assessed in tumor spheres (CSC-enriched population) and corresponding
adherent monolayer cells (non-CSC population) derived from SCC4 and HOK-16B BapT by
real-time qPCR. Levels of the genes were normalized with the level of GAPDH. Their levels in
tumor spheres were plotted as fold induction against those in their corresponding adherent
monolayer cells. (B) Level of Orail protein was assessed in tumor spheres and corresponding
adherent monolayer cells by Western blot analysis. (C) Demonstration of the strategy for sorting
ALDHI1™%" (CSC-enriched population) and ALDH1°Y (non-CSC population) cell population.
ALDHI1™ and ALDH1"®Y cell populations were sorted from SCC4 cells by flow cytometry.
(D) Level of Orail protein was determined in ALDH1™" and ALDH1"°Y cell population by

Western blot analysis.
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Figure 6. Ectopic Orail expression endows non-tumorigenic immortalized oral epithelial

cells with tumorigenic potential in vivo.

(A) Orail expression was forced in non-tumorigenic immortalized oral epithelial cells, HOK-
16B, by infecting with retroviral vector expressing Orail, and its ectopic expression was
confirmed by Western blot analysis and real-time qPCR. Localization of Orail is confirmed by
Immunohistochemistry using Orail antibody. (B) Effect of Orail on cell proliferation of HOK-
16B was determined by cell counting. Data are means + SD of triplicate experiments.
Representative images of clonogenic assay are also shown on the right. (C) Effect of Orail on in
vivo tumorigenicity of HOK-16B was determined by xenograft tumor assay. HOK-16B/EV and
HOK-16B/Orail were injected subcutaneously into five nude mice. Mice were killed at week 6,
and tumors were surgically removed from all animals and photographed. (D) Morphology
characteristics of xenografts formed by HOK-16B/Orail were observed via hematoxylin and

eosin (H&M) staining. Insert showing magnified image.
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Figure 7. Ectopic Orail expression promotes CSC phenotype in non-tumorigenic

immortalized oral epithelial cells.

(A) Effect of Orail on self-renewal capacity of HOK-16B was determined by tumor sphere
formation assay. *P < 0.01 by two-tailed Student’s ¢ test. Representative image of tumor spheres
formed by HOK-16B/EV and HOK-16B/Orail are shown on the right. (B) Effect of Orail on
ALDHI1 activity in HOK-16B was determined by Aldefluor assay. Cells were labeled with
Aldefluor combined with or without the ALDH1 inhibitor DEAB and analyzed by flow
cytometry. The gate for ALDH1 + cells is determined in relation to the DEAB control (+DEAB)
and shows the brightly fluorescent ALDH1 population versus the side scatter, a population that is
absent/decreased in the presence of DEAB. The number shown in each panel reflects the
percentage of ALDH1+ cells in each cell type. (C) Effect of Orail on migration ability in HOK-
16B was determined by transwell migration assay. *P < 0.001 by two-tailed Student’s ¢ test.
Representative images of transwell migration assay are shown on the left. (D) Effects of Orail
on stemness transcription factors (Nanog, Oct4, Sox2, KLF4, Lin28, Myc, and Bmil) and CSC-
related genes (Ezh2, Glil, Hesl, CCNDI1, Zebl, Zeb2, FDF2, FGF4, and IL4) in HOK-16B were
determined by real-time qPCR. Their levels in HOK-16B/Orail were plotted as fold induction

against those in HOK-16B/EV. *P < 0.05 by two-tailed Student’s ¢ test.
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Figure 8. Chemical inhibition of Orail suppresses CSC phenotype in HOK-16B/Orail.

(A) Effect of compound 5D on cell proliferation was determined by cell proliferation assay.
1x10* cells were seeded in 6 well plate in triplicate and grown for 3 dasys and 6 days. Cell
number was averaged and compared with non-treated control groups. Effect of compound 5D on
self-renewal capacity of HOK-16B/Orail and EV control was determined by tumor sphere
formation assay using different dose of compound 5D. *P < 0.005 by two-tailed Student’s ¢ test.
Representative images were taken at 50X magnification. (C) Effect of compound 5D on
migration ability in HOK-16B/Orail and EV control was determined by transwell migration
assay. Three random fields were chosen to count the migrated cells, averaged and compared with
the EV control *P < 0.01 by two-tailed Student’s ¢ test. Representative images of transwell

migration assay are shown on the right.
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Figure 9. Inhibition of NFAT signaling suppress CSC phenotype in HOK-16B/Orail and

OSCC.

(A) Effect of NFAT antagonist, cyclosporine A (CsA), on self-renewal capacity of HOK-
16B/Orail was determined by tumor sphere formation assay. *P < 0.05 by two-tailed Student’s ¢
test. Representative images of tumor spheres formed by HOK-16B/Orail exposed to the NFAT
inhibitor are shown on the right. (B) Effect of the NFAT inhibitor on migration ability in HOK-
16B/Orail was determined by transwell migration assay. *P < 0.05 by two-tailed Student’s ¢ test.
Representative images of transwell migration assay are shown on the right. (C) Effect of NFAT
inhibitor CsA on cell viability of SCC4 determined by MTT assay. 2000 cells were seeded in 96-
well plate with different doses of CsA and grown for 6 days and cell viability was measured
using he MTT assay kit. (D) Effect of NFAT inhibitor CsA on self-renewal capacity of SCC4
was determined by tumor sphere formation assay. *P < 0.01 by two-tailed Student’s ¢ test.
Representative images of tumor spheres formed by SCC4 exposed to CsA are shown on the right.
(E) Effect of NFAT inhibitor CsA on migration ability in SCC4 was determined by transwell
migration assay. *P <0.01 by two-tailed Student’s ¢ test. Representative images are shown on

the right.
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Figure 10. NFATc3 is increased and activated by Orail in HOK-16B.

(A) Effect of Orailon the expression of NFAT isoforms (NFATcl, NFATc2, NFATc3, and
NFATc4) in HOK-16B was determined by real-time qPCR (left) and Western blot analysis
(right). The Ct values for 4 NFAT isoforms were normalized by the CT value of GAPDH. (B)
Effect of Orail on the intracellular localization of NFATc3 was determined by Western blot
analysis using the cytoplasmic (Cyto.) and nuclear (Nuc.) extracts. Lamin B is a nuclear protein.
a-tubulin is a cytoplasmic protein. (C) Effect of Orail on the intracellular localization of
NFATc3 was determined by confocal laser scanning microscopy. After cell permeabilization
and blocking, cells were probed with NFATc3 primary antibody overnight, then with Alexa
Fluor 594 dye-conjugated secondary antibody and DAPI (blue-green) for confocal laser
scanning. HOK-16B/EV has NFATc3 immunofluorescence staining (red) mainly in the
cytoplasm while HOK-16B/Orail has stronger staining both in the cytoplasm and the nucleus,
which indicates increased NFATc3 expression as well as dominant nuclear translocation.

Representative images were taken at 50X.
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Figure 11. NFATc3 knockdown suppresses CSC phenotype in HOK-16B/Orail.

(A) Endogenous NFATc3 was knocked down in HOK-16B/Orail using siRNA against NFATc3
(NFATc31). The cells transfected with control siRNA (CTL1) were included for comparison.
Knockdown of NFATc3 was confirmed by Western blot analysis. (B) NFATc3 knockdown
effect on self-renewal capacity of HOK-16B/Orail was determined by tumor sphere formation
assay. Representative images of tumor spheres formed by HOK-16B/Orail transfected with
control siRNA (HOK-16B/Orail/CTLi) and NFATc3 siRNA (HOK-16B/Orail/NFATc31) are
shown on the right. (C) NFATc3 knockdown effect on migration ability in HOK-16B/Orail was
determined by transwell migration assay. Representative images of transwell migration assay are
shown on the right. (D) The effect of CsA on cell viability of HOK/16B was determined by MTT
assay. (E) Effect of CsA on self-renewal was determine by tumor sphere formation assay. 3000
cells were seeded in 6-well ultralow gravity plate and grown in conditioned medium for 7 days.
(F) Effect of CsA on cell migration was determined by transwell migration assay. Bottom

chamber was incubated with CsA for 96 hours.
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Figure 12. Inhibition of NFATc3 suppresses CSC phenotypes in OSCC.

(A) Endogenous NFATc3 was knocked down in SCC4 using siRNA against NFATc3

(NFATc31). The cells transfected with control siRNA (CTLi) were included for comparison. (B)
Effect of NFATc3 knockdown on self-renewal capacity of SCC4 was determined by tumor
sphere formation assay. Data are means + SD of triplicate experiments. Represntative images
were taken at 50X magnification. (C) Effect of NFATc3 knockdown on migration ability of
SCC4 was determined by transwell chamber. Migration ability was described as number of
migrated cells per field with data as mean + SD for 3 randomly selected fields. *P < 0.05 by two-
tailed Student’s # test. (D) Direct effect of Orail knock down and compound 5D on NFATc3
expression level in SCC4 was determined by Western Blot. Cell lysates were prepared after 2-

day post Oraili and compound 5D treatment.
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Figure 13. Orail globally upregulated human transcription profile in HOK-16B.

Using HOK-16B/EV and HOK-16B/Orail cells, expression level of global human genes were
determined by performing a high-throughput microarray using Human Genome U133 Plus Array.
Analysis of the microarray was performed by UCLA Technology Center for Genomics &
Bioinformatics. Gene ontology analysis of genes upregulated 2 folds or higher revealed
upregulation of 275 pathways, including stem cell, cancer/metastasis-related and immunity-

related pathway.
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Fig 14. Orail overexpression induced global upregulation of genes involved in immunity-

related signaling in HOK-16B/Orail cells.

From gene ontology analysis of the microarray data revealed groups of upregulation of various
immunity-related canonical pathways by overexpression of Orail in HOK-16B cells. Fold
induction greater than or equal to 2 was used for the analysis. Number of genes regulated in

each pathway is indicated next to the name of each pathway.
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Figure 15. Cytokine genes expression are regulated in Orail-NFATc3 axis.

(A) Cytokine gene expression was compared between the HOK-16B/EV and HOK-16B/Orail
cells by qPCR analysis. The Ct values for each gene were normalized by the CT

value of GAPDH. *P < 0.05 by two-tailed Student’s # test. (B) Expression of subset of Orail-
induced cytokine genes were compared between the HOK-16B/Orail and HOK-
16B/Orail/NFATc3i cells. Fold induction of cytokine genes expression in HOK-16B/Orail is
relative to HOK-16B/EV control cells (indicated as dashed line), and the same in HOK-
16B/Orail/NFATc3i is relative to HOK-16B/Orail/CTLi cells. *P < 0.005 by two-tailed

Student’s ¢ test.
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Figure 16. Orail-induced cytokines are regulated by NFAT signaling.

(A) Gene signature demonstrating the cytokines regulated by Orail-NFATc3 axis. (B)
Regulation of cytokines by NFAT signaling is determined by comparing each gene expression in
SCC4 treated with and/or without NFAT activator or inhibitor. 100nM of PMA/Ionomycin and
10uM of CsA was used to treat cells for 2 days prior to collection and the level of cytokine genes
expression was determined by qPCR. Cytokines upregulated in HOK-16B/Orail cells are
underlined. *P < 0.05 by two-tailed Student’s ¢ test. (Figure obtained from Master’s thesis work of

Nicole Rigas)
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Figure 17. Orail-NFATc3 cytokines are upregulated in CSC population.

(A) Expression level of cytokines was compared between SCC4 monolayer and spheres. Spheres
were prepared by performing sphere assay using 1x10* SCC4 cells. Sphere cells were collected
at day 7 with the monolayers and cytokine genes expression change was determined by qPCR. Ct
values of each gene was normalized against GAPDH. Cytokines upregulated in HOK-16B/Orail
cells are underlined. *P < 0.025 by two-tailed Student’s ¢ test. (B) Expression level of cytokines
was compared between ALDH1"®" and ALDH1'" population. ALDH1"" and ALDHI1"" cells
are prepared by using Aldehyde Dehydrogenase-Based Cell Detction Kit (STEMCELL). Total 3
x 10 cells were used for fluorescent data acquisition and sorting by using a BD FACScan flow

cytometer (BD Biosciences). * P < 0.05 by two-tailed Student’s ¢ test.
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Figure 18. IL4 and CCL3 rescued CSC phenotypes in Orail-inhibited OSCC.

(A) Effect of IL4 and CCL3 treatment on self-renewal capacity in SCC4/E106Q was determined
by performing sphere formation assay. *P < 0.05 by two-tailed Student’s ¢ test. Representative
image is shown below the graph. (B) Effect of IL4 and CCL3 on cell migration was determined
by performing transwell migration assay. Representative image is shown below the graph.
Migration ability was described as number of migrated cells per field with data as mean + SD for

3 randomly selected fields. * P < 0.05 by two-tailed Student’s ¢ test.
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Figure 19. Orail-induced stem cell and cancer/metastasis-related genes are regulated by

NFATc3.

(A) Gene ontology analysis of genes upregulated 2 folds or higher revealed upregulation of 22
stem cell and 24 cancer/metastasis-related pathways out of 275 pathways upregulated by Orail

in HOK-16B. (B) Validation of upregulated Orail-induced genes in the HOK-16B by qRT-PCR
revealed 15 genes upregulated by Orail. Ct values of each gene was normalized against GAPDH.
*P <0.01 by two-tailed Student’s 7 test. (C) 4 out of 15 Orail-induced genes were regulated by
NFATc3 and was determined by performing qRT-PCR using HOK-16B/Orail/EV and HOK-

16B/Orail/NFATc3i cells. *P < 0.01 by two-tailed Student’s ¢ test.
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Figure 20. Orail-induced genes are regulated in NFAT-dependent and NFAT-independent

manner.

Figure demonstrating that Orail regulate CSC phenotypes via inducing upregulation of genes,
i.e., IL4 and CCL3 regulated in NFATc3-dependent manner. Orail-NFATc3 target cytokines
have shown its rescue effect on CSC phenotypes in Orail-inhibited OSCC, SCC4/E106Q. Also,
further validation of Orail-induced genes revealed group of genes, i.e., IL6, IL5, TNFa, ID]1,

etc., regulated by NFATc3-independent pathways.
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Figure 21. Proposed model: Orail-NFATc3-Cytokine signaling governs cancer stemness in

tumor microenvironment.

Schematic figure demonstrating the mechanism by which Orail promotes oral cancer
progressing. This study reports noble CSCs regulation pathway, Orail- NFATc3-Cytokine
signaling pathway. This figure propose that Orail-NFATc3-Cytokine axis may work in autocrine
fashion to regulate CSC phenotypes and may also signals cells in the tumor microenvironment
by paracrine fashion to drive more favorable tumor microenvironment for oral cancer growth,

progression and metastasis.
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Figure 22. Orail-mediated signaling may be a novel therapeutic target for oral cancer

treatment.

This figure demonstrates the presence of oral CSCs regulated by Orail-NFATc3-Cytokine axis
within a tumor. As demonstrated in this study, Orailis the key regulator of tumor formation as
well as CSC phenotypes. Recently, potent Orail chemical blocker 5D has been identified to
suppress Orail function (Kim et al., 2014). Therefore, our study proposes for the first time that
targeting CSCs regulator, Orail, by using Orail chemical inhibitor 5D may halt CSC growth and

may offer a therapeutic modality against oral cancer.
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Table 1. Human genes primer sequences used for real time qPCR

Gene Forward (5'-3") REVERSE
ABCF2 GAAGATCATTGGGCGATACG CGTCTGACAAGTTCCGGATT
ALDHI TTTGGTGGATTCAAGATGTCT CACTGTGACTGTTTTGACCTC
ALDHIA3 TGGTGGCTTTAAAATGTCAGG TATTCGGCCAAAGCGTATTC
AKAPI12 AACGGTCAAGGAGCCCTAAA TTCAGAGTCTCTCTGTCCAACCT
BMI1 CTGGTTGCCCATTGACAGC CAGAAAATGAATGCGAGCCA
BMP2 CAGACCACCGGTTGGAGA CCACTCGRRRCTGGTAGTTCTTC
BMP4 AGCCCTAAGACATCACTCACAG TGAAGTCCACATAGAGCGAGTG
CMYC CCACAAGGCCCTCAGTACC CCTCTTCATCATCTTCATCATC
CCND1 CCATCCAGTGGAGGTTTGTC GTGGGACAGGTGGCCTTT
COL12A1 CCCTGCTCCTGTCTTCCAT TCCACCAGCAACACAATGTC
CPTI1A CCTCCAGTTGGCTTATCGTG TTCTTCGTCTGGCTGGACAT
DLX?2 AGCAGCTATGACCTGGGCTA AATTTCAGGCTCAAGGTCCTC
DLX6 CCTCGGACCATTTATTCCAG TTGTTCTGAAACCATATCTTCACC
DPP4 GCACGGCAACACATTGAA TGAGGTTCTGAAGGCCTAAATC
GAPDH AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC
EZH2 ATGGCACCTGCAGAAGGA TTGGGAAGCCGTCCTCTT
FABP4 CCACCATAAAGAGAAAACGAGAG GTGGAAGTGACGCCTTTCAT
FGF4 TACTGCAACGTGGGCATC GTGCACTCATCGGTGAAGAA
GLI1 AGGAATTTGACTCCCAAGAGC GGCTTTGAAGGGCCTCAG
HESI GTGAAGCACCTCCGGAAC GTCACCTCGTTCATGCACTC
1D2 TGTCAAATGACAGCAAAGCAC GTTGTTGTTGTGCAAAGAATAAAAG
ID1 CCAGAACCGCAAGGTGAG GGTCCCTGATGTAGTCGATGA
KLF4 CTCCATTACCAAGAGCTCATG GAACTCTTTGTGTAGGTTTTG
KLF12 GGGACTCTGTGTGAGGGAAA TGTTCTTAGAGTCACATTGATCCTG
KRT6B TGAGGAGATTGCTCAGAGGAG GATCTGCAGCTCCTCGTACTTT
LIN28A AAAAGGTACCGTGACTCAATT AAAACTCGAGCCCGAGCTCGA
LOX CTTTGCAAACGTGCCAGAA GGGCAGTGTCTGGAGTGAAG
LOXL2 | GGAGAGGACATACAATACCAAAGTG CCATGGAGAATGGCCAGTAG
MAF AGCGGCTTCCGAGAAAAC GCGAGTGGGCTCAGTTATG
MYSM1 CAGGTGAAAGTGGCTTCAGA GAGTATCTTCCTCCTAACAGACCAA
NANOG AGATGCCTCACACGGAGACT TCTCTGCAGAAGTGGGTTGTT
NFATc3 CAGTTTCTTTCAGTTCCTTCAC TGCGAAATATAGGGGTGTGG
OCT4 GAAACCCACACTGCAGATCA CGGTTACAGAACCACACTCG
ORAII CAGCAGCCAACGTCAGCACCA CAGCTGGTCCTGTAAGCGGGCA
PDK1 GCTTCATCCAGGAACATTGG CCGAGTCCCGCTAGAGAA
SEMA3A TGAAATTGGACATCATCCTGAG GGCCGTTTTCAAAATGTGAG
SERPINBI1 TCAGCTTGCCCAGGTTCAAACTG GGATGCTACCTGAGGAATTATGC
SOX2 TCTCATGATGTTCAACCATTCAC CACATTTACATTCAAAGCACCAG
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Table 1. Continued

Gene Forward (5'-3") REVERSE
SPRRI1B CAGAGTATTCCTCTCTTCACACCA CAAGGCTGTTTCACCTGCT
STEAP4 ACACAGAACACACGCTCCTT TGACGGACTATGAGCCAGGA
STIM1 AGTGAGAAGGCGACAGGAAC CTTGTCAATTCGGCAAAACTC
ZEBI1 GGGAGGAGCAGTGAAAGAGA TTTCTTGCCCTTCCTTTCTG
ZEB2 AAGCCAGGGACAGATCAG CCACACTCTGTGCATTTGAAC

Table 2. Human cytokine gene primer sequences used for real time PCR

Genes Forward (5'-3") Reverse (3'-5")

BRAK AAGCTGAAATGAAGCCAAA TGACCTCGGTACCTGGACAC
CCL3 GGCTCTCTGCAACCAGTTCT AATCTGCCGGGAGGTGTAG
FGF2 TTCTTCCTGCGCATCCAC CCTCTCTCTTCTGCTTGAAGTTG
IFNa CTCGCCCTTTGCTTTACTGAT CTCCTGTTATCCAGGCTGTGG
IFNB ATGACCAACAAGTGTCTCCTC TGCCACAGGAGCTTCTGACAC
IFNy ACAAGTTATATCTTGGCTTTTC TCCGCTACATCTGAATGACCT
ILla ATGGCCAAAGTTCCAGACATG TGGAGTGGGCCATAGCTTACA
IL1B TACCTGTCCTGCGTGTTGAA TCTTTGGTAATTTTTGGGATC

1.2 AAGTTTTACATGCCCAAGAAGG AAGTGAAAGTTTTTGCTTTGAGC
1L4 AACTGCTTCCCCCTCTGTTCT TCTTCTGCTCTGTGAGGGTGT
ILS ATCCTTTAAACAAGTGGATTAGGC GCTCTTTGGGAAGGCAAACT
IL6 AAATTCGGTACATCCTCGAC CAGGAACTGGATCAGGACTT
IL7 TGGCAATATAGAAACACGAACTTT TTCCACTCTGAAAAACTGCATAAG
IL8 TGCGCCAACACAGAATTAT ATGAATCCATCCCCCTGTT
IL18 CATGTACAAAGACAGTGAAGT TTTCAGGTGGATCCATTTCC
IL15 ATTTTGGGCTGTTTCAGTGC TTACTTTGCAACTGGGGTGA
IL36RN GGATTCAGCCTTGAAGGTACT GGGACAACACTGATCTCCTCA
IL13 CTCCTCAATCCTCTCCTGTT GTTGAACCGTCCCTCGCGAAA
MMP 3 GGTGAGGACACCAGCATGA ATCCCTGGAAAGTCTTCAGC
RANTES CCTCGCTGTCATCCTCATTGC GGAGCACTTGCCACTGGTGTA
SDF1 CCAAACTGTGCCCTTCAGAT CTTTAGCTTCGGGTCAATGC
TGFp TGGCGTTACCTTGGTAACC GGTGTTGAGCCCTTTCCAG
TNFa GGTGCTTGTTCCTCAGCCTCT GAGAGAGGTCCCTGGGGAACT
VEGF TCCAGGAGTACCCTGATGAGA

ATCTGCATGGTGATGTTGGAC
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