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ABSTRACT OF THE THESIS

A novel molecular pathway for Snail-dependent,
SPARC-mediated invasion in Non Small

Cell Lung Cancer pathogenesis

Jeanette Lynn Grant
Doctor of Philosophy in Cellular and Molecular Pathology
University of California, Los Angeles, 2013

Professor Steven M. Dubinett, Chair

In the U.S., lung cancer is the leading cause of cancer death, with a median survival of
eight months following diagnosis and only 16% of patients surviving more than five years. The
low survival rate is attributable, in part, to a lack of early detection, limiting the benefit of
surgical resection as metastatic progression has already occurred. The early events of lung cancer
pathogenesis have not yet been well defined, contributing to the paucity of early detection
techniques clinically. For tumors to progress to metastatic disease, they must acquire
characteristics that allow them to become migratory, degrade and invade their local basement
membrane, and migrate to a new site before forming a micrometastasis. As part of this process,
tumors undergo a series of events known as epithelial-to-mesenchymal transition (EMT), where
they lose epithelial characteristics and become mesenchymal in phenotype and molecular profile.

Snail is a zinc-finger transcription factor that exerts global effects on epithelial cell gene

expression profiles, resulting in regulation of EMT. Recent studies by our lab have shown that
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Snail is upregulated in human non-small cell lung cancer (NSCLC) tissues, is associated with
poor prognosis, and promotes NSCLC tumor progression in vivo. Furthermore, Snail
overexpression in NSCLC is associated with differential gene expression related to diverse
aspects of lung cancer progression, including angiogenesis. Herein we demonstrate that
overexpression of Snail leads to upregulation of Secreted Protein, Acidic and Rich in Cysteine
(SPARC). Immunoblot and gqRT-PCR analysis of multiple NSCLC cell lines with and without
Snail overexpression validated the relationship between Snail and SPARC in established cancers.
Similar results were found in Snail-overexpressing Human Bronchial Epithelial Cells (HBECs),
a model of early pathogenesis, as well as in human lung adenocarcinomas and squamous cell
carcinomas immunostained for Snail and SPARC. Taken together, these data indicate that
SPARC is upregulated by Snail at early and late points during lung carcinogenesis and may play
a role in lung cancer initiation and progression.

In all cell lines evaluated, Snail overexpression leads to increased SPARC-dependent
invasion in vitro. The promoter region of SPARC does not contain a binding site for Snail,
indicating that Snail upregulates SPARC by an indirect mechanism. Bioinformatic analysis of
array data revealed potential intermediaries in Snail-mediated upregulation of SPARC, including
miR-29b and the TGF- and MEK/ERK pathways. Both the TGF-B1 ligand and TGF-BR2 are
upregulated following Snail overexpression. In addition, treatment of HBEC cell lines with TGF-
B1 resulted in phosphorylation of ERK1/2 as well as upregulation of SPARC and Snail.
Inhibition of TGF-B1 mRNA decreased the Snail-dependent activation of ERK1/2 and protein
expression of SPARC. Inhibition of MEK phosphorylation by the chemical inhibitor U0126 in
Snail-overexpressing cell lines leads to a loss of SPARC upregulation, indicating that the TGF-[3-

driven MEK/ERK pathway is necessary for Snail-dependent upregulation of SPARC. The
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microRNA miR-29b is downregulated in Snail-overexpressing cell lines. As the 3’UTR of
SPARC mRNA contains multiple consensus sequences for miR-29b, we have hypothesized that
downregulation of miR-29b by Snail, downstream of ERK, allows for upregulation of SPARC.
Transient overexpression of a miR-29b mimic in both the vector control and Snail-
overexpressing cell lines inhibited SPARC expression, confirming the ability of miR-29b to
regulate SPARC. In addition, miR-29b was upregulated following ERK inhibition, indicating a
pathway by which Snail overexpression leads to activation of TGF-f and ERK signaling,
resulting in downregulation of miR-29b and upregulation of SPARC.

Upregulation of SPARC is associated with metastatic potential of melanomas and
gliomas as well as an invasive phenotype in breast, prostate, and colorectal carcinomas.
Expression of SPARC in the tumor stroma of NSCLC is associated with poor patient prognosis,
though its role in tumor progression, especially in relation to Snail expression, has not been
evaluated. Our novel discovery of SPARC overexpression as an early event during lung
carcinogenesis has potentially important implications, especially as related to the parallel model
of cancer development and metastatic progression. Delineating pathways involved in Snail-
dependent and SPARC-mediated parallel progression may yield new targets for lung cancer

prevention and treatment.
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A Review of the Literature:
Inflammation in the Pulmonary Microenvironment

and Cancer Progression



Lung Cancer

In the U.S., lung cancer is the leading cause of cancer death, with a median survival of
eight months following diagnosis and only 16% of patients surviving more than five years
[1]. The low survival rate is attributable, in part, to a lack of early detection, limiting the benefit
of surgical resection of the primary tumor as metastatic progression has already occurred. The
two main types of lung cancer are Small Cell Lung Cancer and Non Small Cell Lung Cancer
(NSCLC), which are classified based on histological evaluation. The majority of lung cancers are
classified as NSCLC and can be further classified as the subtypes of Adenocarcinoma (ADC),
Squamous Cell Carcinoma (SCC), and Large Cell Carcinoma (LCC) [2]. The majority of
patients diagnosed with lung cancer have a history of chronic obstructive pulmonary disease
(COPD) and/or tobacco use, both of which are associated with inflammation [3]. COPD includes
the diseases chronic bronchitis and emphysema and is characterized by luminal airway
narrowing and destruction of lung parenchyma. Chronic bronchitis is characterized by chronic
irritation and inflammation of the airways, leading to thickening of the airway lining and
increased mucus production. Emphysema is characterized by the damage or destruction of the air
sacs in the lungs, preventing proper gas exchange [4].

While knowledge of the molecular mechanisms of lung cancer behavior has increased
and new therapeutic agents have been introduced, lung cancer survival rates have remained
relatively unaltered over the last 30 years. This plateau may be due to a lack of understanding of
the factors promoting lung cancer development and metastatic progression. In recent years, focus
has changed from histological classification to classification by driver mutations such as those in
the KRAS, epidermal growth factor receptor (EGFR) and anaplastic lymphoma kinase (ALK)

genes [5]. These mutations may play a role in both tumorigenesis and therapeutic resistance.



Driver mutations occur in genes that encode signaling proteins crucial for cellular proliferation
and survival. Mutant oncogenes drive both tumor formation and maintenance and this
phenomenon is also termed oncogene addiction [6].

Epidermal growth factor receptor (EGFR) is a transmembrane tyrosine kinase receptor
that initiates a signaling cascade following ligand binding. Overexpression has been observed in
several cancers, including NSCLC, and is the target of two tyrosine kinase inhibitors (TKIs),
gefitinib and erlotinib [5]. Activating mutations in the EGFR gene have been detected in
approximately 50% of Asian patients and 10% of non-Asians, making it an effective target for
therapy. However, the exon 20 T790M mutation is associated with acquired resistance to TKI
therapy [5,7]. EGFR activation may also be caused by increased copy number [5]. Given that
EGEFR is expressed on the cell surface of a substantial percentage of NSCLCs, it has also been
suggested that EGFR inhibition could also be used in lung cancer prevention [7]. Inhibition of
EGFR may result in activation of alternate signaling pathways. The most frequently encountered
alterations include KRAS mutations, MET amplification, ALK gene fusion, PIK3CA mutations,
BRAF mutations, and IGFIR overexpression [5].

Activating mutations in the KRAS gene lead to constitutive Ras signaling, are found in
approximately 25% of NSCLCs, are associated with poor prognosis, and are associated with
EGFR TKI resistance [8]. The gene MET encodes the receptor tyrosine kinase hepatocyte
growth factor receptor (HGFR). Amplification of this gene has been associated with secondary
resistance to EGFR TKIs and has been reported in about 20% of tumors from patients with
acquired resistance [9]. In adenocarcinomas, MET amplification is independent of KRAS
mutation or EGFR amplification. Amplification of MET results in constitutively active HGFR,

which has been shown to initiate tumorigenesis [6]. ALK is a receptor tyrosine kinase not



normally expressed in the lung. Its fusion with an upstream partner, EML4, results from diverse
small inversions within the short arm of chromosome 2 [6]. This fusion results in protein
oligomerization and constitutive kinase activation and ultimately cellular proliferation. EML4-
ALK fusions are detected in approximately 7% of all NSCLCs, though frequency is increased in
adenocarcinomas, young adult patients, and never- or light-smokers [5,9]. A small molecule
tyrosine kinase inhibitor of ALK, crizotinib, has proven effective in NSCLC patients with
EMLA4-ALK fusions [10]. PIK3CA is a gene encoding the main catalytic subunit of PI3K
proteins, which are key mediators between growth factor receptors and intracellular downstream
signaling pathways [6]. Mutations in PIK3CA occur in about 2% of NSCLC cases and lead to a
gain of enzymatic function, allowing activation of the protein kinase B signaling pathway in the
absence of growth factors. B-RAF is one of three members of the RAF kinase family that links
RAS GTPases to downstream proteins of the MAPK family, controlling cell proliferation [6].
Mutations in BRAF are found in 1-3% of NSCLC tumors and are associated with increased
kinase activity due to constitutive activation of MAPK2 and MAPK3. Identification of additional
driver mutations is an active area of study and could yield additional targets for chemoprevention

and therapy as well as provide additional clues into the molecular pathogenesis of NSCLC.

Inflammation in the Pulmonary Microenvironment

Inflammatory mediators, including TGF-B, COX2, and IL-1B are overexpressed in the
lungs of smokers and patients with COPD and idiopathic pulmonary fibrosis (IPF); these patients
have a heightened risk of developing lung cancer [11-13]. Smoking increases lung
concentrations of TGF-f3 and EGF and is thought to contribute to formation of both COPD and
IPF and subsequently lung cancer [7]. EGF potentiates TGF-f1-mediated COX-2 induction at

both the mRNA and protein levels in HBECs in an EGFR- and ERK-dependent manner [7]. The



CXC chemokine interleukin-8 (IL-8) is an important proinflammatory mediator that promotes
cell proliferation and angiogenesis in NSCLC and is associated with poor prognosis. IL-8 is a
transcriptional target of RAS signaling and is therefore upregulated in the setting of oncogenic
KRAS. Activating EGFR mutations in NSCLC also induce expression of IL-8 [8].
Overexpression of inflammatory mediator responsive receptors frequently occurs in NSCLC.
One example is insulin-like growth factor 1 receptor (IGFRI1R), a mediator of cellular
proliferation [10]. Another is fibroblast growth factor receptor 1 (FGFR1), which is frequently
amplified in the lungs of smokers and is correlated with poor prognosis. Given the interactions
between the inflammatory microenvironment, oncogenic mutations, and tumor initiation, chronic
inflammation is now considered a risk factor for the development of lung cancer and was
recently described as one of the hallmarks of cancer development, with estimates of 15% of all
cancer deaths being inflammation-related [13,14]. While some correlations have been made
between the two disease states, the molecular mechanisms underlying the association between
inflammation and lung cancer initiation and progression remain largely undefined.

The inflammatory tumor microenvironment (TME) is comprised of a number of different
cell types and secreted molecules including cancer-associated fibroblasts, inflammatory
cytokines, immune cells including macrophages and lymphocytes, and matricellular proteins
[15]. Two pathways have been postulated for the origin of the inflammatory TME, the intrinsic
and extrinsic pathways. The intrinsic pathway supposes that genetic alterations within the
neoplastic cells lead to increased production of inflammatory mediators. The extrinsic pathway
suggests that the inflammatory environment is present first and creates an accommodating niche
for tumor development. Given what is currently being discovered about the ability of cytokines

induced by inflammation in the lungs of smokers or those with COPD to cause transformation of



normal bronchial epithelial cells, the extrinsic pathway does seem to play a role [13]. The
intrinsic pathway has also been indicated as being operative in human bronchial epithelial cells.
Understanding the molecular profile of the TME may enhance the diagnostic and
therapeutic processes. Research into the gene expression profiles of the non-tumoral bronchial
epithelium has revealed patterns that correlate with clinical endpoints including diagnosis,
progression, and survival [15,16]. Use of non-steroidal anti-inflammatory drugs, including COX-
2 inhibitors, has been linked to decreased incidence and delayed progression of a number of
cancers, including lung [13,17,18]. The TME may also extend beyond the immediate tissue
surrounding the tumor. Several studies have described a field of injury characterized by

molecular and cellular changes in all airway epithelial cells exposed to cigarette smoke, termed a

“field effect” [19].

Epithelial-to-Mesenchymal Transition

For tumors to progress from in situ to metastatic disease, they must acquire certain
characteristics that allow them to become migratory, degrade and invade their local basement
membrane, and migrate to either a proximal or distal site before forming a micrometastasis. As
part of this process, tumors undergo a series of events known as epithelial-to-mesenchymal
transition (EMT), wherein they lose epithelial characteristics and become more mesenchymal in
phenotype and molecular profile.

EMT in Human Development

During the embryonic development process, cells undergo several rounds of EMT and
the converse process mesenchymal-to-epithelial transition (MET) in order to migrate and
differentiate into the specialized cell types and complex structures that form adult tissues and

organs. These processes are highly regulated and have been classified into three distinct



sequences- primary, secondary, and tertiary EMT [20]. Primary EMTs center on the gastrulation
process and includes formation of the mesoderm and primitive streak and neural crest
determination. The transcription factors Snail and Twist, inhibitors of E-cadherin and
evolutionarily conserved initiators of EMT, are key mediators of the gene regulatory network
responsible for this process in vertebrates [21]. Expression of Snail is induced by transforming
growth factor B (TGF-B) superfamily members and its expression is maintained by additional
growth factor signaling [22].

Following the migration and primary differentiation events of gastrulation and neural
crest formation, secondary EMT events generate the cell types required for formation of multiple
organs. Mesenchymal cells in the neural crest differentiate into determined cell fates, migrate
together, and undergo MET to form transient epithelial structures that will later form adult neural
tissues, the musculoskeletal system, and the urogenital system, among others. The condensed
epithelial structures undergo another round of EMT to differentiate further and migrate into more
complex structures [20]. Tertiary EMT is primarily responsible for heart formation. Primary
EMT specifies formation of cardiac mesodermal cells that organize into a two-layer epithelium
via MET. These two layers fold around the primitive foregut in a secondary EMT followed by
the endocardial tube formation surrounded by myocardial epithelium formed by a second MET.
Finally, endothelial cells undergo another EMT to form the endocardial cushion [23].

As the phenotypic switching and cell migration required during development are not
necessary in adult tissues, the EMT program is dormant in adult tissues, with a few exceptions.
In response to epithelial tissue injury, keratinocytes along the edge of a wound undergo an EMT-
like process during which they acquire an intermediate phenotype known as the “metastable”

state. In this state they keep loose contact with neighboring cells while moving as a group to



close the wounded area [24]. When EMT is induced in chronically injured epithelium, such as in
liver cirrhosis, fibrosis can develop over time. Fibrotic tissue forms from the conversion of
epithelial cells to myofibroblasts that accumulate and secrete organ-damaging amounts of
collagen [25]. The same molecules involved in developmental EMT have been implicated in
fibrosis, including TGF-f and Snail [26-28].

EMT in Cancer Progression

While the EMT process and its associated transcription factors (especially the Snail
family described below) are active in the embryonic development process, their activation in
adult tissues is associated with malignant transformation. The transcription factors associated
with EMT have been linked to a number of malignant phenotypes including transformation,
migration, invasion, and apoptosis resistance [21,29,30]. The invasive front of numerous
carcinomas, including breast, colon, and cervical, have a strong EMT profile. As the invasive
front receives signals from both the tumor and the stroma, it is likely that the conversion is a
result of the interplay between these two tissues. As the subset of cells that undergo EMT are
likely to be responsible for metastatic progression, it is not surprising that an EMT molecular
profile is correlated with poor clinical outcome and disease relapse in patients with breast,

colorectal, and ovarian carcinomas [20].

Tumor Initiating Cells

Studies of neoplastic tissues have revealed a small subpopulation of cells within the
tumor capable of self-renewal. These cells have been termed tumor-initiating cells (TICs) or
cancer stem cells (CSCs) and are thought to not only give rise to the initial neoplasia but also the
heterogeneous lineages of cells that comprise the total tumor [31,32]. Additionally, due to their

self-renewal capabilities, these cells are thought to be responsible for relapse following



chemotherapy or radiation treatment [33]. These properties have recently lead TICs to become a
critical target for new therapeutics. The origins of the TIC have not been identified and may be
tumor-specific, but they have been hypothesized to arise from either a mature tissue stem cell
that has had a malignant transformation or from a more differentiated cell whose “stemness”
program has been re-initiated [33]. While the overall complement of TIC markers likely differs
between tumor types, the CD44"€"/CD24"°" antigenic phenotype has been correlated with a TIC-
enriched subpopulation in breast cancer and other carcinomas [34,35].

In order for disseminated cells to give rise to macrometastases they must be capable of
self-renewal, suggesting that they arise from the TIC subpopulation. As metastatic cells have
undergone EMT, it would follow that the EMT process generates stem-like TICs. In a report
from 2009, Mani and colleagues demonstrated that induction of EMT through ectopic expression
of Snail family members or exposure to the inflammatory cytokine TGF-B1 in normal mammary
epithelial cells gave rise to a stem-like (CD44"€"/CD24"") phenotype [35]. Examination of these
stem-like cells confirmed their mesenchymal phenotype and tumorigenic potential. Additionally,
murine mammary stem cells expressed markers associated with the EMT phenotype. Another
inflammatory cytokine, IL-1, secreted by carcinoma cells is able to induce PGE, production in
recruited mesenchymal stem cells (MSCs) in the surrounding tumor stroma. A resulting
autocrine/paracrine signaling cascade between MSCs and carcinoma cells leads to increased
cytokine production in MSCs and ultimately induction of the EMT program in the carcinoma
cells. This EMT program includes increased Snail expression, invasion, and tumor initiation, as
well as an enriched TIC population [36].

As potential drivers of both oncogenesis and metastatic progression, the TIC population

is an obvious target for therapeutic intervention. A high-throughput screen of 16,000 small



molecules identified salinomycin as a selective inhibitor of breast cancer stem cells [37]. The
stem cell population was created through induction of EMT and analysis of the drug in a
xenograft model resulted in decreased primary mammary tumor burden as well as decreased
metastases. The tumor cells remaining after salinomycin treatment had a distinctly differentiated
and epithelial phenotype when compared to standard chemotherapy, suggesting preferential
targeting of cells that had undergone, or were capable of undergoing, EMT. Importantly,
salinomycin-treated cells no longer expressed stem cell markers and were unable to form
tumorspheres. Salinomycin has subsequently been shown to be efficacious in cancer stem cell

populations of many tumor types and is in early clinical evaluation [38-40].

Parallel Progression and Metastasis

The classical model of tumor progression proposes that a small population of cells within
the invasive edge of an established tumor acquire characteristics necessary for EMT. This model
assumes that a large tumor is established before metastases are able to form. Recent findings
have shown that many patients present with a number of micrometastases before the primary
tumor has become completely established. According to a new proposed model of parallel tumor
progression, metastatic dissemination can occur throughout the course of primary tumor
development and potentially occurs as an early event in the pathogenesis of the disease. These
metastases arise from a subpopulation of tumor-initiating cells present at tumor initiation that
express proteins, such as Snail, that induce EMT and confer the stem cell with migratory and

invasive capacity [41].

The Transcriptional Regulators of EMT
The transcriptional regulators of EMT were first classified together by their ability to

inhibit transcription of the epithelial adhesion molecule, E-cadherin. They can be further divided
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into two groups based on their repression mechanism, direct or indirect. The direct repression
group binds to and represses the activity of the E-cadherin promoter and includes Snail, Slug,
Zebl/2, E47, and KLF8. Twist, Goosecoid, E2.2, and FoxC2 repress E-cadherin transcription
through an indirect mechanism [20]. The direct repressors bind to E-box consensus sequences in
the promoter regions of target genes with the aid of chromatin modifying proteins such as
HDACI and HDAC2 and other transcription modifying proteins [42]. Due to their profound
effects on cellular phenotype, the expression of Snail family members is tightly regulated at
multiple levels. Posttranslational modifications that control either nuclear localization or
degradation include phosphorylation/dephosphorylation by PAK, GSK3p, and SCP [21,43].

The Role of Snail in EMT

The zinc-finger transcription factor Snail (called Snail) has been shown to be upregulated
following exposure to the inflammatory mediators COX-2 [44] and TGF-B [45]. Snail exerts
global effects on epithelial cell gene expression profiles, resulting in regulation of EMT [46,47].
Snail plays a pivotal role in inducing EMT in a number of solid tumors, including breast and
colorectal cancers [48-50]. In addition to transcriptional repression of E-cadherin, a critical
aspect of EMT is loss of cell polarity. Through repressing transcription of apicobasal polarity
molecule Crumbs3 and inhibition of formation of the Par and Crumbs complex at cell junctions,
Snail alters epithelial cell polarity [51]. The transition to a mesenchymal phenotype allows cells
to become motile, but in order to leave their primary location, metastatic cells must also be able
to degrade their basement membrane. Snail increases expression of matrix metalloproteases
(MMPs), a class of protease enzymes that degrade extracellular matrix (ECM) proteins [52-54].
Some MMPs are able to prolong the EMT signaling process through a positive feedback loop

that stimulates expression of Snail or other EMT drivers [55]. Recent studies suggest that Snail
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may play a broader role in carcinogenesis. Yanagawa et a/ showed that Snail is upregulated in
human NSCLC tissues, is associated with poor prognosis, and promotes NSCLC tumor
progression in vivo. Furthermore, Snail overexpression in NSCLC is associated with differential
gene expression related to diverse aspects of lung cancer progression, including angiogenesis
[56]. Identification of the mechanisms by which the inflammation-induced transcriptional
repressor Snail contributes to lung cancer initiation and parallel progression would be a step
forward in targeting and impeding inflammation-induced lung cancer development.

The Role of Snail in Tumor Initiation

Given that Snail is upregulated by COX-2, TGF-f, and other cytokines secreted in the
inflammatory TME, the role of Snail in tumor initiation has recently been investigated. Snail is
expressed in a stem cell-like subpopulation within immortalized human mammary epithelial cells
that are capable of transformation [35]. A subset of A549 lung cancer cells expressing Snail and
its family members Zebl and Zeb2 have been shown to form dispersed villous colonies in an
anchorage independent growth assay. In addition, this subset formed subcutaneous tumors more
efficiently in a xenograft model than did the non-Snail expressing subset or total A549s,
suggesting a role for Snail in the tumor-initiating cell population [57]. In a malignant human
keratinocyte in vitro system, inhibition of Snail signaling depleted keratinocyte stem cell markers
CD34 and K5 [58]. Given the relationship between the EMT program and the conversion to a
tumor-initiating cell phenotype, further investigation into the role of Snail in early events and

metastatic progression is needed.

The Role of Invasion in Metastatic Progression
In order for tumor cells to metastasize beyond their primary location, they must be able to

degrade and invade into their tumor stroma and basement membrane and intravasate into either
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blood vessels or lymph vessels. The acidity of tumors, a result of hypoxia, has been shown to
mediate remodeling of the stroma and permit invasion [59]. Additionally, a number of molecular
changes have been shown to enable tumor cells to become invasive, many of which are
correlated with EMT. Inflammatory mediators associated with EMT, including TGF-B, COX-2,
and IL-1B, lead to increased invasion and metastasis in melanoma, glioma, and NSCLC [13].
Tumor-derived TGF-B transdifferentiates fibroblasts at the invasive front of tumors into
myofibroblasts, which share characteristics of mesenchymal cells and smooth muscle cells [60].
The presence of myofibroblasts has been correlated with invasion and progression in breast,
colon, and lung cancers [61]. In reaction to signals received from the tumor cells, the fibroblasts
in the tumor stroma also secrete ECM remodeling factors to enhance degradation, including

collagen type I & IV, MMPs, and secreted protein, acidic and rich in cysteine (SPARC) [60-62].

SPARC

SPARC, also known as osteonectin, is an extracellular matrix glycoprotein first identified
as a major noncollagenous component of bovine bone [63]. SPARC, as with all SPARC family
members, possesses a characteristic conserved C-terminal extracellular calcium-binding domain
and it binds both fibrillar collagen and basal lamina collagen IV with a long helical structure at
the N-terminus [64,65]. Its expression modulates reversible interactions between cells and the
extracellular matrix though it does not directly support cell attachment or play a structural role in
the ECM [66]. When added to epithelial cells, SPARC induces focal adhesion disassembly, cell
rounding, and an intermediate state of cell adhesion, indicative of a role for SPARC in ECM
organization [67]. Indeed, SPARC-null (-/-) mice have altered ECM production and assembly
with diminished and less mature collagen production than wild-type mice [68]. SPARC binds to

integrin-linked kinase (ILK), a serine/threonine kinase that binds to the intracellular domain of
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B1 integrin and controls the intracellular signaling cascades that influence cellular contractile
elements, and is required for fibronectin-induced ILK activation [69].

The Role of SPARC in Wound Healing and Tumor Progression

Given its role in remodeling the ECM through its interaction with collagen and other
matricellular proteins, it is unsurprising that SPARC plays a role in regulating the healing of
wounded dermal tissues [66,70]. SPARC is expressed by macrophages and immunoreactive
fibroblasts at the edge of wounds and stimulates angiogenesis at the wound site [70,71]. Given
the importance of SPARC in the inflammatory response to injury and collagen deposition, it is
unsurprising that it has been found to play a role in tissue fibrosis. For example, SPARC has
been found to be upregulated in fibrotic tissue in cirrhotic livers, specifically secreted by hepatic
stellate cells (HSC) in these tissues. In an in vivo model of cirrhotic liver fibrosis, SPARC
knockdown in HSCs decreased fibrosis through increased fibronectin adhesion and decrease
chemokine-mediated migration [72]. TGF-3 and SPARC expression in HSCs cooperates in an
autocrine-feedback loop, with SPARC knockdown reducing TGF-B1 gene expression and
secretion and TGF-B1 treatment increasing SPARC gene expression.

Upregulation of SPARC is associated with metastatic potential of melanomas and
gliomas, as well as an invasive phenotype in breast, prostate, and colorectal carcinomas [73].
SPARC is regulated by Integrin f4 to promote invasion [74]. Additionally, SPARC has been
shown to regulate the activity of MMPs, which, as mentioned above (See The Role of Snail in
EMT), are enzymes that play a major role in ECM proteolysis, a requirement for cancer cell
invasion into the basement membrane and stroma [64]. Inhibition of SPARC expression in
metastatic melanoma cell lines decreased their in vitro invasion through downregulation of

MMP2 and MMP9. In this same model, the cell lines were unable to form tumors in vivo
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following SPARC inhibition, suggesting a role for SPARC not only in tumor invasion but in
tumorigenesis as well [75]. In leukemia cells, increased levels of intracellular SPARC were
correlated with increased cellular survival and chemoresistance, further indicating a role for
SPARC in the TIC/EMT phenotype [76]. Expression of SPARC in the tumor stroma of NSCLC
is associated with poor patient prognosis [77], though its role in lung tumor progression,
especially in relation to Snail expression, has not been evaluated.

SPARC-Targeted Therapies

Albumin-bonded paclitaxel (nab-paclitaxel), an injectable form of the mitotic inhibitor
drug paclitaxel, is known to accumulate preferentially in tissues expressing SPARC, due to
SPARC’s albumin-binding properties [78]. A Phase II study of nab-palitaxel in advanced
NSCLC demonstrated decreased toxicity and increased response compared to traditional
paclitaxel treatment [79]. In this study, tumoral SPARC expression was not evaluated. In a
retrospective study of monotherapy nab-paclitaxel in head and neck cancer patients, response to
treatment correlated positively with SPARC expression due to the SPARC-albumin interaction
[80]. Additional studies in pancreatic, adrenocortical, and advanced breast cancers confirm the
enhanced efficacy of nab-paclitaxel therapy in SPARC-expressing tumors [81-83]. Following
correlation of SPARC expression levels with bone-metastatic potential of prostate cancers,
Thomas and colleagues developed a nanoparticle targeted to SPARC. This nanoparticle is
designed to be used as a molecular imaging agent for prostate cancer patient prognostic
stratification and could potentially be used for specific delivery of cytotoxic agents to SPARC-

expressing cancer cells in multiple tumor types [84].

Transforming Growth Factor-p and Cancer
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Transforming Growth Factor-f (TGF-) is one of a number of polypeptide growth factor
family members that activate downstream signaling cascades in response to activation. The three
TGF-B isoforms (TGF-B1, TGF-B2, and TGF-B3) are structurally and functionally similar and
are secreted as latent precursor molecules [85]. Activation of the latent molecules by interaction
with integrins, proteolytic cleavage, or changes in environmental pH results in cleavage of the
propeptide from the noncovalently bound latent TGF-B-binding protein [86]. Once activated,
TGF-f binds to its constitutively active transmembrane serine/threonine kinase receptor,
TGFBRIIL, which in turn recruits and phosphorylates TGFBRI. Phosphorylation of TGFBRI is
required for activation of downstream signaling cascades, which can include the canonical Smad
pathway, as well as the non-canonical mitogen-activated protein (MAP) kinase pathways,
phosphoinositol-3-kinase (PI3K)/AKT pathway, and PP2A pathway [87].

The p38 MAPK signal transduction pathway

One of the signaling cascades induced by TGF-B is known as the p38 group of MAP
kinases. Members of this group are known to be involved in inflammation as well as cell death,
growth, and differentiation [88]. The p38a protein (or p38) was the first member isolated as it
was rapidly phosphorylated in response to LPS stimulation [89]. Like the other MAP kinases,
p38 contains dual phosphorylation sites in a regulatory loop between two of its kinase
subdomains [90]. There are three p38 homologues that are ubiquitously, though differentially
expressed, in mammalian tissues. The p38d isoform (also known as SAPK4) is predominantly
expressed in the lung, as well as in the kidney, testes, pancreas, and small intestine [91]. The p38
group of kinases is activated by any of the MAP kinase kinases (MKKs), though typically
MKK3 or MKK6, which are in turn activated by any of the MKK kinases (MAP3Ks). Due to the

commonality of activators between the MAP kinases, the different MAPK groups are often
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coactivated. However, specific activation of a MAP kinase group (e.g. p38 over JNK) can be
achieved by different MAP3Ks [92,93]. Likewise, selective deactivation of a MAP kinase group
can be achieved by dephosphorylation by a MAP kinase phosphatase (MKP), of which several
have been identified [94,95].

The JNK MAPK signal transduction pathway

The c-Jun NH,-terminal kinase (JNK) pathway is another of the TGF-B-induced MAP
kinase signaling group members. Like p38, JNK is activated by MKKs, typically MKK4 or
MMKY7 [96]. The most well studied target of JNK signaling is the transcription factor Activator
Protein-1 (AP-1), the activation of which is mediated by the phosphorylation of c-Jun and related
molecules [97]. JNK signaling can be selectively regulated by MAP kinase phosphatases,
including the dual specificity (p38 and JNK) phosphatase MKP7 [98]. A small molecule
inhibitor of JNK activity, SP600125, has been developed and is currently being evaluated in
cellular models of various epithelial cancers [99,100]

The MEK/ERK signal transduction pathway

The ERK pathway is another of the MAP kinase signaling group members that can be
activated by TGF- or other cell-surface receptors. Following signaling from the receptor, one of
the Ras family small guanosine triphosphatases (GTPases) is recruited to the receptor by adaptor
proteins. Its activation stimulates the first kinase of the phosphorylation cascade, the MAP3K
Raf family members, followed by the second kinase MKK, or MEK, family. MEK1 and MEK?2
are dual-specific and phosphorylate both threonine and tyrosine residues in their MAPK targets,
extracellular signal-regulated kinase (ERK) 1 and ERK2. Activation of ERK1/2 activates their
catalytic activity and results in their nuclear translocalization and ultimately changes target gene

expression [101]. ERK targets a number of genes responsible for cellular activities as diverse as
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proliferation, differentiation, survival, and cellular metabolism. The biochemical activity of ERK
occurs both through kinase-dependent and kinase-independent pathways [102]. In the nucleus,
ERK regulates gene expression by a number of interactions. One such interaction is the
activation of the poly (ADP-ribose) polymerase PARP-1 and its substrate Elk-1, a transcription
factor [102].

Given its role in processes necessary for tumor cell propagation and survival, it is
unsurprising that the ERK pathway is activated in many cancers. Normal lung tissue stains
negatively for ERK phosphorylation while 34% of lung cancer specimens have activated ERK
signaling, with activation correlating positively with disease progression and metastasis [103].
While EGFR mutant lung cancers are highly responsive to the EGFR TKI class of drugs, all
patients eventually acquire resistance and develop recurrence [104,105]. One of the mechanisms
for resistance is activation of the ERK1/2 pathway either through amplification of the MAPKI
gene encoding ERK2 or downregulation of negative regulators of ERK signaling
DUSPS, SPRY4, and SPRED2 [106].

Given the role for ERK signaling in tumorigenesis, progression, and chemoresistance, an
effort has been made to target ERK in patients. A number of MEK inhibitors have been
developed for the clinic, including the MEK 1 and 2-specific small molecule selumetinib.
Selumetinib has been shown to be efficacious in KRAS-mutant NSCLC [107].

TGF-p and EMT

TGF-B1 has been shown to induce EMT in a variety of epithelial tumor types, including
alveolar carcinomas [108]. This EMT induction has been shown to be mediated by transcription
factors including the Snail family of transcriptional repressors [109]. Snail and Slug are integral

in TGF-B induced EMT in in vitro models of lung fibrosis and were detected in the affected
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tissues of patients with Idiopathic Pulmonary Fibrosis (IPF), a common precursor to lung cancer
[110]. MEK/ERK activation by TGF-B1 increases collagen deposition in a Smad2/3-dependent
and JNK-independent manner [111,112]. Activated Notch signaling was shown to be directly
responsible for the upregulation of Snail by TGF- in an in vitro lung cancer model [113] and the
high-mobility group protein HMGA2 has been shown to control the expression of Snail during
TGFB-induced EMT [114]. TGF-B signaling also works to control the hierarchy of
transcriptional repressors during EMT. The Snail and Slug gene promoters contain responsive
elements to TGF-P targets AP1, AP4, Smad, and LEF [21]. Snail is frequently expressed at the
initiation of EMT, while Slug is subsequently induced to maintain the mesenchymal state,
indicating cooperation between TGF-B and Snail family members for both initiation and
maintenance of EMT. Clinical studies targeting various TGF-f pathway molecules are
underway, including an autologous tumor cell vaccine carrying a TGF-B2 antisense transgene

[115].

MicroRNAs and Cancer

MicroRNAs (miRNAs) are small (18-25 nt) RNA sequences that, when incorporated into
an miRNA-protein complex, bind the 3> UTR of target mRNA which contain at least partial
homology with the miRNA “seed” sequence [116]. Binding of an miRNA to its target leads to
inhibition of target translation or destabilization of the target transcript leading to degradation
[117]. Recent bioinformatic analysis suggests that 30-60% of the human genome may be
regulated by miRNAs [117]. Deregulation of miRNA genes in cancer cells could alter the
expression levels of their downstream targets, including oncogenes and tumor suppressor genes.
Gain or loss of miRNAs can contribute at many points of the life span of a cancer cell including

during tumor initiation, development, and dedifferentiation [118]. Unsurprisingly, miRNAs are
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differentially expressed in human cancers versus normal tissues and this differential expression
varies among tumor subtypes [119]. In vitro manipulation of miRNAs potentially involved in
cancer has revealed their functions. For example, downregulation of the miRNA Let-7 in human
lung carcinomas occurs frequently and in vitro overexpression of Let-7 in the human lung cancer
cell line A549 induced cell growth inhibition [120]. The development of microarrays containing
all known and predicted human miRNAs has allowed comparison of the entire miRNAome of
malignant and normal tissues [121].

In silico analysis of the genome predicts that 44% of known cancer-related genes could be
targeted by miRNAs differentially expressed in cancers. In vitro analysis of this data set
confirms 75% of these interactions, including those with important cancer genes such as RB/ and
FGFBR?2 [119]. Further evidence linking aberrant miRNA expression with cancer was found
when analyzing the genes encoded in fragile regions of the chromosomes. Fragile sites (FRAs)
are specific loci in the genome that form gaps and constrictions on metaphase chromosomes that
have been exposed to partial replicative stress [122]. Common fragile sites are suspected to be
part of the normal chromosomal structure while other fragile sites are rare and only occur in a
subset of the population. Both common and rare fragile sites co-localize with sites of deletion,
amplification, translocation, and loss of heterozygosity (LOH) in human tumors and are
especially susceptible to integration of viral DNA [122]. One such fragile site is the chromosome
13q14 region. This region is deleted in more than half of B-cell chronic lymphocytic leukemias
and frequently in other cancers [123]. This region does not contain any known tumor suppressor
genes, however, it contains the genes encoding miR-15a and miR-16a, known to play a role in
degradation of CDK family members. Carlo Croce and colleagues further investigated this link

between miRNAs and FRAs using a bioinformatic approach. In total, 186 miR genes were
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mapped and their nonrandom chromosomal distribution allowed them to be spatially grouped
into 36 clusters. The mapped genes were compared to the location of FRAs and 19% of the miRs
were located in or adjacent to FRAs, a rate of occurrence 9.12 times higher than in non-fragile
sites [124]. Correlation between miRNA gene location and cancer-associated genomic regions
(CAGRs) in a variety of tumor types was significantly higher (52.5%). CAGRs are regions of
amplification, LOH, and breakpoints common in cancer cells. High frequency of LOH at
17p13.3 is found in solid tumors with a low frequency of 7P53 mutations, indicating that these
tumors have an alternative method of tumor suppression, possibly related to an miRNA in
17p13.3 [124,125].

Another microRNA, miR-29b has been found to target apoptosis, cell cycle, and
proliferation pathways in acute myeloid leukemia (AML) [126]. Mir-29b is downregulated in
primary AML samples and its overexpression induced apoptosis and inhibited expression of
tumorigenic proteins in AML cell lines. In a panel of breast cancer cell lines, miR-29b
expression was identified as inversely correlating with invasiveness [127]. The miR-29b target
genes (verified by luciferase activity in the 3’UTR) responsible for invasion included C1QTNF6,
COL4A2, and SPARC [128].

MicroRNAs have been found to play a role in the EMT process. For example, the miR-
200 family of microRNAs is capable of inhibiting EMT by downregulating the expression of Zeb
and Slug, and is itself downregulated by Slug [129-131]. MiR-200 is frequently downregulated
in the lungs of patients with idiopathic pulmonary fibrosis, and forced overexpression of miR-
200 family members in lung adenocarcinoma (ADC) cell lines inhibits their ability to undergo
EMT, migrate, and invade, suggesting a role for microRNAs in the pathogenesis of lung cancer

[130,132,133].
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MicroRNA expression patterns have been used to characterize metastatic disease as well
as predict progression and clinical outcome [134,135]. For example, Carlo Croce and colleagues
used miRNA array technology in 2005 to identify an miRNA signature of eleven miRNAs
significantly altered in breast cancer. Differential expression of miRNAs was also noted between
biopathologic subtypes, allowing for further classification of breast cancer based on their
miRNA signature [136].

Restoration of tumor-suppressor miRNA expression in patients has been successfully
evaluated clinically. Intratumoral injection of miR-29 miRNA mimics in xenograft models of
human liver cancer, rhabdomyosarcoma, and AML resulted in tumor regression [126,137,138],
though this method has not been evaluated in human patients. Use of adenovirus-associated
vectors to efficiently transduce tumors intravenously has been proposed as an improved delivery

mechanism that will allow miRNA mimic use in the clinic [139].
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THE ROLE OF SPARC IN

SNAIL-OVEREXPRESSING NSCLC
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Introduction

The molecular mechanisms underlying the association between inflammation and lung
cancer initiation and progression remain largely undefined. Identification of the mechanisms by
which the inflammation-induced transcriptional repressor Snail contributes to lung cancer
initiation and parallel progression would be a step forward in targeting and impeding
inflammation-induced lung cancer development. Expression of SPARC in the tumor stroma of
NSCLC is associated with poor patient prognosis [77], though its role in lung tumor progression,
especially in relation to Snail expression, has not been evaluated. To understand the molecular
changes that occur in NSCLC initiation and development, Snail was overexpressed in cellular
models of premalignant and established lung cancers. SPARC is upregulated by Snail in both
models and both proteins are co-expressed in NSCLC tissues. Snail overexpression leads to
increased invasion in both models in a SPARC-dependent manner, suggesting a role for Snail

and SPARC in metastatic progression.

Materials & Methods

Human Cell Lines and Reagents

To facilitate the study of normal lung differentiation and pathology, we use a system for
immortalizing human bronchial epithelial cells (HBECs) in the absence of viral oncoproteins via
ectopic expression of human telomerase (WTERT) and cyclin-dependent kinase 4 (Cdk4) under
control of puromycin and geneticin respectively [140]. Over 50 such HBEC cell lines established
from proximal airway epithelial cells derived from unique patients are currently available; the
cell lines designated HBEC2, HBEC3, and HBEC7 were used in these studies [141]. The
HBECS3 cell line was transfected with shRNA targeting the tumor suppressor P53 under control

of zeocin and a plasmid overexpressing the oncogenic protein KRAS with an activating mutation
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under control of blasticidin. Based on extensive molecular characterization and their ability to
differentiate into each of the major cell types of the normal pseudostratified columnar bronchial
epithelium in the 3D organotypic model, HBECs are known to have bronchoalveolar stem-like
characteristics that allow modeling of the pulmonary airways and their associated malignant
transformation [140,142-144]. Utilization of this unique cell-based resource to model lung
carcinogenesis allows us to systematically test the functional importance of Snail and SPARC in
vitro and in vivo, affording us a more comprehensive understanding of the pathogenesis of
NSCLC and new opportunities for early clinical intervention.

Lung cancer cell lines A549, H1437 and H292 were obtained from American Type
Culture Collection (ATCC) (Rockville, MD). HBEC cell lines were a kind gift from Dr. John D.
Minna at the University of Texas, Southwestern. All cell lines were routinely tested for the
presence of Mycoplasma using the MycoAlert Mycoplasma Detection Kit (Lonza, Walkerville,
CA). Cell lines were authenticated in the UCLA Genotyping and Sequencing Core utilizing
Promega’s (Madison, WI) DNA IQ System and Powerplex 1.2 system according to the
manufacturer’s instructions. All cells were utilized within 10 passages of genotyping. Lung
cancer cell lines were grown in RPMI 1640 (Mediatech Inc, Herndon, VA) supplemented with
10% fetal bovine serum (Gemini Biological Products, Calabasas, CA), 1%
penicillin/streptomycin (Gibco, Gibbstown, NJ) and 2mM glutamine (Gibco). HBEC cell lines
were grown in Keratinocyte Serum-Free Media (Gibco) supplemented with 30ug/mL Bovine
Pituitary Extract and 0.2ng/mL recombinant Epidermal Growth Factor 1-53 (Gibco).

Stable Overexpression of Snail

Cells were stably transduced as follows: wild-type Snail cDNA pcDNA3 (a gift from Dr.

E. Fearon, University of Michigan, Ann Arbor, MI) was excised from the plasmid with HindIII
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and EcoRV and subcloned into the retroviral vector pLHCX (Clontech), which includes a drug
resistance (Hygromycin B) marker. All constructs were verified by restriction endonuclease
digestion. For virus production, 70% confluent 293T cells were transfected with pLHCX-Snail or
pLHCX (vector alone). Tumor cells were then transduced with high-titer supernatants producing
either Snail or pLHCX virus. Following transduction, the tumor cells were selected with
Hygromycin B (Invitrogen). Cells were verified by genotyping and tested for Mycoplasma as
above.

Immunoblotting

Cells were washed with PBS and whole-cell lysates were collected over ice using lysis
buffer prepared according to standard methods [145]. Protein concentrations were measured with
a BCA protein assay reagent (Pierce, Rockford, IL). Proteins were resolved by 10% SDS-PAGE
and analyzed by western blot using polyvinylidene difluoride membranes (Millipore, Bedford,
CA) according to standard methods. Membranes were blocked with 5% nonfat dry milk or 5%
BSA in TBS plus 0.05% Tween 20. The membranes were probed overnight at 4°C with anti-E-
cadherin antibody (BD Biosciences PharMingen/Transduction Laboratories), anti-Snail, and anti-
SPARC (all from Cell Signaling). Secondary antibodies, goat anti-mouse (Bio-Rad, Hercules,
CA) and goat anti-rabbit (Santa Cruz), were incubated at room temperature for 60 minutes.
Membranes were developed using Supersignal Chemiluminescence System (Pierce) or Western
Lightning Plus-ECL (Perkin-Elmer, Waltham, MA) and exposed to X-ray film (Life Sciences
Products, Inc, Frederick, CO). Equal loading of samples was confirmed by probing the
membranes with alpha-tubulin (Cell Signaling).

Modified Boyden Chamber Invasion Assay

26



Cells were serum-starved and plated at a density of 2x10* (cancer cells) or 1x10* (HBEC)
cells per well in Corning HTS Transwell-96 Permeable Support Plate (Sigma-Aldrich). Prior to
plating, transwells were coated with Type I Rat Tail Collagen (BD Biosciences) to create a
“membrane” for the cells to degrade and invade through. Cells were allowed to invade for 48
hours into a lower chamber containing media with 20% FBS (cancer cells) or 2% FBS (HBEC)
as a chemoattractant. The upper chamber was aspirated and washed with PBS to remove
noninvasive cells. The lower chamber was washed with PBS and invasive cells were released
from the underside of the top chamber with Cell Dissociation Solution (Trevigen, Gaithersburg,
MD). Calcein AM (Invitrogen) was used to stain viable cells in the lower chamber only and
fluorescence was quantified and compared to a control plate from Day 1 containing the total
number of cells plated.

Immunohistochemistry

Sections were obtained from human lung cancer specimens archived in the University of
California at Los Angeles Lung Cancer Specialized Programs of Research Excellence tissue
bank (IRB#10-001096). Antigen retrieval was accomplished with sodium citrate 10 mmol/L (pH
6.0). Serial sections were blocked with 10% normal goat serum and then probed with an
antibody against Snail (ab85931, Abcam) or SPARC (AON-5031, Heamatologic Technologies)
using a working dilution of 1:500 for tissue staining. Primary antibodies were incubated
overnight at 4°C. After incubation with secondary antibody (Vector Laboratories), staining was
developed using DAB Substrate kit for Peroxidase (SK-4100, Vector Laboratories). Snail and
SPARC expression was evaluated by a pathologist (MCF) specializing in cardiopulmonary
disease. Evaluation of tumors was based on staining intensity and correlation of staining between

serial sections. Photomicrographs were obtained using an Olympus BX50 microscope, with Plan
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APO objective lenses. An Olympus DP11 camera and Olympus Camedia software were used to
produce the images.

Total RNA Preparation, cDNA Synthesis and Real-Time PCR

RNA was isolated using the miRNeasy Mini kit (Qiagen, Valencia, CA) and cDNA was
prepared using the High Capacity RNA-to-cDNA Kit (Applied Biosystems) according to the
manufacturers’ protocols. Transcript levels were measured by quantitative real-time—polymerase
chain reaction (QRT-PCR) using the TagMan Probe-based Gene Expression system (Applied
Biosystems) in a MyiQ Cycler (Bio-Rad) following the manufacturer's protocol. Amplification
was carried out for 40 cycles of 15 seconds at 95°C and 60 seconds at 60°C. Samples were run in
triplicate and their relative expression was determined by normalizing the expression of each
target to GUSB. These were then compared with the normalized expression in a reference sample
using the efficiency corrected Pfaffl method to calculate a fold-change value [146].

Stable Inhibition of SPARC by Short-Hairpin RNA

SPARC shRNA plasmids on the pLKO.1-Puro vector backbone and relevant controls
were obtained from Sigma-Aldrich. Cancer cell lines were stably transduced using the same viral
transduction method as above with one of five SPARC shRNA sequences (designated —
shSPARCI, -shSPARC2, -shSPARC3), a nonsilencing sequence (-shNS), or the pLKO.1 vector
backbone (-shV). The cell lines were selected with optimized concentrations of puromycin
(EMD Chemicals) and verified by genotyping and tested for Mycoplasma as above. For the
HBEC cell lines, the puromycin selection marker was replaced with the IMPDH gene, encoding
resistance to mycophenolic acid (MPA). After viral transduction, the cells were selected with

optimized concentrations of MPA.
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Results

Snail overexpression drives upregulation of SPARC in cellular models of

premalignant and established NSCLC

Recently, we have shown that forced overexpression of Snail in NSCLC cell lines leads
to global expression changes, including increased angiogenesis and invasion. Microarray and
bioinformatic analysis, using Ingenuity Systems Pathway Analysis (IPA) software, indicated that
a panel of Snail-overexpressing NSCLC cell lines have significantly increased expression of
Secreted Protein, Acidic and Rich in Cysteine (SPARC) [56]. Immunoblot and qRT-PCR
analysis of multiple NSCLC cell lines with and without Snail overexpression confirms the
relationship between Snail and SPARC in established cancer cell lines (Fig 2.1, 2.2). As we are
interested in the mechanism of NSCLC pathogenesis, we introduced the same Snail
overexpression plasmid into HBECs to model early pathogenesis. Immunoblot and qRT-PCR
analysis of these cell lines shows that Snail overexpression leads to SPARC expression in this
model as well (Fig 2.3, 2.4). Taken together, these data indicate that SPARC is upregulated by
Snail at early and late points during lung carcinogenesis and may play a role in lung cancer
initiation and progression.

Snail overexpression is correlated with SPARC overexpression in human NSCLC

tissues

To confirm that the relationship between Snail and SPARC is physiologically relevant to
human tumors, we stained serial sections of 10 human adenocarcinomas and 9 human squamous
cell carcinomas for Snail and SPARC protein expression. Cells within both adenocarcinomas and
squamous cell carcinomas with nuclear Snail staining also have cytoplasmic SPARC staining

(Fig 2.5). These results establish an in sifu correlation between Snail and SPARC expression.
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Snail overexpression leads to increased invasion in cellular models of premalignant

NSCLC

Because SPARC is known to be associated with invasive cancers and is correlated with
poor patient prognosis in NSCLC, we evaluated the HBEC cell lines in an in vitro invasion
assay. Prior to plating, transwells were coated with Type I Rat Tail Collagen to create a
“membrane” for the cells to degrade and invade through. In all HBEC cell lines, Snail
overexpression lead to increased invasion (Fig 2.6).

Snail overexpression leads to increased invasion in cellular models of established

NSCLC

Because SPARC is known to be associated with invasive cancers and is correlated with
poor patient prognosis in NSCLC, we evaluated the NSCLC cell lines in an in vitro invasion
assay. Prior to plating, transwells were coated with Type I Rat Tail Collagen to create a
“membrane” for the cells to degrade and invade through. In all the NSCLC cell lines Snail
overexpression lead to increased invasion (Fig 2.7).

Snail-mediated invasion is SPARC-dependent in in vifro models of premalignant

and established NSCLC

Having established that Snail overexpression leads to both increased SPARC expression
and invasion, we hypothesized that the increased invasion is SPARC-mediated. The cancer cell
lines A549 and HI1437 and HBEC cell line HBEC3mutP53/KRAS with stable Snail
overexpression (-S) or vector control (-V) were stably transfected with a plasmid containing an
shRNA sequence specific to the 3’'UTR of SPARC or non-silencing controls (-NS) (Fig 2.8, 2.9,
and data not shown). Utilizing the Modified Boyden Chamber Assay previously described, we

plated the cells and allowed them to invade for 48 hours. Inhibition of SPARC by shRNA in the
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NSCLC lines and HBEC lines prevented Snail-mediated invasion (Fig 2.10, 2.11), indicating

that SPARC is at least partially responsible for increased invasion downstream of Snail.
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Figures
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Figure 2.1. SPARC mRNA is upregulated by Snail in NSCLC cell lines. Total RNA was
isolated from NSCLC cell lines H292, H1437, and A549 stably transfected with either a Vector

control plasmid (V) or a Snail expression plasmid (S). Expression levels of SPARC were
evaluated by qRT-PCR using TagMan primers. mRNA levels were normalized to GUSB.
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Figure 2.2. SPARC protein is upregulated by Snail in NSCLC cell lines. Levels of Snail and
SPARC protein were evaluated by Western blotting in A549-V/S, H1437-V/S, and H292-V/S cell

lines. Protein levels were normalized by a-Tubulin.
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Figure 2.3. SPARC mRNA is upregulated by Snail in HBEC cell lines. Total RNA was isolated
from HBEC cell lines HBEC2, HBEC4, and H3mutP53/KRAS stably transfected with either a
Vector control plasmid (V) or a Snail expression plasmid (S). Expression levels of SPARC were
evaluated by qRT-PCR using TagMan primers. mRNA levels were normalized to GUSB.
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Figure 2.4. SPARC protein is upregulated by Snail in HBEC cell lines. Levels of Snail,
SPARC, TGFBR2, pERK1/2, and tERK1/2 protein were evaluated by Western blotting in HBEC2-
V/S, HBEC3-V/S, HBEC7-V/S, and H3mutp53/KRAS-V/S cell lines. Protein levels were
normalized by a-Tubulin.

35




Figure 2.5. Snail and SPARC colocalize in situ. Serial sections of NSCLC tumors were
immunostained for Snail (left) and SPARC (right). Sections were scanned using the Aperio
ScanScope XT System and visualized with the Aperio ImageScope viewing software. Sections
were reviewed by a pathologist (MCF) and scored based on Snail or SPARC staining intensities.
20X fields from infiltrating adenocarcinoma (ADC) and squamous cell carcinoma (SCC), showed
correlating areas with both nuclear Snail and cytoplasmic SPARC staining. Representative
sections are shown here.
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Figure 2.6. Snail overexpression leads to increased invasion in HBEC cell lines. The invasive
capacity of the HBEC cell lines HBEC3, HBEC4, H3mutP53/KRAS (H3mut) with and without

Snail overexpression were evaluated in a modified Boyden Chamber assay for invasion through a
collagen matrix over 48 hrs.

37




Cancer Cell Invasion

65
60
95
50
45 -
40-
35_ '—**—I

30

25
204
15
10

% Invasion

— ***—|

A549

H1437

H292

I VVector
[—1Snail

Figure 2.7. Snail overexpression leads to increased invasion in NSCLC cell lines. The invasive
capacity of the NSCLC cell lines A549, H1437, and H292 with and without Snail overexpression
were evaluated in a modified Boyden Chamber assay for invasion through a collagen matrix over

48 hrs.
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Figure 2.8. SPARC shRNA in H3mutP53/KRAS cell lines. SPARC shRNA sequences (shl,
sh2) were stably transfected into H3mutP53/KRAS vector control (V) and Snail-overexpressing
(S) cell lines along with a nonsilencing (NS) shRNA control. Expression of SPARC in all stable

lines was examined by Western blot. Protein levels were normalized to a-Tubulin.
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Figure 2.9. SPARC shRNA in H1437 cell lines. SPARC shRNA sequences (sh1, sh2, sh3) were
stably transfected into H1437 vector control (V) and Snail-overexpressing (S) cell lines along
with a nonsilencing (NS) shRNA control. Expression of SPARC in all stable lines was examined
by Western blot. Protein levels were normalized to a-Tubulin.
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Figure 2.10. Snail-dependent invasion in HBEC cell lines is SPARC-mediated. The HBEC
cell lines from Figure 2.8 were evaluated in a modified Boyden Chamber assay for invasion
through a collagen matrix over 48 hrs as in Figure 2.6 . (** = p<0.01, *** = p<0.0001)
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Figure 2.11. Snail-dependent invasion in NSCLC cell lines is SPARC-mediated. The NSCLC
cell lines from Figure 2.9 were evaluated in a modified Boyden Chamber assay for invasion
through a collagen matrix over 48 hrs as in Figure 2.6 . (** = p<0.01, *** = p<0.0001)
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Discussion

For tumors to progress from in situ to metastatic disease, they must acquire certain
characteristics that allow them to become migratory, degrade and invade their local basement
membrane, and migrate to either a proximal or distal site before forming a micrometastasis. As
part of this process, tumors undergo a series of events known as epithelial-to-mesenchymal
transition (EMT), where they temporarily lose epithelial characteristics and become more
mesenchymal in phenotype and molecular profile. The classical model of tumor progression
proposes that a small population of cells within the invasive edge of an established tumor acquire
characteristics necessary for EMT. Recent findings have shown that many patients present with a
number of micrometastases before the primary tumor has become completely established,
supporting a recently proposed model of parallel tumor progression in which metastatic
dissemination occurs throughout the course of primary tumor development and potentially
occurs as an early event in the pathogenesis of the disease [41]. These metastases arise from a
subpopulation of stem cell-like cells present at tumor initiation, which express proteins that
induce EMT and confer the stem cell with migratory and invasive capacity. This is the first
report to show that Snail upregulates SPARC in models of both early and established NSCLC.
The necessity of SPARC for Snail-mediated invasion in both models suggests a role for both
Snail and SPARC in both the NSCLC stem-cell population and in parallel progression.

As mentioned in Section I, the relatively low five-year survival rate (16%) of patients
with lung cancer is attributed, in part, to a lack of early detection. A recent national screening
trial of low-dose computed tomography (CT) resulted in a decrease in mortality due to better
detection of lung nodules that would have previously been undiagnosed or misdiagnosed on a

chest x-ray [147,148]. However, understanding the molecular mechanisms contributing to
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tumorigenesis and parallel metastatic progression could lead to identification of early disease
biomarkers and therapeutic targets, adding to the success of the CT study.

Multiple genetic mutations have been identified as driving oncogenesis and promoting
survival in NSCLC, including those in the genes encoding P53, KRAS, and EGFR [5,6]. Our
results here are independent of mutation status, as the relationships between Snail, SPARC, and
invasion were consistent among all cell lines tested. We showed here HBEC cell lines without
known mutations, as well as a cell line in which P53 was silenced and KRAS was constitutively
active. We also examined Snail-mediated SPARC expression in HBEC cell lines with single P53
or KRAS mutations as well as EGFR activating mutations and found the relationship to be the
same in these lines. The three NSCLC cell lines that were evaluated, A549, H1437, and H292
had distinct mutation backgrounds. The cell line A549, derived from an adenocarcinoma, has
mutations in KRAS, CDKN2A, and STK11. The cell line H1437, also derived from an
adenocarcinoma has mutations in P53, CDKN2A, and STK11. The cell line H292, derived from
a mucoepidermoid pulmonary carcinoma, contains only a CDKN2A mutation. Despite the
differences in mutation status, they all responded to Snail overexpression with increased
invasion, mediated by upregulation of SPARC. This mutation independence suggests that the
mechanism of Snail-mediated, SPARC-dependent invasion may be occurring prior to or
concurrent with tumorigenesis, supporting the role of Snail in the TIC population.

Research identifying novel driver mutations and therapies targeting them has been
successful in NSCLC [5,6,9,10]. However, as has been the case with EGFR TKIs, almost all
tumors initially responsive to treatment acquire resistance [149]. This may be due to activation of
alternate signaling pathways, acquisition of additional oncogenic mutations from mutagens

present in the tumor microenvironment, or due to the heterogeneity of the tumor makeup at the
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time of initial treatment. The cancer stem cell model posits that the small subset of cells
responsible for tumor initiation give rise to heterogeneous lineages of cells that comprise the
bulk of the tumor [31,150]. Additionally, due to their self-renewal capabilities, these cells are
thought to be responsible for relapse following treatment. Targeted treatment depletes those cells
within a tumor expressing the target and those cells undergoing proliferation if targeted treatment
is combined with classic chemotherapeutic agents [32]. If the tumor initiating cells are
expressing EMT-associated factors such as Snail, as we posit here, that may be the mechanism
by which they evade apoptosis. As chronic exposure to inflammatory cytokines such as TGF-f
has been shown to induce EMT, chronic inflammation could lead to tumor initiation through
upregulation of Snail and parallel progression through subsequent upregulation of SPARC.
While we describe here an in vitro model of lung cancer invasion as well as an in situ
correlation between Snail and SPARC expression, further investigation in an in vivo model is
needed, considering the role the tumor microenvironment is known to play in progression [13].
Considering the role the tumor microenvironment is known to play in progression, further
investigation in an in vivo model would give additional clues to the role of this pathway in
parallel progression. For example, tumor-derived TGF-B transdifferentiates fibroblasts at the
invasive front of tumors into myofibroblasts, which share characteristics of mesenchymal cells
and smooth muscle cells [60]. The presence of myofibroblasts has been correlated with invasion
and progression in breast, colon, and lung cancers [61]. In reaction to signals received from the
tumor cells, the fibroblasts in the tumor stroma also secrete ECM remodeling factors to enhance
degradation, including collagen type I & IV, MMPs, and SPARC [60-62]. Given the importance
of SPARC in the inflammatory response to injury and collagen deposition, it is unsurprising that

it has been found to play a role in tissue fibrosis. For example, SPARC has been found to be
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upregulated in fibrotic tissue in cirrhotic livers, specifically secreted by hepatic stellate cells
(HSC) in these tissues. In an in vivo model of cirrhotic liver fibrosis, SPARC knockdown in
HSCs decreased fibrosis through increased fibronectin adhesion and decrease chemokine-
mediated migration [72].

In addition, costaining of Snail and SPARC in premalignant tissues would yield further
evidence of the role of Snail-mediated upregulation of SPARC in parallel progression.
Additional experiments evaluating the role of SPARC in NSCLC tumor initiation could
potentially yield interesting results, given the known role of Snail and EMT in the TIC
population. Further refinement of the molecular phenotype of the Snail-expressing TIC
population in NSCLC is currently being investigated in our lab. The role of SPARC in this

specific subset of cells remains to be evaluated.
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THE SNAIL-TO-SPARC

PATHWAY INTERMEDIARIES
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Introduction

Having established that Snail upregulates SPARC in models of premalignancy and
established cancer and leads to an invasive phenotype, the next step was to establish a
mechanism for this interaction. The promoter region of SPARC does not contain a binding site
for Snail, indicating that Snail must upregulate SPARC by an indirect mechanism. The
mechanism for Snail-induced SPARC expression was examined and key signaling pathways as

well as a novel microRNA critical for this relationship were discovered.

Materials and Methods

Human Cell Lines and Reagents

To facilitate the study of normal lung differentiation and pathology, we use a system for
immortalizing human bronchial epithelial cells (HBECs) in the absence of viral oncoproteins via
ectopic expression of human telomerase (hTERT) and cyclin-dependent kinase 4 (Cdk4) under
control of puromycin and geneticin respectively [140]. Over 50 such HBEC cell lines established
from proximal airway epithelial cells derived from unique patients are currently available; the
cell lines designated HBEC2, HBEC3, and HBEC7 were used in these studies [141]. The
HBECS3 cell line was transfected with shRNA targeting the tumor suppressor P53 under control
of zeocin and a plasmid overexpressing the oncogenic protein KRAS with an activating mutation
under control of blasticidin. Based on extensive molecular characterization and their ability to
differentiate into each of the major cell types of the normal pseudostratified columnar bronchial
epithelium in the 3D organotypic model, HBECs are known to have bronchoalveolar stem-like
characteristics that allow modeling of the pulmonary airways and their associated malignant
transformation [140,142-144]. Utilization of this unique cell-based resource to model lung

carcinogenesis allows us to systematically test the functional importance of Snail and SPARC in
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vitro and in vivo, affording us a more comprehensive understanding of the pathogenesis of
NSCLC and new opportunities for early clinical intervention.

Lung cancer cell lines A549, H1437 and H292 were obtained from American Type
Culture Collection (ATCC) (Rockville, MD). HBEC cell lines were a kind gift from Dr. John D.
Minna at the University of Texas, Southwestern. All cell lines were routinely tested for the
presence of Mycoplasma using the MycoAlert Mycoplasma Detection Kit (Lonza, Walkerville,
CA). Cell lines were authenticated in the UCLA Genotyping and Sequencing Core utilizing
Promega’s (Madison, WI) DNA IQ System and Powerplex 1.2 system according to the
manufacturer’s instructions. All cells were utilized within 10 passages of genotyping. Lung
cancer cell lines were grown in RPMI 1640 (Mediatech Inc, Herndon, VA) supplemented with
10% fetal bovine serum (Gemini Biological Products, Calabasas, CA), 1%
penicillin/streptomycin (Gibco, Gibbstown, NJ) and 2mM glutamine (Gibco). HBEC cell lines
were grown in Keratinocyte Serum-Free Media (Gibco) supplemented with 30ug/mL Bovine
Pituitary Extract and 0.2ng/mL recombinant Epidermal Growth Factor 1-53 (Gibco).

Stable Overexpression of Snail

Cells were stably transduced as follows: wild-type Snail cDNA pcDNA3 (a gift from Dr.
E. Fearon, University of Michigan, Ann Arbor, MI) was excised from the plasmid with HindIII
and EcoRV and subcloned into the retroviral vector pPLHCX (Clontech), which includes a drug
resistance (Hygromycin B) marker. All constructs were verified by restriction endonuclease
digestion. For virus production, 70% confluent 293T cells were cotransfected with pPLHCX-Snail
or pLHCX (vector alone). Tumor cells were then transduced with high-titer supernatants
producing either Snail or pPLHCX virus. Following transduction, the tumor cells were selected

with Hygromycin B (Invitrogen). Cells were verified by genotyping and tested for Mycoplasma
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as above.

TGF-p ELISA

Secreted TGF-B1 levels were quantified using the eBioscience Human/Mouse TGF betal
ELISA Ready-SET-Go! Kit. Cells were plated in 6-well plates at a density of 1.25x10° cells per
well. Once adherent, cells were washed and media replaced with 1ml serum-free media. Media
supernatants and cell lysates were collected after 24 hours. Supernatant TGF-B levels were
evaluated following the manufacturers’ instructions and normalized to lysate protein values.

Inhibition of TGF-p with small-interfering RNA

Cells were plated in 6 well plates at 1.25x10° cells per well and cultured for 24 hours in
growth media. Complete media was replaced with serum-free media overnight prior to
transfection with target siRNA (Integrated DNA Technologies) or Silencer® Negative Control
#1 siRNA (Life Technologies). Transfections were carried out using the Lipofectamine
RNAiIMAX Transfection Reagent (Life Technologies) in serum-free media for 4 hours before
replacement with fresh serum-free media and an additional 20-hour incubation.

Inhibition of ERK1/2 and p38 with a chemical inhibitor

Treatments were carried out in 6 well plates at a density of 1.25x10° cells per well in
serum-free medium, unless stated otherwise. The MEK/ERK inhibitor UO126 (Cell Signaling)
was prepared in sterile DMSO at a concentration of 10mg/mL and cells were treated at a final
concentration of 15ug/mL for 24 hours. The p38 inhibitor SB203580 (Cell Signaling) was
prepared in sterile DMSO at a concentration of 10mg/mL and cells were treated at a final
concentration of 15ug/mL for 24 hours.

Overexpression of microRNA-29b
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Cells were plated in 6 well plates at 1.25x10° cells per well and cultured for 24 hours in
growth media. Complete media was replaced prior to transfection with the miRVana™ miR-29b
mimic (Life Technologies) or miRVana™ miRNA mimic, Negative Control #1 (Life
Technologies). Transfections were carried out using the Lipofectamine RNAIMAX Transfection
Reagent (Life Technologies) in serum-free media for 4 hours before replacement with fresh
media and an additional 20-hour incubation.

Immunoblotting

Cells were washed with PBS and whole-cell lysates were collected over ice using lysis
buffer prepared according to standard methods [145]. Protein concentrations were measured with
a BCA protein assay reagent (Pierce, Rockford, IL). Proteins were resolved by 10% SDS-PAGE
and analyzed by western blot using polyvinylidene difluoride membranes (Millipore, Bedford,
CA) according to standard methods. Membranes were blocked with 5% nonfat dry milk or 5%
BSA in TBS plus 0.05% Tween 20. The membranes were probed overnight at 4°C with anti-
Snail, anti-SPARC, anti-TGFBR2, anti-ERK1/2, and anti-phospho-ERK1/2 antibodies (all from
Cell Signaling). Secondary antibodies, goat anti-mouse (Bio-Rad, Hercules, CA) and goat anti-
rabbit (Santa Cruz), were incubated at room temperature for 60 minutes. Membranes were
developed using Western Lightning Plus-ECL (Perkin-Elmer, Waltham, MA) and exposed to X-
ray film (Life Sciences Products, Inc, Frederick, CO). Equal loading of samples was confirmed
by probing the membranes with alpha-tubulin (Cell Signaling).

Total RNA Preparation, cDNA Synthesis and Real-Time PCR

RNA was isolated using the miRNeasy Mini kit (Qiagen, Valencia, CA) and cDNA was
prepared using the High Capacity RNA-to-cDNA Kit (Applied Biosystems) according to the

manufacturers’ protocols. Transcript levels were measured by quantitative real-time—polymerase
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chain reaction (QRT-PCR) using the TagMan Probe-based Gene Expression system (Applied
Biosystems) in a MyiQ Cycler (Bio-Rad) following the manufacturer's protocol. Amplification
was carried out for 40 cycles of 15 seconds at 95°C and 60 seconds at 60°C. Samples were run in
triplicate and their relative expression was determined by normalizing the expression of each
target to GUSB (mRNA) or RNU6b (miRNA). These were then compared with the normalized
expression in a reference sample using the efficiency corrected Pfaffl method to calculate a fold-

change value [146].

Results

TGF-p1 is upregulated in response to Snail overexpression

The promoter region of SPARC does not contain a binding site for Snail, indicating that
Snail must upregulate SPARC by an indirect mechanism. Combinatorial analysis using the
Ingenuity Pathway Analysis (IPA) software revealed multiple potential intermediary molecules
and signaling pathways that could be responsible for Snail-mediated upregulation of SPARC
(Fig 3.1). These intermediates were supported by the literature [72,151]. We evaluated the
secreted protein levels of one potential candidate, the cytokine TGF-B1, utilizing ELISA.
Expression levels were significantly increased (p=<0.001) in Snail-overexpressing HBEC cell
lines compared to vector control (Fig 3.2), indicating that TGF-f is upregulated by Snail and
may be upstream of SPARC.

Treatment of parental HBEC cell lines with TGF-p1 results in upregulation of Snail,

phosphorylation of ERK1/2, and upregulation of SPARC

Treatment of the parental HBEC cell lines with recombinant TGF-f1 resulted in
increased expression of Snail, SPARC, and phosphorylation of ERK1/2 (Fig 3.3), suggesting an

autocrine signaling mechanism for Snail and TGF-B1 expression. As the receptor for the TGF-$1
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ligand was upregulated in response to Snail expression (Fig 3.4), we hypothesized that increased
TGF-p ligand binding increased production of receptor.

Inhibition of TGF-B1 by siRNA results in loss of Snail-driven SPARC expression

Furthermore, inhibition of TGF-B1 expression by siRNA abrogated Snail-mediated
ERK1/2 phosphorylation and SPARC expression (Fig 3.5, 3.6), suggesting that both TGF-p1
ligand and its receptor are necessary for Snail-mediated SPARC expression.

ERK1/2 is phosphorylated downstream of Snail and TGF-$ overexpression

ERK1/2 was also indicated as a potential intermediate between Snail and SPARC (Fig
3.1) [76,152,153]. Immunoblot analysis of a panel of HBEC cell lines indicated that ERK has
increased phosphorylation in Snail-overexpressing lines (Fig 3.4) and may be intermediate in the
Snail-to-SPARC pathway. In addition, ERK1/2 was phosphorylated following TGF-B1
treatment, indicating that TGF-f is signaling through the ERK1/2 pathway (Fig 3.3).

Chemical inhibition of ERK1/2 phosphorylation results in loss of Snail-driven

SPARC expression and upregulation of miR-29b

Inhibition of ERK by the MEK1/2 phosphorylation inhibitor U0126 led to decreased
mRNA and protein expression of SPARC in Snail-overexpressing HBEC cell lines (Fig 3.7).

MicroRNA-29b is downregulated in response to Snail overexpression

The microRNA array data analysis (Fig 3.1) indicated that microRNA-29b might be an
intermediate regulator in the Snail to SPARC pathway. Analysis of the 3’UTR of SPARC
mRNA by TargetScan software revealed a putative complementary sequence for miR-29b. We
compared expression levels of miR-29b in three NSCLC cell lines and 4 HBEC cell lines with
Snail overexpression (-S) to vector control (-V) lines by qRT-PCR using a TagMan® microRNA

primer assay. In both sets of cell lines, miR-29b expression levels were lower in Snail-
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overexpressing lines versus vector control (Fig 3.8), indicating that miR-29b is downregulated
by Snail in NSCLC cell lines and may be upstream of SPARC.

Overexpression of a miR-29b mimic in Snail-overexpressing cell lines results in loss

of SPARC expression

Overexpression of a miR-29b precursor led to downregulation of SPARC protein in a
panel of Snail-overexpressing HBEC cell lines (Fig 3.9). In addition, miR-29b expression was
significantly upregulated following MEK/ERK inhibition (Fig 3.10) and TGF= inhibition (Fig.
3.11), indicating a direct link between Snail, TGF-f, MEK/ERK, and miR-29b upstream of
SPARC. Based on the results in this chapter, we propose a regulatory pathway wherein Snail
upregulates TGF-B in an autocrine fashion, leading to activation of the MEK/ERK pathway,
downregulation of miR-29b, and finally upregulation of SPARC (Fig 3.14).

Alternate TGF-p signaling pathways are not activated downstream of Snail, with

the exception of p38

As TGF-B1 signaling through its receptor is known to activate several signaling pathways
in addition to MEK/ERK, we investigated if Snail-mediated TGF-B1 signaling activated these
pathways in our system by immunoblotting for phosphoproteins. The p38 pathway is often
coactivated with MEK/ERK and therefore, unsurprisingly is activated here (Fig 3.12).
Interestingly, the JNK and AKT signaling pathways were not activated downstream of TGF-f
(Fig 3.12), indicating that preferential signaling through p38 and MEK/ERK is occurring,
possibly through upregulation of JNK and AKT inhibitor proteins. As Smad proteins are
phosphorylated in multiple TGF-f pathways, investigating their contribution to this pathway
would not be additive and was not pursued. To investigate the possibility of p38 also being

intermediate between TGF-f and SPARC, downstream of Snail, p38 signaling was interrupted
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by the chemical inhibitor SB203580 for 24 hours. Whole cell protein lysates were collected and
probed for Snail and SPARC expression. Inhibition of p38 signaling did not effect SPARC
expression, indicating that p38, though activated downstream of Snail, is not intermediate in the

Snail-to-SPARC pathway (Fig 3.13).
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Figure 3.1. IPA Analysis revealed potential mechanism for Snail to SPARC pathway. a) Total
RNA was isolated from panel of Snail-overexpressing NSCLC cell lines and vector controls and
subjected to microRNA array. Array results were combined with mRNA array results published
previously and analyzed by Ingenuity Pathway Analysis Software.

regulation of SPARC by Snail was produced.

56

A putative pathway for



Secreted TGF-

—kkk—
50- Rk = B \ector
454 " [—1Snail

— %k —

— *%%—

10-
sl 1IN i
0

HBEC2 HBEC3 HBEC7 H3mutP53/KRAS

Figure 3.2. TGF-B1 is upregulated by Snail. The secreted protein levels of TGF-B1 were
measured by ELISA from supernatants of Snail-overexpressing HBEC cell lines and compared to
appropriate vector controls. (** = p<0.01, *** = p<0.0001)
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Figure 3.3. Treatment with TGF-f1 upregulates Snail and SPARC and activates ERK
signaling. Parental HBEC cell lines were treated with Sng/uL recombinant TGF-B1 for 24 hours
in serum-free media. Lysates were collected and protein expression of Snail, pERK1/2, ERK1/2,
and SPARC were measured by western blot.
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Figure 3.4. TGFBR2 is upregulated by Snail. Levels of Snail, SPARC, TGFpR2, pERK1/2, and
tERK1/2 protein were evaluated by Western blotting in HBEC2-V/S, HBEC3-V/S, HBEC7-V/S,
and H3mutP53/KRAS-V/S cell lines. Protein levels were normalized by a-Tubulin.
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Figure 3.5. Inhibition of TGF-B1 expression downregulates ERK activity and SPARC
expression. Snail-overexpressing HBEC cell lines and vector controls were treated with single
siRNA sequences targeting TGF-B1 (1,2,3,4), a negative control siRNA (N), or untreated (C) for
24 hours in serum-free media. Lysates were collected and protein expression was measured as in
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Figure 3.6. Transfection of TGF-p1 siRNA inhibits secretion of TGF-p1 by HBEC cell lines.
Snail-overexpressing HBEC cell lines and vector controls were treated with single siRNA
sequences targeting TGF-B1 (1,2,), a negative control siRNA (N), or untreated (C) for 24 hours in
serum-free media. Lysates and supernatants were collected and the secreted protein levels of TGF-
B1 were measured by ELISA and compared to appropriate vector controls. ( *** = p<0.0001)
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Figure 3.7. Inhibition of MEK/ERK signaling downregulated SPARC expression. (A) The
cell lines HBEC2, HBEC3, HBEC7, and H3mutP53/KRAS with and without Snail
overexpression (-V/-S) were treated with the MEK1/2 phosphorylation inhibitor U0126 and
evaluated for SPARC protein expression. Membranes were incubated with antibodies against
Snail, phosphorylated ERK1/2 (pERK), total ERK1/2, SPARC and a-tubulin. Protein levels were
normalized against o-tubulin. (B) SPARC mRNA expression was evaluated following U0126
treatment as in (A). mRNA expression was normalized against GUSB. (** = p<0.01, *** =
p<0.0001)
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Figure 3.8. miR-29b is downregulated in cell lines over-expressing Snail. (A) Total RNA was
isolated from HBEC3-V/S, HBEC4-V/S, and H3mutP53/KRAS-V/S cell lines. Expression levels
of miR-29b were evaluated by qRT-PCR using TagMan primers. miRNA levels were normalized
to RNU6b. (B) Total RNA was isolated from A549V/S, H1437V/S, and H292V/S cell lines.

Expression levels of miR-29b were evaluated by qRT-PCR using TagMan primers. miRNA levels
were normalized to RNUG6b.
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Figure 3.9. Overexpression of miR-29b downregulates SPARC expression. The HBEC cell
lines HBEC2, HBEC3, HBEC7, and HBEC3mutP53/KRAS with and without stable Snail
overexpression (-V/-S) were transiently transfected with a miR-29b precursor sequence. Lysates
were collected 24 hours after transfection and evaluated for expression of miR-29b and SPARC
by western blot. Protein levels were normalized to a-Tubulin.
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Figure 3.10. Inhibition of MEK/ERK signaling increases miR-29b expression. The HBEC cell
lines HBEC2, HBEC3, HBEC7, and HBEC3mutP53/KRAS with and without stable Snail
overexpression (-V/-S) were treated with the MEK1/2 phosphorylation inhibitor U0126 for 24
hours. Expression of miR-29b was evaluated following U0126 treatment. miRNA expression was

normalized against RNU6b. (** = p<0.01, *** = p<0.0001)
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Figure 3.11. Inhibition of TGF-p signaling increases miR-29b expression. The HBEC cell
lines HBEC2, HBEC3, HBEC7, and HBEC3mutP53/KRAS with and without stable Snail
overexpression (-V/-S) were transiently transfected with TGF-1 siRNA (+) or a negative control
(-) for 24 hours. Expression of miR-29b was evaluated following TGF-B inhibition. miRNA
expression was normalized against RNU6b. (** = p<0.01, *** = p<(0.0001)
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Figure 3.12. TGF-p signals through p38 but not AKT or JNK downstream of Snail. Levels of
Snail, SPARC, phospho-p38, -AKT, -JNK, and total-p38, AKT, and JNK protein were evaluated
by Western blotting in HBEC2-V/S, HBEC3-V/S, HBEC7-V/S, and H3mutP53/KRAS-V/S cell
lines. Protein levels were normalized by a-Tubulin.
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Figure 3.13. p38 signaling does not upregulate SPARC. The cell lines HBEC2 and HBEC7
with and without Snail overexpression (-V/-S) were treated with the p38 signaling inhibitor
SB203580 for 24 hours and evaluated for SPARC protein expression. Membranes were incubated
with antibodies against Snail, SPARC, and a-tubulin. Protein levels were normalized against o-
tubulin.
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Figure 3.14. Proposed mechanism for Snail-mediated, SPARC-dependent invasion
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Discussion

The preceding experiments identify a number of molecules not previously described as
being intermediate in the Snail-to-SPARC pathway. Specifically, the mechanism for SPARC
upregulation by Snail includes activation of the TGF- and MEK/ERK signaling pathways and
the downregulation of miR-29b. While Section II focused on the functional contribution of Snail-
mediated upregulation of SPARC to NSCLC invasion, this section determines the partial
molecular mechanism for this phenotype. As chronic inflammation is known to contribute to
tumor initiation as well as EMT, identification of the molecular determinants in this pathway is
crucial to understanding the pathogenesis of NSCLC. While the pathway described here is
independent of mutation status, mutations in EGFR and KRAS would likely only compound the
effects of Snail given the concurrence of signaling pathways. For example, EGF potentiates
TGF-B1-mediated COX-2 induction in HBECs in an EGFR- and ERK-dependent manner [7],
suggesting that constitutive EGF signaling would result in increased Snail and SPARC
expression due to the relationship between TGF-B1, Snail, ERK, and SPARC described here. In
addition, the induction of COX-2 would lead to further upregulation of Snail, as the COX-2
metabolite, PGE2 has been shown to induce Snail expression in NSCLC [44].

In addition, activating mutations in the KRAS gene lead to constitutive Ras signaling [8],
leading to activation of the MEK/ERK signaling pathway, which, as we have shown here, leads
to upregulation of SPARC through downregulation of miR-29b. Another transcriptional target of
KRAS is the proinflammatory mediator IL-8, which is also upregulated by activating EGFR [8].
Secretion of IL-8 by the epithelial cells in the lungs can induce an innate immune response,
contributing to further inflammation and ultimately upregulation of Snail, leading to

tumorigenesis. As KRAS mutations are associated with poor prognosis and TKI resistance, it has
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been identified as a likely therapeutic target. However, efforts to develop a direct KRAS
inhibitor, including farnesyl transferase inhibitors, have been unsuccessful [8,10]. Identification
of the downstream molecules involved in Ras-dependent pathogenesis, some of which are
described here, could yield additional therapeutic targets.

One surprising observation was the differential activation of TGF-f signaling pathways,
namely p38 and MEK/ERK over AKT and JNK. Due to the commonality of activators between
the MAP kinases, the different MAPK groups are often coactivated. However, specific activation
of a MAP kinase group (e.g. p38 over JNK) can be achieved by different MAP3Ks [92,93].
Likewise, selective deactivation of a MAP kinase group can be achieved by dephosphorylation
by a MAP kinase phosphatase (MKP), of which several have been identified [94,95]. Further
investigation into the mechanism of this selective activation is warranted. In addition, the
contribution of p38 to NSCLC progression should be studied. Despite its activation downstream
of Snail, p38 was determined to not contribute to SPARC upregulation. However, it may be
contributing to progression, given its known roles in inflammation, cell death, growth, and
differentiation [88,89].

The molecules and pathways described here are likely not the only intermediaries in the
Snail-to-SPARC pathway and further studies could describe additional pathways as well as
epigenetic changes involved. While we propose a linear pathway for Snail to SPARC expression
here, it is likely that the interactions between all the involved molecules are more complex. For
example, SPARC is known to increase expression of Snail in melanoma [154]. TGF- and
SPARC are known to cooperate in an autocrine-feedback loop [72]. As we demonstrated here,

TGF-B1 and Snail also cooperate in an autocrine or paracrine feedback loop.
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Considering the role the tumor microenvironment is known to play in progression, further
investigation in an in vivo model would give additional clues to the role of this pathway in
parallel progression. For example, tumor-derived TGF-B transdifferentiates fibroblasts at the
invasive front of tumors into myofibroblasts, which share characteristics of mesenchymal cells
and smooth muscle cells [60]. The presence of myofibroblasts has been correlated with invasion
and progression in breast, colon, and lung cancers [61]. In reaction to signals received from the
tumor cells, the fibroblasts in the tumor stroma also secrete ECM remodeling factors to enhance
degradation, including collagen type I & IV, MMPs, and SPARC [60-62]. Given the importance
of SPARC in the inflammatory response to injury and collagen deposition, it is unsurprising that
it has been found to play a role in tissue fibrosis. For example, SPARC has been found to be
upregulated in fibrotic tissue in cirrhotic livers, specifically secreted by hepatic stellate cells
(HSC) in these tissues. In an in vivo model of cirrhotic liver fibrosis, SPARC knockdown in
HSCs decreased fibrosis through increased fibronectin adhesion and decrease chemokine-

mediated migration [72].
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CONCLUDING REMARKS

This is the first report demonstrating that Snail upregulates SPARC in models of both
early and established NSCLC. The necessity of SPARC for Snail-mediated invasion in both
models suggests a role for both Snail and SPARC in the pathogenesis of NSCLC. Furthermore,
we have demonstrated a number of critical molecules intermediate in this pathway. The
deregulation of both the TGF- and MEK/ERK pathways in cancers are well known, though this
is the first description of their deregulation in this context. By demonstrating deregulated
expression of the protein SPARC, the downregulation of a critical microRNA, as well as aberrant
activation of two highly influential signaling pathways, we have identified novel opportunities
for clinical targeting of the most aggressive subset of malignant cells.

Understanding the molecular profile of the invasive phenotype may enhance the
diagnostic and therapeutic processes. While no therapies targeting Snail signaling or Snail-
expressing cells have yet been developed, therapies targeting the other molecules are in various
stages of clinical development. Albumin-bonded paclitaxel (nab-paclitaxel), an injectable form
of the mitotic inhibitor drug paclitaxel, is known to accumulate preferentially in tissues
expressing SPARC, due to SPARC’s albumin-binding properties [78]. In a retrospective study
of monotherapy nab-paclitaxel in head and neck cancer patients, response to treatment correlated
positively with SPARC expression due to the SPARC-albumin interaction [80]. Additional
studies in pancreatic, adrenocortical, and advanced breast cancers confirm the enhanced efficacy
of nab-paclitaxel therapy in SPARC-expressing tumors [81-83]. A number of MEK inhibitors
have been developed for the clinic, including the MEK 1 and 2-specific small molecule
selumetinib. Selumetinib has been shown to be efficacious in KRAS-mutant NSCLC, though our

results suggest a MEK inhibitor may have broader application as the MEK/ERK pathway is
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activated downstream of Snail, independent of KRAS mutation [107]. Clinical studies targeting
various TGF-f pathway molecules are underway, including an autologous tumor cell vaccine
carrying a TGF-B2 antisense transgene [115]. Restoration of tumor-suppressor miRNA
expression in patients has been successfully evaluated in the clinic [126,137,138]. Intratumoral
injection of miR-29 miRNA mimics in xenograft models of human liver cancer,
rhabdomyosarcoma, and AML resulted in tumor regression, though this method has not been
evaluated in human patients. Use of adenovirus associated vectors to efficiently transduce tumors
intravenously has been proposed as an improved delivery mechanism that will allow miRNA
mimic use in the clinic [139].

In addition, our results and the literature suggest that Snail and SPARC may play a role in
the tumor initating cell (TIC) population. As potential drivers of both oncogenesis and metastatic
progression, the TIC population is an obvious target for therapeutic intervention. A high-
throughput screen of 16,000 small molecules identified salinomycin as a selective inhibitor of
breast cancer stem cells [37]. The tumor cells remaining after salinomycin treatment had a
distinctly differentiated and epithelial phenotype when compared to standard chemotherapy,
suggesting preferential targeting of cells that had undergone, or were capable of undergoing,
EMT. Importantly, salinomycin-treated cells no longer expressed stem cell markers and were
unable to form tumorspheres. Salinomycin has subsequently been shown to be efficacious in
cancer stem cell populations of many tumor types and is in early clinical evaluation [38-40].

Identifying the molecular determinants of tumor initiation and progression is an
important step in identifying novel targets for not only clinical intervention of established
disease, but also prevention and early detection of lung cancer. The clinical response to surgery

suggests that parallel metastases are a frequent and major clinical problem: as many as 40% of
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patients will have recurrence of lung cancer at metastatic sites following lung cancer resection
[1]. This is generally agreed to be due to micrometastatic disease that is below the level of
detection by imaging studies. We have here identified a number of molecules and signaling
pathways that have altered genetic expression or activation in a model of premalignant disease.
These molecules could be used as biomarkers for detection of premalignant disease and also for
therapeutic prevention of progression to malignancy and metastatic disease.

Finally, while we propose a linear pathway for Snail to SPARC expression here, it is
likely that the interactions between all the involved molecules are more complex. For example,
SPARC is known to increase expression of Snail and therefore repress E-cadherin in melanoma
progression [154]. TGF-B and SPARC are known to cooperate in an autocrine-feedback loop,
with SPARC knockdown reducing TGF-B1 gene expression and secretion and TGF-B1 treatment
increasing SPARC gene expression [72]. As we demonstrated here, TGF-f1 and Snail also
cooperate in an autocrine or paracrine feedback loop (Figures 3.2-3.4). These signaling
pathways are known to have numerous effects on processes independent of invasion and
metastatic progression, including cell cycle regulation, proliferation, and survival. Additionally,
the microRNA described here, miR-29b likely has many targets in addition to SPARC, with as
many as 7,000 predicted by computational algorithms. Understanding the contribution of the
pathway described here to these phenotypes would improve development of the therapies

described above as well as detection techniques.

75



10.

11.

12.

13.

14.

15.

16.

17.

REFERENCES

R. Siegel, D. Naishadham, A. Jemal, Cancer statistics, 2013, CA Cancer J Clin 63 (2013)
11-30.

Wistuba, II, A.F. Gazdar, Lung cancer preneoplasia, Annu Rev Pathol 1 (2006) 331-348.
G. Lee, T.C. Walser, S.M. Dubinett, Chronic inflammation, chronic obstructive
pulmonary disease, and lung cancer, Curr Opin Pulm Med 15 (2009) 303-307.

R.M. Tuder, 1. Petrache, Pathogenesis of chronic obstructive pulmonary disease, J Clin
Invest 122 (2012) 2749-2755.

L. Cheng, R.E. Alexander, G.T. Maclennan, O.W. Cummings, R. Montironi, A. Lopez-
Beltran, H.M. Cramer, D.D. Davidson, S. Zhang, Molecular pathology of lung cancer:
key to personalized medicine, Mod Pathol 25 (2012) 347-369.

W. Pao, N. Girard, New driver mutations in non-small-cell lung cancer, Lancet Oncol 12
(2011) 175-180.

M. Liu, S.C. Yang, S. Sharma, J. Luo, X. Cui, K.A. Peebles, M. Huang, M. Sato, R.D.
Ramirez, J.W. Shay, J.D. Minna, S.M. Dubinett, EGFR signaling is required for TGF-
beta 1 mediated COX-2 induction in human bronchial epithelial cells, Am J Respir Cell
Mol Biol 37 (2007) 578-588.

N. Sunaga, H. Imai, K. Shimizu, D.S. Shames, S. Kakegawa, L. Girard, M. Sato, K.
Kaira, T. Ishizuka, A.F. Gazdar, J.D. Minna, M. Mori, Oncogenic KRAS-induced
interleukin-8 overexpression promotes cell growth and migration and contributes to
aggressive phenotypes of non-small cell lung cancer, Int J Cancer 130 (2012) 1733-1744.
G.R. Oxnard, A. Binder, P.A. Janne, New targetable oncogenes in non-small-cell lung
cancer, J Clin Oncol 31 (2013) 1097-1104.

M. Alamgeer, V. Ganju, D. Neil Watkins, Novel therapeutic targets in non-small cell
lung cancer, Curr Opin Pharmacol (2013).

P.R. Reynolds, M.G. Cosio, J.R. Hoidal, Cigarette smoke-induced Egr-1 upregulates
proinflammatory cytokines in pulmonary epithelial cells, Am J Respir Cell Mol Biol 35
(2006) 314-319.

R.J. Soberman, P. Christmas, Revisiting prostacyclin: new directions in pulmonary
fibrosis and inflammation, Am J Physiol Lung Cell Mol Physiol 291 (2006) L142-143.
E.L. Heinrich, T.C. Walser, K. Krysan, E.L. Liclican, J.L. Grant, N.L. Rodriguez, S.M.
Dubinett, The inflammatory tumor microenvironment, epithelial mesenchymal transition
and lung carcinogenesis, Cancer Microenviron 5 (2012) 5-18.

D. Hanahan, R.A. Weinberg, Hallmarks of cancer: the next generation, Cell 144 (2011)
646-674.

K.A. Peebles, J.M. Lee, J.T. Mao, S. Hazra, K.L.. Reckamp, K. Krysan, M. Dohadwala,
E.L. Heinrich, T.C. Walser, X. Cui, F.E. Baratelli, E. Garon, S. Sharma, S.M. Dubinett,
Inflammation and lung carcinogenesis: applying findings in prevention and treatment,
Expert Rev Anticancer Ther 7 (2007) 1405-1421.

A. Spira, J.E. Beane, V. Shah, K. Steiling, G. Liu, F. Schembri, S. Gilman, Y.M. Dumas,
P. Calner, P. Sebastiani, S. Sridhar, J. Beamis, C. Lamb, T. Anderson, N. Gerry, J.
Keane, M.E. Lenburg, J.S. Brody, Airway epithelial gene expression in the diagnostic
evaluation of smokers with suspect lung cancer, Nat Med 13 (2007) 361-366.

J.T. Mao, M.D. Roth, M.C. Fishbein, D.R. Aberle, Z.F. Zhang, J.Y. Rao, D.P. Tashkin,
L. Goodglick, E.C. Holmes, R.B. Cameron, S.M. Dubinett, R. Elashoff, E. Szabo, D.

76



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Elashoff, Lung cancer chemoprevention with celecoxib in former smokers, Cancer Prev
Res (Phila) 4 (2011) 984-993.

J.T. Mao, M.D. Roth, K.J. Serio, F. Baratelli, L. Zhu, E.C. Holmes, R.M. Strieter, S.M.
Dubinett, Celecoxib modulates the capacity for prostaglandin E2 and interleukin-10
production in alveolar macrophages from active smokers, Clin Cancer Res 9 (2003)
5835-5841.

B.N. Gomperts, A. Spira, P.P. Massion, T.C. Walser, Wistuba, II, J.D. Minna, S.M.
Dubinett, Evolving concepts in lung carcinogenesis, Semin Respir Crit Care Med 32
(2011) 32-43.

J.P. Thiery, H. Acloque, R.Y. Huang, M.A. Nieto, Epithelial-mesenchymal transitions in
development and disease, Cell 139 (2009) 871-890.

H. Peinado, D. Olmeda, A. Cano, Snail, Zeb and bHLH factors in tumour progression: an
alliance against the epithelial phenotype?, Nat Rev Cancer 7 (2007) 415-428.

S.F. Gilbert, (Ed.), Developmental Biology, Eight Edition, Sinauer Associates, Inc,
Sunderland, MA, 2006.

Y. Nakajima, T. Yamagishi, S. Hokari, H. Nakamura, Mechanisms involved in
valvuloseptal endocardial cushion formation in early cardiogenesis: roles of transforming
growth factor (TGF)-beta and bone morphogenetic protein (BMP), Anat Rec 258 (2000)
119-127.

V. Arnoux, M. Nassour, A. L'Helgoualc'h, R.A. Hipskind, P. Savagner, Erk5 controls
Slug expression and keratinocyte activation during wound healing, Mol Biol Cell 19
(2008) 4738-4749.

M. Iwano, D. Plieth, T.M. Danoff, C. Xue, H. Okada, E.G. Neilson, Evidence that
fibroblasts derive from epithelium during tissue fibrosis, J Clin Invest 110 (2002) 341-
350.

R. Strippoli, I. Benedicto, M.L. Perez Lozano, A. Cerezo, M. Lopez-Cabrera, M.A. del
Pozo, Epithelial-to-mesenchymal transition of peritoneal mesothelial cells is regulated by
an ERK/NF-kappaB/Snaill pathway, Dis Model Mech 1 (2008) 264-274.

A. Boutet, C.A. De Frutos, P.H. Maxwell, M.J. Mayol, J. Romero, M.A. Nieto, Snail
activation disrupts tissue homeostasis and induces fibrosis in the adult kidney, EMBO J
25 (2006) 5603-5613.

M. Sato, Y. Muragaki, S. Saika, A.B. Roberts, A. Ooshima, Targeted disruption of TGF-
betal/Smad3 signaling protects against renal tubulointerstitial fibrosis induced by
unilateral ureteral obstruction, J Clin Invest 112 (2003) 1486-1494.

S.A. Mani, J. Yang, M. Brooks, G. Schwaninger, A. Zhou, N. Miura, J.L. Kutok, K.
Hartwell, A.L. Richardson, R.A. Weinberg, Mesenchyme Forkhead 1 (FOXC2) plays a
key role in metastasis and is associated with aggressive basal-like breast cancers, Proc
Natl Acad Sci U S A 104 (2007) 10069-10074.

M.A. Huber, N. Kraut, H. Beug, Molecular requirements for epithelial-mesenchymal
transition during tumor progression, Curr Opin Cell Biol 17 (2005) 548-558.

T. Reya, S.J. Morrison, M.F. Clarke, I.L. Weissman, Stem cells, cancer, and cancer stem
cells, Nature 414 (2001) 105-111.

M.F. Clarke, J.E. Dick, P.B. Dirks, C.J. Eaves, C.H. Jamieson, D.L. Jones, J. Visvader,
I.L. Weissman, G.M. Wahl, Cancer stem cells--perspectives on current status and future
directions: AACR Workshop on cancer stem cells, Cancer Res 66 (2006) 9339-9344.

77



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

S. Bomken, K. Fiser, O. Heidenreich, J. Vormoor, Understanding the cancer stem cell, Br
J Cancer 103 (2010) 439-445.

M. Al-Hajj, M.S. Wicha, A. Benito-Hernandez, S.J. Morrison, M.F. Clarke, Prospective
identification of tumorigenic breast cancer cells, Proc Natl Acad Sci U S A 100 (2003)
3983-3988.

S.A. Mani, W. Guo, M.J. Liao, E.N. Eaton, A. Ayyanan, A.Y. Zhou, M. Brooks, F.
Reinhard, C.C. Zhang, M. Shipitsin, L.L. Campbell, K. Polyak, C. Brisken, J. Yang, R.A.
Weinberg, The epithelial-mesenchymal transition generates cells with properties of stem
cells, Cell 133 (2008) 704-715.

H.J. Li, F. Reinhardt, H.R. Herschman, R.A. Weinberg, Cancer-stimulated mesenchymal
stem cells create a carcinoma stem cell niche via prostaglandin E2 signaling, Cancer
Discov 2 (2012) 840-855.

P.B. Gupta, T.T. Onder, G. Jiang, K. Tao, C. Kuperwasser, R.A. Weinberg, E.S. Lander,
Identification of selective inhibitors of cancer stem cells by high-throughput screening,
Cell 138 (2009) 645-659.

Y. Wang, Effects of salinomycin on cancer stem cell in human lung adenocarcinoma
A549 cells, Med Chem 7 (2011) 106-111.

D. Fuchs, V. Daniel, M. Sadeghi, G. Opelz, C. Naujokat, Salinomycin overcomes ABC
transporter-mediated multidrug and apoptosis resistance in human leukemia stem cell-
like KG-1a cells, Biochem Biophys Res Commun 394 (2010) 1098-1104.

Q.L. Tang, Z.Q. Zhao, J.C. Li, Y. Liang, J.Q. Yin, C.Y. Zou, X.B. Xie, Y.X. Zeng, J.N.
Shen, T. Kang, J. Wang, Salinomycin inhibits osteosarcoma by targeting its tumor stem
cells, Cancer Lett 311 (2011) 113-121.

I. Sanchez-Garcia, The crossroads of oncogenesis and metastasis, N Engl J Med 360
(2009) 297-299.

A. Cano, M.A. Perez-Moreno, 1. Rodrigo, A. Locascio, M.J. Blanco, M.G. del Barrio, F.
Portillo, M.A. Nieto, The transcription factor snail controls epithelial-mesenchymal
transitions by repressing E-cadherin expression, Nat Cell Biol 2 (2000) 76-83.

Y. Wu, B.M. Evers, B.P. Zhou, Small C-terminal domain phosphatase enhances snail
activity through dephosphorylation, J Biol Chem 284 (2009) 640-648.

M. Dohadwala, S.C. Yang, J. Luo, S. Sharma, R.K. Batra, M. Huang, Y. Lin, L.
Goodglick, K. Krysan, M.C. Fishbein, L. Hong, C. Lai, R.B. Cameron, R.M. Gemmill,
H.A. Drabkin, S.M. Dubinett, Cyclooxygenase-2-dependent regulation of E-cadherin:
prostaglandin E(2) induces transcriptional repressors ZEB1 and snail in non-small cell
lung cancer, Cancer Res 66 (2006) 5338-5345.

K. Horiguchi, T. Shirakihara, A. Nakano, T. Imamura, K. Miyazono, M. Saitoh, Role of
Ras signaling in the induction of snail by transforming growth factor-beta, J Biol Chem
284 (2009) 245-253.

H. Peinado, E. Ballestar, M. Esteller, A. Cano, Snail mediates E-cadherin repression by
the recruitment of the Sin3A/histone deacetylase 1 (HDAC1)/HDAC2 complex, Mol Cell
Biol 24 (2004) 306-319.

H. Peinado, M. Quintanilla, A. Cano, Transforming growth factor beta-1 induces snail
transcription factor in epithelial cell lines: mechanisms for epithelial mesenchymal
transitions, J Biol Chem 278 (2003) 21113-21123.

78



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

A. Dhasarathy, D. Phadke, D. Mav, R.R. Shah, P.A. Wade, The transcription factors
Snail and Slug activate the transforming growth factor-beta signaling pathway in breast
cancer, PLoS One 6 (2011) e26514.

A. Yadav, B. Kumar, J. Datta, T.N. Teknos, P. Kumar, IL-6 Promotes Head and Neck
Tumor Metastasis by Inducing Epithelial-Mesenchymal Transition via the JAK-STAT3-
SNAIL Signaling Pathway, Mol Cancer Res 9 (2011) 1658-1667.

P. Zheng, H.M. Meng, W.Z. Gao, L. Chen, X.H. Liu, Z.Q. Xiao, Y.X. Liu, H.M. Sui, J.
Zhou, Y.H. Liu, J.M. Li, Snail as a key regulator of PRL-3 gene in colorectal cancer,
Cancer Biol Ther 12 (2011) 742-749.

E.L. Whiteman, C.J. Liu, E.R. Fearon, B. Margolis, The transcription factor snail
represses Crumbs3 expression and disrupts apico-basal polarity complexes, Oncogene 27
(2008) 3875-3879.

M. Jorda, D. Olmeda, A. Vinyals, E. Valero, E. Cubillo, A. Llorens, A. Cano, A. Fabra,
Upregulation of MMP-9 in MDCK epithelial cell line in response to expression of the
Snail transcription factor, J Cell Sci 118 (2005) 3371-3385.

A. Miyoshi, Y. Kitajima, K. Sumi, K. Sato, A. Hagiwara, Y. Koga, K. Miyazaki, Snail
and SIP1 increase cancer invasion by upregulating MMP family in hepatocellular
carcinoma cells, Br J Cancer 90 (2004) 1265-1273.

K. Yokoyama, N. Kamata, R. Fujimoto, S. Tsutsumi, M. Tomonari, M. Taki, H.
Hosokawa, M. Nagayama, Increased invasion and matrix metalloproteinase-2 expression
by Snail-induced mesenchymal transition in squamous cell carcinomas, Int J Oncol 22
(2003) 891-898.

D.C. Radisky, D.D. Levy, L.E. Littlepage, H. Liu, C.M. Nelson, J.E. Fata, D. Leake, E.L.
Godden, D.G. Albertson, M.A. Nieto, Z. Werb, M.J. Bissell, Raclb and reactive oxygen
species mediate MMP-3-induced EMT and genomic instability, Nature 436 (2005) 123-
127.

J. Yanagawa, T.C. Walser, L.X. Zhu, L. Hong, M.C. Fishbein, V. Mah, D. Chia, L.
Goodglick, D.A. Elashoff, J. Luo, C.E. Magyar, M. Dohadwala, .M. Lee, M.A. St John,
R.M. Strieter, S. Sharma, S.M. Dubinett, Snail promotes CXCR2 ligand-dependent tumor
progression in non-small cell lung carcinoma, Clin Cancer Res 15 (2009) 6820-6829.

G. Ishii, H. Hashimoto, N. Atsumi, A. Hoshino, A. Ochiai, Morphophenotype of floating
colonies derived from a single cancer cell has a critical impact on tumor-forming activity,
Pathol Int 63 (2013) 29-36.

Y. Yang, Y. Li, K. Wang, Y. Wang, W. Yin, L. Li, P38/NF-kappaB/Snail Pathway Is
Involved in Caffeic Acid-Induced Inhibition of Cancer Stem Cells-Like Properties and
Migratory Capacity in Malignant Human Keratinocyte, PLoS One 8 (2013) e58915.

V. Estrella, T. Chen, M. Lloyd, J. Wojtkowiak, H.H. Cornnell, A. Ibrahim-Hashim, K.
Bailey, Y. Balagurunathan, J.M. Rothberg, B.F. Sloane, J. Johnson, R.A. Gatenby, R.J.
Gillies, Acidity generated by the tumor microenvironment drives local invasion, Cancer
Res 73 (2013) 1524-1535.

O. De Wever, M. Mareel, Role of tissue stroma in cancer cell invasion, J Pathol 200
(2003) 429-447.

O. De Wever, P. Demetter, M. Mareel, M. Bracke, Stromal myofibroblasts are drivers of
invasive cancer growth, Int J Cancer 123 (2008) 2229-2238.

79



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

N. Sato, N. Maehara, M. Goggins, Gene expression profiling of tumor-stromal
interactions between pancreatic cancer cells and stromal fibroblasts, Cancer Res 64
(2004) 6950-6956.

J.D. Termine, H.K. Kleinman, S.W. Whitson, K.M. Conn, M.L. McGarvey, G.R. Martin,
Osteonectin, a bone-specific protein linking mineral to collagen, Cell 26 (1981) 99-105.
A.D. Bradshaw, Diverse biological functions of the SPARC family of proteins, Int J
Biochem Cell Biol 44 (2012) 480-488.

A. Chlenski, S.L. Cohn, Modulation of matrix remodeling by SPARC in neoplastic
progression, Semin Cell Dev Biol 21 (2010) 55-65.

T.F. Lane, E.H. Sage, The biology of SPARC, a protein that modulates cell-matrix
interactions, FASEB J 8 (1994) 163-173.

J.E. Murphy-Ullrich, The de-adhesive activity of matricellular proteins: is intermediate
cell adhesion an adaptive state?, J Clin Invest 107 (2001) 785-790.

A.D. Bradshaw, P. Puolakkainen, J. Dasgupta, J.M. Davidson, T.N. Wight, E. Helene
Sage, SPARC-null mice display abnormalities in the dermis characterized by decreased
collagen fibril diameter and reduced tensile strength, J Invest Dermatol 120 (2003) 949-
955.

T.H. Barker, G. Baneyx, M. Cardo-Vila, G.A. Workman, M. Weaver, P.M. Menon, S.
Dedhar, S.A. Rempel, W. Arap, R. Pasqualini, V. Vogel, E.H. Sage, SPARC regulates
extracellular matrix organization through its modulation of integrin-linked kinase
activity, J Biol Chem 280 (2005) 36483-36493.

T.F. Lane, M.L. Iruela-Arispe, R.S. Johnson, E.H. Sage, SPARC is a source of copper-
binding peptides that stimulate angiogenesis, J Cell Biol 125 (1994) 929-943.

M.J. Reed, P. Puolakkainen, T.F. Lane, D. Dickerson, P. Bornstein, E.H. Sage,
Differential expression of SPARC and thrombospondin 1 in wound repair:
immunolocalization and in situ hybridization, J Histochem Cytochem 41 (1993) 1467-
1477.

C. Atorrasagasti, J.B. Aquino, L. Hofman, L. Alaniz, M. Malvicini, M. Garcia, L.
Benedetti, S.L. Friedman, O. Podhajcer, G. Mazzolini, SPARC downregulation
attenuates the profibrogenic response of hepatic stellate cells induced by TGF-betal and
PDGF, Am J Physiol Gastrointest Liver Physiol 300 (2011) G739-748.

P.E. Framson, E.H. Sage, SPARC and tumor growth: where the seed meets the soil?, J
Cell Biochem 92 (2004) 679-690.

K.D. Gerson, J.R. Shearstone, V.S. Maddula, B.E. Seligmann, A.M. Mercurio, Integrin
beta4 regulates SPARC protein to promote invasion, J Biol Chem 287 (2012) 9835-9844.
M.F. Ledda, S. Adris, A.L. Bravo, C. Kairiyama, L. Bover, Y. Chernajovsky, J. Mordoh,
O.L. Podhajcer, Suppression of SPARC expression by antisense RNA abrogates the
tumorigenicity of human melanoma cells, Nat Med 3 (1997) 171-176.

N. Fenouille, A. Puissant, M. Dufies, G. Robert, A. Jacquel, M. Ohanna, M. Deckert,
J.M. Pasquet, F.X. Mahon, J.P. Cassuto, S. Raynaud, S. Tartare-Deckert, P. Auberger,
Persistent activation of the Fyn/ERK kinase signaling axis mediates imatinib resistance in
chronic myelogenous leukemia cells through upregulation of intracellular SPARC,
Cancer Res 70 (2010) 9659-9670.

M.I. Koukourakis, A. Giatromanolaki, R.A. Brekken, E. Sivridis, K.C. Gatter, A.L.
Harris, E.H. Sage, Enhanced expression of SPARC/osteonectin in the tumor-associated

80



78.

79.

80.

81.

82.

83.

&4.

85.

86.

87.

88.

&9.

90.

91.

stroma of non-small cell lung cancer is correlated with markers of hypoxia/acidity and
with poor prognosis of patients, Cancer Res 63 (2003) 5376-5380.

N.P. Desai, V. Trieu, L.Y. Hwang, R. Wu, P. Soon-Shiong, W.J. Gradishar, Improved
effectiveness of nanoparticle albumin-bound (nab) paclitaxel versus polysorbate-based
docetaxel in multiple xenografts as a function of HER2 and SPARC status, Anticancer
Drugs 19 (2008) 899-909.

M.R. Green, G.M. Manikhas, S. Orlov, B. Afanasyev, A.M. Makhson, P. Bhar, M.J.
Hawkins, Abraxane, a novel Cremophor-free, albumin-bound particle form of paclitaxel
for the treatment of advanced non-small-cell lung cancer, Ann Oncol 17 (2006) 1263-
1268.

N. Desai, V. Trieu, B. Damascelli, P. Soon-Shiong, SPARC Expression Correlates with
Tumor Response to Albumin-Bound Paclitaxel in Head and Neck Cancer Patients, Transl
Oncol 2 (2009) 59-64.

D.D. Von Hoff, R.K. Ramanathan, M.J. Borad, D.A. Laheru, L.S. Smith, T.E. Wood,
R.L. Korn, N. Desai, V. Trieu, J.L. Iglesias, H. Zhang, P. Soon-Shiong, T. Shi, N.V.
Rajeshkumar, A. Maitra, M. Hidalgo, Gemcitabine plus nab-paclitaxel is an active
regimen in patients with advanced pancreatic cancer: a phase I/II trial, J Clin Oncol 29
(2011) 4548-4554.

M.J. Demeure, E. Stephan, S. Sinari, D. Mount, S. Gately, P. Gonzales, G. Hostetter, R.
Komorowski, J. Kiefer, C.S. Grant, H. Han, D.D. Von Hoff, K.J. Bussey, Preclinical
investigation of nanoparticle albumin-bound paclitaxel as a potential treatment for
adrenocortical cancer, Ann Surg 255 (2012) 140-146.

V. Guarneri, M.V. Dieci, P. Conte, Enhancing intracellular taxane delivery: current role
and perspectives of nanoparticle albumin-bound paclitaxel in the treatment of advanced
breast cancer, Expert Opin Pharmacother 13 (2012) 395-406.

S. Thomas, P. Waterman, S. Chen, B. Marinelli, M. Seaman, S. Rodig, R.-W. Ross, L.
Josephson, R. Weissleder, K.A. Kelly, Development of Secreted Protein and Acidic and
Rich in Cysteine (SPARC) Targeted Nanoparticles for the Prognostic Molecular Imaging
of Metastatic Prostate Cancer, ] Nanomed Nanotechnol 2 (2011).

J.P. Annes, J.S. Munger, D.B. Rifkin, Making sense of latent TGFbeta activation, J Cell
Sci 116 (2003) 217-224.

M.B. Buck, C. Knabbe, TGF-beta signaling in breast cancer, Ann N Y Acad Sci 1089
(2006) 119-126.

X.H. Feng, R. Derynck, Specificity and versatility in tgf-beta signaling through Smads,
Annu Rev Cell Dev Biol 21 (2005) 659-693.

L. New, J. Han, The p38 MAP kinase pathway and its biological function, Trends
Cardiovasc Med 8 (1998) 220-228.

K. Ono, J. Han, The p38 signal transduction pathway: activation and function, Cell Signal
12 (2000) 1-13.

S.K. Hanks, T. Hunter, Protein kinases 6. The eukaryotic protein kinase superfamily:
kinase (catalytic) domain structure and classification, FASEB J 9 (1995) 576-596.

S. Kumar, P.C. McDonnell, R.J. Gum, A.T. Hand, J.C. Lee, P.R. Young, Novel
homologues of CSBP/p38 MAP kinase: activation, substrate specificity and sensitivity to
inhibition by pyridinyl imidazoles, Biochem Biophys Res Commun 235 (1997) 533-538.

81



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.

107.

M. Ogura, M. Kitamura, Oxidant stress incites spreading of macrophages via
extracellular signal-regulated kinases and p38 mitogen-activated protein kinase, J
Immunol 161 (1998) 3569-3574.

M. Takekawa, T. Maeda, H. Saito, Protein phosphatase 2Calpha inhibits the human
stress-responsive p38 and JINK MAPK pathways, EMBO J 17 (1998) 4744-4752.

H. Sun, C.H. Charles, L.F. Lau, N.K. Tonks, MKP-1 (3CH134), an immediate early gene
product, is a dual specificity phosphatase that dephosphorylates MAP kinase in vivo, Cell
75 (1993) 487-493.

K.J. Martell, A.F. Seasholtz, S.P. Kwak, K.K. Clemens, J.E. Dixon, hVH-5: a protein
tyrosine phosphatase abundant in brain that inactivates mitogen-activated protein kinase,
J Neurochem 65 (1995) 1823-1833.

C.R. Weston, R.J. Davis, The JNK signal transduction pathway, Curr Opin Genet Dev 12
(2002) 14-21.

R.J. Davis, Signal transduction by the JNK group of MAP kinases, Cell 103 (2000) 239-
252.

T. Tanoue, T. Yamamoto, R. Maeda, E. Nishida, A Novel MAPK phosphatase MKP-7
acts preferentially on JNK/SAPK and p38 alpha and beta MAPKSs, J Biol Chem 276
(2001) 26629-26639.

T. Takahashi, G. Suzuki, M. Nibuya, T. Tanaka, H. Nozawa, B. Hatano, Y. Takahashi, K.
Shimizu, T. Yamamoto, S. Tachibana, S. Nomura, Therapeutic effect of paroxetine on
stress-induced gastric lesions in mice, Prog Neuropsychopharmacol Biol Psychiatry 36
(2012) 39-43.

S.R. Mucha, A. Rizzani, A.L. Gerbes, P. Camaj, W.E. Thasler, C.J. Bruns, S.T.
Eichhorst, E. Gallmeier, F.T. Kolligs, B. Goke, E.N. De Toni, JNK inhibition sensitises
hepatocellular carcinoma cells but not normal hepatocytes to the TNF-related apoptosis-
inducing ligand, Gut 58 (2009) 688-698.

N.R. Gough, Focus issue: recruiting players for a game of ERK, Sci Signal 4 (2011) eg9.
J. Rodriguez, P. Crespo, Working without kinase activity: phosphotransfer-independent
functions of extracellular signal-regulated kinases, Sci Signal 4 (2011) re3.

S. Vicent, J.M. Lopez-Picazo, G. Toledo, M.D. Lozano, W. Torre, C. Garcia-Corchon, C.
Quero, J.C. Soria, S. Martin-Algarra, R.G. Manzano, L.M. Montuenga, ERK1/2 is
activated in non-small-cell lung cancer and associated with advanced tumours, Br J
Cancer 90 (2004) 1047-1052.

J.A. Engelman, P.A. Janne, Mechanisms of acquired resistance to epidermal growth
factor receptor tyrosine kinase inhibitors in non-small cell lung cancer, Clin Cancer Res
14 (2008) 2895-2899.

J.A. Engelman, J. Settleman, Acquired resistance to tyrosine kinase inhibitors during
cancer therapy, Curr Opin Genet Dev 18 (2008) 73-79.

D. Ercan, C. Xu, M. Yanagita, C.S. Monast, C.A. Pratilas, J. Montero, M. Butaney, T.
Shimamura, L. Sholl, E.V. Ivanova, M. Tadi, A. Rogers, C. Repellin, M. Capelletti, O.
Maertens, E.M. Goetz, A. Letai, L.A. Garraway, M.J. Lazzara, N. Rosen, N.S. Gray,
K.K. Wong, P.A. Janne, Reactivation of ERK signaling causes resistance to EGFR kinase
inhibitors, Cancer Discov 2 (2012) 934-947.

P.A. Janne, A.T. Shaw, J.R. Pereira, G. Jeannin, J. Vansteenkiste, C. Barrios, F.A.
Franke, L. Grinsted, V. Zazulina, P. Smith, I. Smith, L. Crino, Selumetinib plus docetaxel

82



108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.
119.

120.

121.

122.

123.

for KRAS-mutant advanced non-small-cell lung cancer: a randomised, multicentre,
placebo-controlled, phase 2 study, Lancet Oncol 14 (2013) 38-47.

H. Kasai, J.T. Allen, R.M. Mason, T. Kamimura, Z. Zhang, TGF-betal induces human
alveolar epithelial to mesenchymal cell transition (EMT), Respir Res 6 (2005) 56.

J. Xu, S. Lamouille, R. Derynck, TGF-beta-induced epithelial to mesenchymal transition,
Cell Res 19 (2009) 156-172.

A. Jayachandran, M. Konigshoff, H. Yu, E. Rupniewska, M. Hecker, W. Klepetko, W.
Seeger, O. Eickelberg, SNAI transcription factors mediate epithelial-mesenchymal
transition in lung fibrosis, Thorax 64 (2009) 1053-1061.

T. Hayashida, M. Decaestecker, H.W. Schnaper, Cross-talk between ERK MAP kinase
and Smad signaling pathways enhances TGF-beta-dependent responses in human
mesangial cells, FASEB J 17 (2003) 1576-1578.

T. Hayashida, A.C. Poncelet, S.C. Hubchak, H.W. Schnaper, TGF-betal activates MAP
kinase in human mesangial cells: a possible role in collagen expression, Kidney Int 56
(1999) 1710-1720.

Y. Matsuno, A.L. Coelho, G. Jarai, J. Westwick, C.M. Hogaboam, Notch signaling
mediates TGF-betal-induced epithelial-mesenchymal transition through the induction of
Snail, Int J Biochem Cell Biol 44 (2012) 776-789.

S. Thuault, E.J. Tan, H. Peinado, A. Cano, C.H. Heldin, A. Moustakas, HMGA?2 and
Smads co-regulate SNAILI expression during induction of epithelial-to-mesenchymal
transition, J Biol Chem 283 (2008) 33437-33446.

J. Olivares, P. Kumar, Y. Yu, P.B. Maples, N. Senzer, C. Bedell, M. Barve, A. Tong,
B.O. Pappen, J. Kuhn, M. Magee, G. Wallraven, J. Nemunaitis, Phase I trial of TGF-beta
2 antisense GM-CSF gene-modified autologous tumor cell (TAG) vaccine, Clin Cancer
Res 17 (2011) 183-192.

L. He, G.J. Hannon, MicroRNAs: small RNAs with a big role in gene regulation, Nat
Rev Genet 5 (2004) 522-531.

M.R. Fabian, N. Sonenberg, W. Filipowicz, Regulation of mRNA translation and stability
by microRNAs, Annu Rev Biochem 79 (2010) 351-379.

C.M. Croce, G.A. Calin, miRNAs, cancer, and stem cell division, Cell 122 (2005) 6-7.

S. Volinia, G.A. Calin, C.G. Liu, S. Ambs, A. Cimmino, F. Petrocca, R. Visone, M. Iorio,
C. Roldo, M. Ferracin, R.L. Prueitt, N. Yanaihara, G. Lanza, A. Scarpa, A. Vecchione,
M. Negrini, C.C. Harris, C.M. Croce, A microRNA expression signature of human solid
tumors defines cancer gene targets, Proc Natl Acad Sci U S A 103 (2006) 2257-2261.

J. Takamizawa, H. Konishi, K. Yanagisawa, S. Tomida, H. Osada, H. Endoh, T. Harano,
Y. Yatabe, M. Nagino, Y. Nimura, T. Mitsudomi, T. Takahashi, Reduced expression of
the let-7 microRNAs in human lung cancers in association with shortened postoperative
survival, Cancer Res 64 (2004) 3753-3756.

C.G. Liu, G.A. Calin, B. Meloon, N. Gamliel, C. Sevignani, M. Ferracin, C.D. Dumitru,
M. Shimizu, S. Zupo, M. Dono, H. Alder, F. Bullrich, M. Negrini, C.M. Croce, An
oligonucleotide microchip for genome-wide microRNA profiling in human and mouse
tissues, Proc Natl Acad Sci U S A 101 (2004) 9740-9744.

M. Schwartz, E. Zlotorynski, B. Kerem, The molecular basis of common and rare fragile
sites, Cancer Lett 232 (2006) 13-26.

G.A. Calin, C.D. Dumitru, M. Shimizu, R. Bichi, S. Zupo, E. Noch, H. Aldler, S. Rattan,
M. Keating, K. Rai, L. Rassenti, T. Kipps, M. Negrini, F. Bullrich, C.M. Croce, Frequent

83



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

deletions and down-regulation of micro- RNA genes miR15 and miR16 at 13ql4 in
chronic lymphocytic leukemia, Proc Natl Acad Sci U S A 99 (2002) 15524-15529.

G.A. Calin, C. Sevignani, C.D. Dumitru, T. Hyslop, E. Noch, S. Yendamuri, M. Shimizu,
S. Rattan, F. Bullrich, M. Negrini, C.M. Croce, Human microRNA genes are frequently
located at fragile sites and genomic regions involved in cancers, Proc Natl Acad Sci U S
A 101 (2004) 2999-3004.

X. Zhao, M. He, D. Wan, Y. Ye, Y. He, L. Han, M. Guo, Y. Huang, W. Qin, M.W.
Wang, W. Chong, J. Chen, L. Zhang, N. Yang, B. Xu, M. Wu, L. Zuo, J. Gu, The
minimum LOH region defined on chromosome 17p13.3 in human hepatocellular
carcinoma with gene content analysis, Cancer Lett 190 (2003) 221-232.

R. Garzon, C.E. Heaphy, V. Havelange, M. Fabbri, S. Volinia, T. Tsao, N. Zanesi, S.M.
Kornblau, G. Marcucci, G.A. Calin, M. Andreeff, C.M. Croce, MicroRNA 29b functions
in acute myeloid leukemia, Blood 114 (2009) 5331-5341.

C. Wang, Z. Bian, D. Wei, J.G. Zhang, miR-29b regulates migration of human breast
cancer cells, Mol Cell Biochem 352 (2011) 197-207.

C. Wang, C. Gao, J.L. Zhuang, C. Ding, Y. Wang, A combined approach identifies three
mRNAs that are down-regulated by microRNA-29b and promote invasion ability in the
breast cancer cell line MCF-7, J Cancer Res Clin Oncol 138 (2012) 2127-2136.

N.R. Christoffersen, A. Silahtaroglu, U.A. Orom, S. Kauppinen, A.H. Lund, miR-200b
mediates post-transcriptional repression of ZFHX1B, RNA 13 (2007) 1172-1178.

J.G. Gill, E.M. Langer, R.C. Lindsley, M. Cai, T.L. Murphy, M. Kyba, K.M. Murphy,
Snail and the microRNA-200 family act in opposition to regulate epithelial-to-
mesenchymal transition and germ layer fate restriction in differentiating ESCs, Stem
Cells 29 (2011) 764-776.

Y.N. Liu, J.J. Yin, W. Abou-Kheir, P.G. Hynes, O.M. Casey, L. Fang, M. Yi, RM.
Stephens, V. Seng, H. Sheppard-Tillman, P. Martin, K. Kelly, MiR-1 and miR-200
inhibit EMT via Slug-dependent and tumorigenesis via Slug-independent mechanisms,
Oncogene 32 (2013) 296-306.

S. Yang, S. Banerjee, A. de Freitas, Y.Y. Sanders, Q. Ding, S. Matalon, V.J. Thannickal,
E. Abraham, G. Liu, Participation of miR-200 in Pulmonary Fibrosis, Am J Pathol
(2011).

D.L. Gibbons, W. Lin, C.J. Creighton, Z.H. Rizvi, P.A. Gregory, G.J. Goodall, N.
Thilaganathan, L. Du, Y. Zhang, A. Pertsemlidis, J.M. Kurie, Contextual extracellular
cues promote tumor cell EMT and metastasis by regulating miR-200 family expression,
Genes Dev 23 (2009) 2140-2151.

Y.A. Lussier, H.R. Xing, J.K. Salama, N.N. Khodarev, Y. Huang, Q. Zhang, S.A. Khan,
X. Yang, M.D. Hasselle, T.E. Darga, R. Malik, H. Fan, S. Perakis, M. Filippo, K. Corbin,
Y. Lee, M.C. Posner, S.J. Chmura, S. Hellman, R.R. Weichselbaum, MicroRNA
Expression Characterizes Oligometastasis(es), PLoS One 6 (2011) ¢28650.

G.A. Calin, M. Ferracin, A. Cimmino, G. Di Leva, M. Shimizu, S.E. Wojcik, M.V. Iorio,
R. Visone, N.I. Sever, M. Fabbri, R. Iuliano, T. Palumbo, F. Pichiorri, C. Roldo, R.
Garzon, C. Sevignani, L. Rassenti, H. Alder, S. Volinia, C.G. Liu, T.J. Kipps, M.
Negrini, C.M. Croce, A MicroRNA signature associated with prognosis and progression
in chronic lymphocytic leukemia, N Engl J Med 353 (2005) 1793-1801.

M.V. Iorio, M. Ferracin, C.G. Liu, A. Veronese, R. Spizzo, S. Sabbioni, E. Magri, M.
Pedriali, M. Fabbri, M. Campiglio, S. Menard, J.P. Palazzo, A. Rosenberg, P. Musiani, S.

84



137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Volinia, I. Nenci, G.A. Calin, P. Querzoli, M. Negrini, C.M. Croce, MicroRNA gene
expression deregulation in human breast cancer, Cancer Res 65 (2005) 7065-7070.

Y. Xiong, J.H. Fang, J.P. Yun, J. Yang, Y. Zhang, W.H. Jia, S.M. Zhuang, Effects of
microRNA-29 on apoptosis, tumorigenicity, and prognosis of hepatocellular carcinoma,
Hepatology 51 (2010) 836-845.

H. Wang, R. Garzon, H. Sun, K.J. Ladner, R. Singh, J. Dahlman, A. Cheng, B.M. Hall,
S.J. Qualman, D.S. Chandler, C.M. Croce, D.C. Guttridge, NF-kappaB-YY1-miR-29
regulatory circuitry in skeletal myogenesis and rhabdomyosarcoma, Cancer Cell 14
(2008) 369-381.

R. Garzon, G. Marcucci, C.M. Croce, Targeting microRNAs in cancer: rationale,
strategies and challenges, Nat Rev Drug Discov 9 (2010) 775-789.

M.B. Vaughan, R.D. Ramirez, W.E. Wright, J.D. Minna, J.W. Shay, A three-dimensional
model of differentiation of immortalized human bronchial epithelial cells, Differentiation
74 (2006) 141-148.

H.C. Gao B, Sullivan J, et al., Immortalization of human small airway epithelial cells as a
model for studying lung tumor transformation [abstract], Proceedings of the 101st Annual
Meeting of the American Association for Cancer Research, Philadelphia, PA: Abstract
3230, 2010.

J. Araya, S. Cambier, J.A. Markovics, P. Wolters, D. Jablons, A. Hill, W. Finkbeiner, K.
Jones, V.C. Broaddus, D. Sheppard, A. Barzcak, Y. Xiao, D.J. Erle, S.L. Nishimura,
Squamous metaplasia amplifies pathologic epithelial-mesenchymal interactions in COPD
patients, J Clin Invest 117 (2007) 3551-3562.

J.D. Minna, Girard L, Sato M, et al. , Molecular pathogenesis of lung cancer with
translation to the clinic, Journal of Thoracic Oncology 2, Number 8, Supplement 4 (2007)
S178-S186.

R.D. Ramirez, S. Sheridan, L. Girard, M. Sato, Y. Kim, J. Pollack, M. Peyton, Y. Zou,
J.M. Kurie, J.M. Dimaio, S. Milchgrub, A.L. Smith, R.F. Souza, L. Gilbey, X. Zhang, K.
Gandia, M.B. Vaughan, W.E. Wright, A.F. Gazdar, J.W. Shay, J.D. Minna,
Immortalization of human bronchial epithelial cells in the absence of viral oncoproteins,
Cancer Res 64 (2004) 9027-9034.

S. Hazra, S.M. Dubinett, Ciglitazone mediates COX-2 dependent suppression of PGE2 in
human non-small cell lung cancer cells, Prostaglandins Leukot Essent Fatty Acids 77
(2007) 51-58.

M.W. Pfaffl, A new mathematical model for relative quantification in real-time RT-PCR,
Nucleic Acids Res 29 (2001) e45.

D.R. Aberle, A.M. Adams, C.D. Berg, W.C. Black, J.D. Clapp, R.M. Fagerstrom, LF.
Gareen, C. Gatsonis, P.M. Marcus, J.D. Sicks, Reduced lung-cancer mortality with low-
dose computed tomographic screening, N Engl J Med 365 (2011) 395-409.

D.R. Aberle, F. Abtin, K. Brown, Computed tomography screening for lung cancer: has it
finally arrived? Implications of the national lung screening trial, J Clin Oncol 31 (2013)
1002-1008.

T. Kosaka, E. Yamaki, A. Mogi, H. Kuwano, Mechanisms of resistance to EGFR TKIs
and development of a new generation of drugs in non-small-cell lung cancer, J Biomed
Biotechnol 2011 (2011) 165214.

M.F. Clarke, M. Fuller, Stem cells and cancer: two faces of eve, Cell 124 (2006) 1111-
1115.

85



151.

152.

153.

154.

R. Sarkozi, C. Hauser, S.J. Noppert, A. Kronbichler, M. Pirklbauer, V.M. Haller, J.
Grillari, R. Grillari-Voglauer, G. Mayer, H. Schramek, Oncostatin M is a novel inhibitor
of TGF-betal-induced matricellular protein expression, Am J Physiol Renal Physiol 301
(2011) F1014-1025.

M.A. Shields, S. Dangi-Garimella, S.B. Krantz, D.J. Bentrem, H.G. Munshi, Pancreatic
cancer cells respond to type I collagen by inducing snail expression to promote
membrane type 1 matrix metalloproteinase-dependent collagen invasion, J Biol Chem
286 (2011) 10495-10504.

S. Shin, C.A. Dimitri, S.O. Yoon, W. Dowdle, J. Blenis, ERK2 but not ERK1 induces
epithelial-to-mesenchymal transformation via DEF motif-dependent signaling events,
Mol Cell 38 (2010) 114-127.

G. Robert, C. Gaggioli, O. Bailet, C. Chavey, P. Abbe, E. Aberdam, E. Sabatie, A. Cano,
A. Garcia de Herreros, R. Ballotti, S. Tartare-Deckert, SPARC represses E-cadherin and
induces mesenchymal transition during melanoma development, Cancer Res 66 (2006)
7516-7523.

86





