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ABSTRACT

Tumor-initating cells (TICs) are operationally defined as tumor cells with the
ability to initiate tumor formation upon grafting into immunocompromised mice.
TICs have been characterized as drug resistant and as possible sources of metastatic
cells, although the latter function is poorly understood. In order to gain a better
understanding of the role of these cells in metastasis, we have studied TICs from a
mouse model of skin squamous cell carcinoma (SCC) initiated by activation of Kras
and inactivation of Smad4 in the hair follicle bulge stem cells. These mice develop
tumors that are metastatic to the lung. Lung metastasis in this model was shown to
be greatly increased by xenografting (passaging) the tumors. Two TIC populations
were defined within this tumor model, the Hoechst dye excluding side population
(SP) and the SP-/CD34+/CD49f* population. We observed that the size of the SP, but
not the SP-/CD34+/CD49f* cell fraction, closely correlated with the presence of lung
metastasis, and further that there is a significant increase in the size of the SP
fraction in the more metastatic, passaged tumors compared to the primary tumors.
A screen of miRNA expression in the SP from highly metastatic passaged tumors
compared to the SP from primary tumors revealed differential expression of a
number of miRNAs, including miR-9. Expression of miR-9 closely correlates with SP
size and spindle cell carcinoma (SPCC) histology. miR-9 regulates the expression of
the ABC transporter, Abcb1a, in a context specific manner leading to increased SP
size and chemoresistance. miR-9 also increases the invasion and migration of skin

and HNSCC cell lines in vitro and may promote in vivo tumor growth in

Xiil



immunocompetent mice. In human head and neck SCC (HNSCC), higher expression
of miR-9 was found in passaged tumors with metastasis positive lymph node status
compared to negative node status based on pathological staging. However, no
association between miR-9 expression and node status was found in primary
HNSCC. Lastly, we found increased expression of the stem cell gene, Sox2, in the SP-
/CD34+/CD49f*, but not the SP, cells from the passaged tumors. Sox2
overexpression inhibited invasion and migration, further suggesting that the SP-

/CD34+/CD49f* population is a TIC with functions distinct from the SP
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CHAPTER ONE

INTRODUCTION

1.1. Squamous Cell Carcinoma of the Head and Neck and Skin

Head and neck squamous cell carcinoma (HNSCC) includes tumors of the
nasal cavity, paranasal sinuses, oral cavity, pharynx and larynx, and is the sixth most
common cancer worldwide with ~650,000 new cases and ~350,000 cancer related
deaths each year [1]. Despite advances in surgery, radiotherapy, and chemotherapy,
there has been little improvement in the five-year survival of HNSCC in the last 30
years [2]. HNSCC patients commonly present with locally advanced disease
involving both vital structures and regional lymph nodes with ~10% of patients
presenting with distant metastases. Despite initial success in local control, ~50% of

patients relapse with either local or distant disease progression [3].

The major risk factors for HNSCC are alcohol, tobacco, and betel (areca) nut
use [4]. While tobacco use increases HNSCC risk 3-9 fold, the combination of alcohol
and tobacco use synergistically increases HNSCC risk ~100-fold [5]. In addition,
human papillomavirus (HPV) is responsible for a subset of HNSCCs located
primarily in the hypopharynx [6]. A number of cancer susceptibility syndromes
including Fanconi anemia, xeroderma pigmentosum, ataxia telangiectasia, and
Bloom syndrome also increase HNSCC risk [7]. Noticeably, all of these syndromes

linked to HNSCC susceptibility have extensive DNA repair defects and genomic



instability. Accordingly, understanding the molecular pathophysiology of these
diseases may provide valuable information about the genetic aberrations

responsible for sporadic HNSCC.

As with other epithelial cancers HNSCC results from the accumulation of
genetic and epigenetic aberrations that affect numerous cellular processes including
proliferation, apoptosis, inflammation, angiogenesis, and DNA repair [8, 9]. Genetic
alterations at 17p13 (encoding p53) and 9p21 (encoding p14 and p16) have both
been reported in HNSCC [10, 11]. A number of oncogenic pathways such as
EGFR/STAT3 and PI3 kinase/PTEN/Akt are also activated in HNSCC [12]. Epithelial
growth factor receptor (EGFR) is a tyrosine kinase receptor that regulates cell
growth, migration and survival and is overexpressed in 80-90% of HNSCCs [13].
STATS3, a transcription factor that can be activated by both EGFR and interleukin
signaling [14], is also commonly activated in HNSCCs [15]. EGFR overexpression
correlates with both aggressive tumor behavior and poor clinical outcome [16, 17]
and targeted therapy against EGFR is now being clinically applied [18]. While the
incidence of activating Ras mutations is infrequent in HNSCC in the Western world
(5-10%)[19, 20], Ras mRNA is overexpressed in a majority of human HNSCCs [20],
and Ras mutations occur in ~35% of oral cancers associated with chewing tobacco

exposure in southern Asia [21].

Skin SCC is the second most common type of skin cancer in the US behind

basal cell carcinoma and accounts for ~20% of all cutaneous malignancies [22]. The



major risk factors for skin SCC are ultraviolet (UV) radiation and
immunosuppression (e.g. organ transplant patients) [23, 24]. Approximately 60%
of skin SCCs arise from UV-induced precancerous lesions called Actinic Keratoses
[25]. While the majority of skin SCCs can be effectively treated if caught early, a
subset of aggressive tumors can progress and metastasize, particularly in
immunocompromised patients. Various studies have shown the rate of metastasis
in skin SCC to range from 0.1-10% [26]. While the majority of skin SCC metastasizes
to the regional lymph nodes, subsequent metastases can occur in the lung, liver,
bone and brain [26]. Among the risk factors for metastasis of skin SCC are histologic
differentiation [27, 28] and immunosuppression [29]. Poorly differentiated tumors
and those with greater vertical tumor thickness have increased risk of metastasis
[27]. One rare subset of poorly differentiated, metastatic SCC seen in both skin and
HNSCC are spindle cell carcinomas (SPCC). Histological characterization of these
poorly differentiated tumors is based on the elongated spindle shape of the cells and

a loss of keratinization [30].

Mutations of p53 are believed to occur early in skin SCC development as a
result of UV exposure, and patches of p53 mutant epidermis can be seen in normal,
UV exposed skin [31-34]. Similar to HNSCC, loss of p16 has also been frequently
detected in skin SCC. While mutation of p16 is relatively infrequent [35], loss of the
short arm of chromosome 9, is frequently seen in skin SCC [36, 37]. Ras mutation in
skin SCC is seen at UV sensitive sites at codons 12, 13, and 61 [38] at a frequency of

approximately 10-20% [39-42]. One question currently under debate is the origin



of skin tumors of different phenotypes. Many studies in transgenic animals have
shown that different gene mutations in the basal keratinocyte layer can result in
tumors with different phenotypes such as SCC, basal cell carcinoma (BCC) or hair
follicle tumors such as sebaceous adenomas (SA) [43]. One hypothesis for this
diversity is that different gene mutations target individual stem cells in the hair
follicle bulge and the type of mutation dictates tumor differentiation. The other
hypothesis for tumor heterogeneity suggests that different subsets of cells in the
epidermis differentially respond to aberrant signaling pathways (Figure 1). By
targeting the hair follicle bulge stem cells directly it would be possible to start to

understand which of these mechanisms contributes to skin tumor heterogeneity.
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Figure 1. Two models for the origin of skin tumor heterogeneity. Aberrations in

different signaling pathways have been shown to result in specific epithelial tumor



phenotypes. The origin of such tumors has been under debate. One hypothesis (a)
states that the mutations occur in the pluripotent stem cell population of the hair
follicle bulge. The type of mutation then directs the pathway of differentiation of the
epithelial stem cell during tumor formation. The other hypothesis (b) suggests that
different sub-populations of cells within the hair follicle respond differentially to
aberrant signaling pathways. Adapted by permission from Macmillan publishers Ltd:

Nature Reviews cancer, 2003. 3(6): p- 434-43, Copyright 2003 [43].

1.2. Aberrations of TGFf Signaling in Squamous Cell Carcinoma
TGFf Signaling Overview

While skin SCC and HNSCC have different etiologies, both tumor types
frequently exhibit aberrations of the TGFP signaling pathway. The TGFf(3
superfamily includes the TGFf ligands, bone morphogenic proteins (BMPs) and
activins/inhibins [44]. TGFf ligands signal through two types of transmembrane
serine/threonine kinase receptors, TGFf receptor I (TGFBRI), also known as activin
receptor-like kinase 5 (ALKS5), and TGFf receptor II (TGFBRII) (Figure 2); a total of
five TGFBRII and seven TGFBRI family members with differing tissue distributions
have been described [45]. Canonical TGFP signaling is mediated through Smad
family members; there are eight different Smads that are divided into three groups:
receptor-activated Smads (R-Smads), inhibitory Smads (I-Smads) and the common
Smad (co-Smad or Smad4) [45]. After ligand binding, TGFBRII phosphorylates
TGFBRI, which in turn phosphorylates R-Smads: TGFf( ligands signal through the R-

Smads 2 and 3, while BMPs employ R-Smads 1, 5, and 8 [46]. Phosphorylated R-



Smads form heterotrimers with Smad4 and translocate to the nucleus where they
regulate gene expression at Smad binding elements (SBEs) [47] (Figure 2). Smad
complexes interact with a variety of transcription factors and transcriptional co-
activators and co-repressors that regulate binding at TGFB-responsive target genes
and provide an additional layer of tissue and gene specificity [46]. I-Smads
attenuate TGFf3 signaling by competing with R-Smads for binding at TGFBRI and by
recruiting ubiquitin ligases to degrade TGFBRI and R-Smads [47, 48]. In non-
cannonical (Smad-independent) TGFf signaling, ligand bound TGFp receptors can
activate other signaling pathways including the MAP kinase pathway,
phosphatidylinositol-3-kinase (PI3K)/AKT, and Rho GTPase; activation of these
pathways likely enhances tumor growth after disruption of canonical TGFB-Smad

signaling [49].
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Figure 2. TGF/BMP signaling regulates tissue homeostasis.

TGFfp and BMPs signal through different R-Smads.  Phosphorylated R-Smads
heterotrimerize with Smad4, translocate into the nucleus and mediate gene
transcription by binding Smad binding elements (SBEs) in the promoters of TGFfS and
BMP responsive genes. Interactions with transcriptional coactivators and

corepressors provide an additional layer of regulation.



TGFp as a regulator of epithelial homeostasis

TGFB signaling regulates tissue homeostasis by modulating cell growth,
differentiation, apoptosis, migration, inflammation, and angiogenesis [45, 50-52]. In
epithelial cells, TGFB inhibits proliferation and promotes both apoptosis and
differentiation [45]. By inducing expression of the cell cycle regulators, p15Ink4b
and p21Cip1, TGFp inhibits cell cycle progression [53, 54]. In addition, TGF3 down
regulates c-myc expression through interactions between Smads and transcriptional
co-repressors [55]. TGF3 promotes differentiation by down-regulating Inhibitor of
Differentiation/DNA binding (Id) proteins [56]. TGFp promotes apoptosis through
both Smad dependent and Smad independent mechanisms [57, 58]. TGFBRI directly
interacts with the E3 ubiquitin ligase, TRAF6, causing apoptosis through TAK1-
p38/JNK [59, 60] while Smads activate apoptosis through activation of ATM, p53,
and BIM and repression of AKT [61, 62]. Given the numerous activities of TGF3 on
epithelial homeostasis, it is not surprising that TGFp signaling disruption is common
in many cancers including HNSCC [63], however, studies in mouse models and
human HNSCC samples illustrate that different TGF[ signaling disruptions promote

epithelial carcinogenesis through both unique and overlapping mechanisms.

Mouse Models
Mouse models of skin and head and neck cancer have demonstrated the

importance of the TGFP pathway in both tumor initiation and progression in these



two organs [20, 64-68]. Since TGFf signaling disruption typically causes embryonic
lethality, systems allowing conditional and tissue-specific genetic manipulation are
required. The commonly used systems include tetracycline to de-repress or activate
the tet operon (tet-off or tet-on), tamoxifen to activate an estrogen receptor (ER)
fusion protein or RU486 to activate a progesterone receptor (PR) fusion protein [69,
70]. Keratinocyte targeting is accomplished by placing the transactivator under the
control of the keratin 5 or 14 promoter that is expressed in basal keratinocytes of
the skin and oral epithelium [71, 72]. In the inducible PR gene-switch system, the
transactivator is a fusion protein containing a Gal4 DNA binding domain, a RU486-
responsive PR domain, and a p65 transactivation domain [73]. Mice with the
transactivator are then crossed with animals harboring a target that consists of a
series of Gal4 DNA binding sites and a minimal tata promoter upstream of the gene
of interest. In this system, local RU486 application causes gene activation (Figure
3A). In conditional gene deletion systems, target genes or sequences are flanked by
LoxP sites (“floxed”), which can then be excised by Cre recombinase. Tissue
specificity is achieved by placing the Cre recombinase under the control of a keratin
promoter and temporal control is achieved by a Cre recombinase-PR fusion protein
that is inducible by application of RU486 [74] (Figure 3B). In addition to genetic
deletion, this system can also be used to “knock-in” oncogenes, for example, when a

floxed stop codon is placed upstream of oncogenic Krast12b [75].

Although single genetic alterations do not typically induce tumor formation,

chemical carcinogenesis can be used to determine whether these genetic



modifications affect susceptibility to tumor development. For example, a single
dose of 7, 12-dimethylbenz[a]anthracene (DMBA) to the skin or oral epithelium can
be used to induce tumor-initiating H-Ras mutations [76]. Other carcinogens such as
4-nitroquinoline-1 oxide (4-NQO) have also been used to induce HNSCC through
DNA adduct formation and H-ras mutations [77, 78]. These inducible animal models
of skin and HNSCC are valuable resources for the study of TGF[ signaling

aberrations in the development and progression of SCC.

Transactivator Target B CrePR1 Floxed
"Sf oaa_mm[transgend wswia [Grelieme] 1) argen] "
RU486 —» RU486—>»
Transgene
expression Gene deletlon

Figure 3. Conditional mouse models facilitate tissue-specific manipulation of
TGFp signaling.

A. The epithelial gene-switch system requires both transactivator and target
transgenes. The transactivator is a fusion protein consisting of a Gal4 DNA binding
domain, a RU486-inducible truncated progesterone receptor (APR) and the NF-xB p65

transactivation domain and is under the control of a keratin promoter that restricts

10



expression to basal keratinocytes. The target consists of Gal4 binding sites and a
minimal tata promoter upstream of the inducible transgene. RU486 treatment causes
translocation of the transactivator into the nuclease where it binds the Gal4 sites
upstream of the target and induces expression of the gene of interest. B. The inducible
knockout system uses Cre/LoxP technology. Expression of an RU486-inducible Cre
recombinase-progesterone receptor (APR) fusion protein is directed by a keratin
promoter. RU486 treatment causes nuclear translocation of the Cre recombinase

where it excises sequences flanked by LoxP sites.

Defective TGF[3 Signaling in Skin SCC and HNSCC

While downregulation of TGFBRII, Smad4, and Smad2 is common in human
skin SCC and HNSCC, alterations of TGFBRI and Smad3 are relatively rare [79, 80],
suggesting discrete roles for these molecules in suppressing epithelial tumor
formation. In contrast TGF@1 ligand overexpression is common in human skin and
HNSCC and is likely related to defective TGFp signaling in tumor epithelial cells [81,
82]. A number of mouse models have been used to illustrate how these various
TGFp signaling defects promote skin and head and neck SCC development in vivo

[20, 64, 65, 82, 83].

The Role of the TGFf1 Ligand
While canonical TGFB1 signaling inhibits epithelial proliferation, TGFf(
overexpression promotes tumorigenesis through paracrine effects on the tumor

stroma leading to increased inflammation and angiogenesis [82]. This dual role of

11



TGFB1 was demonstrated in mouse models with conditional epithelial TGFS1
overexpression [66, 82, 84]. While TGFB1 overexpression initially inhibits the
growth of chemically induced skin tumors, it paradoxically increases the malignant
conversion of papillomas to carcinomas [66]. Similarly, TGF1 overexpression early
in skin carcinogenesis inhibits tumor formation, while overexpression in established

tumors promoted progression to metastatic spindle cell carcinoma (SPCC) [66, 84].

Increased TGFB1 expression is seen in ~80% of human HNSCC and
correlates with more advanced disease and reduced survival [63, 82]. Non-
malignant tissue adjacent to HNSCCs also frequently exhibits increased TGFf1,
suggesting that TGFB1 overexpression is an early event in HNSCC development [82].
To study TGF[31 overexpression, our lab developed a conditional gene switch model
where TGFB1 overexpression in oral keratinocytes can be induced by RU486 [82].
Although TGF31 expression at levels similar to those seen in human HNSCC did not
cause tumor formation, these mice exhibit increased angiogenesis and inflammation
in the stroma, which subsequently caused marked epithelial hyperplasia [82]. In
this model, increased angiogenesis in the oral mucosa was mediated by the
endothelial TGFBRI receptor, ALK1, and TGFp-dependent inflammation was
comprised of CD4+ T cells, granulocytes, and macrophages, likely stimulated by

increased interleukin-1f and tumor necrosis factor-a [82].

TGFB1 can be either an immunosuppressor or a pro-inflammatory cytokine

[85, 86]. TGFB1 suppresses tumor immunity by suppressing the activity of dendritic
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cells and natural Killer cells that mediate tumor immunity but are functionally
inactivated in HNSCC [86, 87]. TGFB1 also recruits and activates T regulatory cells
that suppress tumor immune responses and are elevated in HNSCC patients [87, 88].
In contrast, TGFB1 is important for T cell differentiation and the maturation and
activation of Th17 cells [89-91] and contributes to the chronic inflammation
associated with carcinogenesis by attracting both neutrophils and monocytes [92].
In summary, TGFB1 inhibits anti-tumor immunity while activating tumor-promoting
inflammation. Loss of functional TGFf signaling causes a compensatory increase in
TGFB1 production that paradoxically stimulates tumor growth by affecting the

tumor stroma, increasing invasion, inflammation, and angiogenesis [20, 64, 83].

Smad4 is a Potent Tumor Suppressor in the Skin and Oral Cavity

Smad4 was initially identified as a tumor suppressor in the pancreas [93]
and was later characterized as a key mediator of TGF{ signaling [94]. Since Smad4
mediates both TGFB and BMP signaling, Smad4 loss abrogates signaling of both
pathways. Smad4 loss or inactivation is common in many malignancies including
skin SCC and HNSCC [95, 96]. In skin SCC Smad4 is lost at the mRNA level in
approximately 85% of poorly differentiated tumors, and loss of heterozygosity
(LOH) at the Smad4 locus is seen in around 60% of poorly differentiated tumors
[95]. Loss of chromosome 18q, a region encoding both Smad2 and Smad4, is
common in HNSCC [97-100] and LOH at the Smad4 locus also occurs in ~50% of
HNSCC [98, 100]. Although loss of 18q is associated with reduced survival in HNSCC

[101], it is unknown whether this is related strictly to Smad4 loss, the simultaneous
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loss of both Smad2 and Smad4, or loss of other genes contained within this region.
Somatic inactivation of Smad4 has been reported in 22-40% of HNSCCs [102, 103]
and while point mutations are relatively infrequent [98], loss of a single Smad4
allele occurs in 30%-50% of HNSCC [64, 98, 100]. In cases where a single copy of
Smad4 is lost, additional mutation from another allele is rare in HNSCC [98]. Studies
using Smad4 knockout mouse models have shown that loss of a single copy of the
Smad4 gene confers 50% of reduction of the Smad4 mRNA and protein [104, 105],
and this reduction is sufficient to increase skin and HNSCC susceptibility [64]. We
examined Smad4 expression in human HNSCC, and found that 86% of tumors and
67% of adjacent non-malignant mucosa had reduced Smad4 expression suggesting
that Smad4 loss is an early event in HNSCC development [64]. Although we found
LOH at the Smad4 locus in 33% of HNSCC, the higher frequency of Smad4 loss at the
mRNA and protein levels suggests that other epigenetic, posttranscriptional or
posttranslational modifications contribute to reduced Smad4 expression in HNSCC

[64].

Since Smad4 loss or inactivation is common in tumorigenesis, a number of
mouse models have been created to assess the role of Smad4. In combination with
other oncogenic alterations, Smad4 deletion causes tumors in the colon [106, 107],
pancreas [108, 109], forestomach [110] and liver [111] indicating that Smad4 loss
can promote tumor progression. In addition, Smad4 deletion causes spontaneous
tumors in the stomach [112], skin [67, 68] and mammary gland [113],

demonstrating that Smad4 can initiate tumor formation in certain tissues.
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Epidermal Smad4 deletion blocks growth inhibition by TGFf, leading first to
hyperproliferation and subsequently to skin SCC [67, 68]. We developed a
conditional mouse model to delete Smad4 in the oral keratinocytes and found that
these mice developed HNSCC starting at 29 weeks [64]. These tumors resembled
human HNSCC histologically and also occasionally metastasized to regional lymph

nodes [64].

Ras Mutation Cooperates with Smad4 in Tumor Formation

The Ras family of genes, encodes small GTPases that act as molecular
switches in transducing signals to the nucleus. The Ras proteins can induce a
number of downstream pathways including the oncogenic PI3K, and mitogenic
Raf/MEK/ERK pathways [114]. Ras mutations are some of the most common
genetic aberrations in human cancer. Kras mutations are seen in approximately 75-
100% of pancreatic cancers, 50% of colorectal cancers and 50% of lung
adenocarcinomas [114], and activation of Ras is frequently associated with poor
prognosis and therapeutic resistance [115, 116]. Inducible mouse models of Kras
activation have shown that the constitutively active Kras G12D protein is a potent
activator of lung adenocarcinoma [75]. Further studies with these mice have shown
that Kras activation in the oral cavity leads to the production of benign epithelial
papillomas [117]. These studies show that Kras may be an important regulator of

tumor initiation.
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A number of studies have shown that the combination of activating Kras
mutations with alterations in TGFf signaling can lead to aggressive tumor
formation. When combined with Smad4 deletion, activating Kras mutations in the
pancreas lead to invasive ductal adenocarcinoma [108, 118]. In the oral cavity,
TGFBRII deletion is insufficient to form SCC, however, addition of Ras mutation,
either by crossing the mice with the LSL-Kras612D mice, or by HRas mutation
generated by treatment with DMBA, induces metastatic tumor formation [20].
While Smad4 deletion was sufficient for generating HNSCC in mice, we investigated
whether spontaneous Ras activation was responsible for initiating tumor formation
after Smad4 deletion. While only a small number of tumors exhibited Ras
mutations, the remaining tumors had increased Ras protein levels [64], suggesting

that Ras activation may also function as an initiating event after Smad4 deletion.

Smad4 Loss Increases Genomic Instability by Inhibiting DNA Repair.

Since cancers are the result of an accumulation of oncogenic changes we
were surprised by spontaneous HNSCC formation after Smad4 deletion and
hypothesized that Smad4 might affect genetic stability and facilitate acquisition of
additional genetic alterations. Indeed, Smad4 knockout tumors had increased
centrosome numbers and reduced expression of several Brca/Fanc family members
responsible for double strand DNA repair [64]. We subsequently also demonstrated
Smad4 regulated expression of Fanc/Brca genes [64]. This was particularly
interesting because germline mutations in the Fanc/Brca pathway lead to Fanconi

anemia (FA) in humans, a syndrome characterized by bone marrow failure and
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markedly increased susceptibility to HNSCC [119]. Other studies have shown down-
regulation of Fanc/Brca genes in sporadic HNSCC [120-123] and mice with
epithelial specific deletion of Brcal develop oral SCCs [124], suggesting that Smad4
loss promotes HNSCC formation by deregulating DNA repair. While less is known
about Smad4 regulation of genomic integrity in skin, recent studies in the Wang lab
have shown that mice with Smad4 loss in the epidermis are more susceptible to UV
induced skin carcinogenesis and that a number of additional DNA damage repair
genes show decreased expression in the skin of these mice (Wang lab unpublished

data).

Smad4 Loss Increases Inflammation

Inflammation associated with Smad4 loss is important for tumorigenesis.
Smad4 deficient intestinal cells recruit immature myeloid cells expressing MMP2,
MMP9 and the chemokine receptor CCR1 to the tumor invasion front [106] and
Smad4 deletion in T cells causes intestinal tumors, indicating that Smad4 loss in
both epithelial and inflammatory cells can promote cancer development [125].
Smad4 loss in the oral mucosa causes leukocyte infiltration of macrophages,
granulocytes, T lymphocytes, and proinflammatory Th17 cells prior to tumor
formation and this is likely mediated by increased TGF[ expression [64]. Indeed,
these mice exhibit significantly increased levels of TGFf ligand in both the HNSCC
and the adjacent mucosa that occurs within 1 week of Smad4 deletion [64].
Abrogation of TGFp signaling and increased TGFf elaboration can increase tumor

invasion and migration though increases in BMP signaling through Smads 1 and 5

17



[126, 127]. We found that Smad4 knockout mice also exhibited increased Smads
1/5/8 [64], suggesting that BMP signaling may contribute to the increased

inflammation and a tumor-promoting microenvironment environment.

These studies have shown the importance of Smad4 in maintaining epithelial
homeostasis and the contribution of Smad4 loss to epithelial tumor formation.
However, since these mouse models result in Smad4 deletion in the entire basal
keratinocyte layer, the question of which population of cells receiving the mutation

is responsible for initiating tumor formation remains.

1.3. Tumor-initiating Cells
Overview of Tumor-initiating Cells

Despite great strides in understanding aberrations in cancer cells at the
molecular level and the increasing sensitivity with which drugs can be specifically
targeted to these aberrant molecules, treatment failure occurs routinely. Thus,
there is concern that the key tumor-initiating and propagating cells are not
appropriately targeted by cancer therapies. The cancer stem cell hypothesis
provides a possible explanation. This hypothesis states that distinct population of
cells within a tumor have the ability to initiate tumor formation and drive tumor
progression, metastasis and recurrence [128]. These tumor-initiating cells (TICs)
display characteristics of normal adult stem cells such as the capability for self-
renewal and differentiation [128]. They also are thought to be resistant to

conventional therapy through mechanisms including drug efflux and resistance to
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DNA damage [129]. The source of cancer stem cells is largely unknown and
hypothesized to be either adult tissue stem cells that develop oncogenic properties
leading to tumor formation, or tumorigenic progenitor cells that acquire the stem
cell property of self-renewal [130]. These observations thereby suggest that
deregulation of pathways that regulate stem cell behavior, i.e. maintenance of self-
renewal or commitment to differentiation, is a key event in initiation of tumor

formation and maintenance.

Sox2 Regulates Stem Cell Behavior

An example of a gene that may promote stem-like behavior in tumor cells is
the SRY (Sex determining region-Y)-box 2 or Sox2 gene. This gene is an intronless
transcription factor highly expressed in embryonic stem cells, and certain tissue
stem cells [131]. Itis predicted to regulate the expression of several hundred genes
including the activation of pluripotency genes and down regulation of lineage
specific genes [131]. Sox2 is such an important stem cell factor that it is one of 4
genes needed to reprogram fibroblasts in to induced pluripotent stem (iPS) cells
[132]. Because of this powerful role in the regulation of normal tissue stem cells, it
is likely that Sox2 plays an important role in the regulation and perhaps induction of

tumor-initiating cells.

Identification of Tumor-initiating Cells
Tumor-initiating cells were first identified in human acute myeloid leukemia,

where it was shown that a small subset of about 0.1-1% of the total population of
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leukemic cells could initiate leukemia when xenografted in to immunodeficient
mice. The resulting leukemia displayed the same tumor heterogeneity as the
original disease [133]. Interestingly, the tumor-initiating cells expressed a number
of cell surface markers associated with normal hematopoietic stem cells [133].
Engraftment of tumor cells in nude mice has now become the gold standard for the
identification of TICs. Based on the AACR consensus definition, the TIC containing
population should be able to reestablish the tumor heterogeneity seen in the
original tumor and the TICs must exhibit self-renewal through serial passaging

[134].

Following the studies of hematopoietic TICs, markers of normal tissue stem
cells have been used for the isolation of solid tumor TICs. This approach has been
problematic in many solid tumors due to a lack of information about these normal
stem cell markers. Additionally, many known stem cell markers are not found
exclusively on the stem cell population, making it difficult to obtain a pure
population of stem cells. One of the first solid tumor TIC populations was identified
in breast cancer. Al-Hajj et al isolated CD24-/'ow/CD44+ cell populations from
metastatic pleural effusions and from primary invasive breast tumor and showed
that as few as 100 cells from this enriched population were capable of forming
tumors in immunocompromised mice. [135]. CD44 expression has subsequently
been used to isolate tumorigenic cell populations in many other solid tumors
including head and neck, prostate, colon and pancreatic carcinomas [129, 130].

Other frequently used characteristics for the enrichment of TICs include high
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expression of CD24 and Aldehyde Dehydrogenase 1 (ALDH1), as well as exclusion of

Hoechst dye (dye excluding “side population” cells or SP) [130].

Epithelial Stem Cells and Tumor-initiating Cells in Skin and Head and Neck Squamous
Cell Carcinoma

To date much of the work on identifying oral TICs has been performed using
oral cancer cell lines. While the putative stem cell populations from these cell lines
display many stem cell markers, such as CD44, CD133 and CD29 expression, as well
as Hoechst dye exclusion [136] and glucose related protein 78 (GRP78) [137], these
cell lines grow in an artificial environment devoid of an appropriate niche that may
affect cell surface marker expression and proliferative capacity. The first study to
identify TICs in primary human HNSCC came from Prince et. al, who used the
CD44high cell population to successfully xenograft mice [138]. One problem with this
work is that as many as 42% of the tumor cells expressed CD44, indicating that this
population may be relatively impure. Subsequent studies have identified ALDH1 as
a marker of HNSCC TICs either alone [139], or in combination with CD44*/CD24-
[140], greatly decreasing the number of cells needed to form tumors in
immunocompromised mice. More studies are needed to identify TIC markers in

HNSCC.

An analogous system to the head and neck epithelia is the skin. While these
tissues are very different in many ways, they do possess common features. Normal

epithelial stem cells have been well studied, and therefore a number of stem cell
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markers are known. Other advantages to using skin as a model of SCC are the
relative ease with which skin tumors can be produced in mouse models and the
ability to generate much larger tumors than in the head and neck. The skin consists
of two major groups of stem cells, the interfollicular epidermal stem cells and the
hair follicle bulge stem cells. The interfollicular stem cells are thought to be the
stem cells responsible for normal homeostasis of the skin, while hair follicle bulge
stem cells can give rise to all layers of the hair follicle, during the hair follicle cycle.
However, during times of injury, the hair follicle bulge stem cells can be recruited
for repair of the epidermis [141]. The hair follicle bulge stem cells were first
identified in label retaining assays based on their relative quiescence compared to
more differentiated progenitor cells [142]. Based on these studies, a number of
genes and cell surface markers have been identified as preferentially expressed in
the hair follicle bulge, notably Keratin 15 [143] and CD34 [144]. Hair follicle bulge
stem cells have been successfully isolated using combinations of the markers such
as, ab-integrin, (CD49f)hish/CD71low[145]; CD34high/q6-integrinhigh[146]; and the
Hoechst dye excluding side population [147]. Based on the success of using normal
hematopoietic stem cell markers to sort leukemic TICs, these stem cell markers

represent good candidates for sorting skin SCC TICs.

Identification of the TIC populations in solid tumors has helped elucidate the

process by which tumors are generated and provides a mechanism by which cellular

heterogeneity is generated. In addition to de novo tumor formation, these TICs may
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play a role in a number of other stages in tumor progression. Tumor recurrence and

metastasis are two such processes that require a tumor-initiating step.

1.4. Metastasis and the Epithelial-to-Mesenchymal Transition
Overview of metastasis

Tumor metastasis is a complex, multistep process marking the final step in
tumor progression and is the major factor influencing patient mortality associated
with solid tumors [148]. In order for a tumor cell to metastasize it must detach
itself from the primary tumor bulk and migrate towards blood vessels and
lymphatics. This step requires loss of adhesion molecules, such as E-cadherin,
binding the epithelial cells together. The cells then must be able to invade by
traversing the basement membrane and intravasate in to the vasculature. The
tumor microenvironment facilitates this process through increased angiogenesis as
well as though mechanisms such as inflammation. Once in circulation the tumor
cells may find their way to premetastatic niches, such as those in the bone marrow,
or may form micrometastases that can lie dormant for years. Finally, the tumor cells
must be able to initiate new tumor formation at the distant metastatic site [149].
One process that contributes to metastasis is an epithelial-to-mesenchymal

transition, in which the tumor cell becomes more motile and invasive.

Epithelial-to-Mesenchymal Transition
EMT occurs when epithelial tumor cells loose epithelial characteristics, such

as cell-cell adhesion, apical-basal polarity, and gain mesenchymal characteristics
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such as migration, and invasion [150, 151] (Figure 4). To date, three major families
of transcription factors have been shown to be involved in the process of EMT, the
Snail, ZEB and bHLH families. The Snail family is a group of transcriptional
repressors that acts by decreasing the expression of cell adhesion molecules.
Notably, Snaill and Snail2 both inhibit the expression of the adhesion molecules, E-
cadherin and plakaglobin. Additionally, ectopic expression of Snail is sufficient to
induce an EMT phenotype in many cell lines [152]. The ZEB family of transcription
factors also acts to repress the expression of epithelial markers such as E-cadherin
and is capable of activating mesenchymal markers, such as vimentin [153]. Finally,
the bHLH family of transcription factors, includes Twist and Id proteins, all of which
induce EMT. As an example, the Twist proteins, Twist 1 and Twist 2, can inhibit E-
cadherin, occludin and claudin expression while increasing the expression of the

mesenchymal markers vimentin and N-cadherin [154, 155].

TGFp signaling is the best characterized pathway involved in the regulation
EMT. TGFB can induce EMT in Smad-dependent and -independent mechanisms. A
number of studies have shown that Smad4 is required for TGFP induced EMT, and
that inhibition of Smad4 leads to the maintenance of E-cadherin expression [156,
157]. Loss of Smad2, on the other hand, promotes EMT through increased binding
of Smads 3/4 to the Snail promoter [95]. Smad independent TGFB-induced EMT
occurs through activation of non-Smad signaling responses of TGF} signaling such

as activation of Erk MAP kinases and the PI3K/AKT pathway.
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Acquisition of Stem Cell Traits During Epithelial-to-Mesenchymal Transition

Recent studies have now shown a link between EMT and the acquisition of
stem cell traits. Mani et. al. first showed this link by forcing EMT in breast cancer
cell lines through treatment of the cells with TGFf or by ectopic expression of Twist
and Snail [158]. This induced EMT resulted in an increase in the CD44high, CD24low
cell population, which is a well-described breast TIC population [135]. An
additional study has shown the cooperation of Bmil, a stem cell associated gene,
and Twist in the induction of EMT in HNSCC cell lines [159]. This study also showed
an amplification of the CD44+, ALDH1* and SP tumor-initiating cell populations,
further providing evidence of a transition to a more stem like state after EMT. These
stem cell characteristics likely contribute to metastasis in a number of ways

including cell survival and tumor initiation (Figure 4).
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Figure 4. EMT and the acquisition of stem cell traits during cancer metastasis.
Tumor metastasis depends on the plasticity of the tumor cells. Epithlial-to-
mesenchymal transition (EMT) may be induced by interactions of the tumor epithelial
cells with the tumor stroma including carcinoma-associated fibroblasts (CAFs) and
leukocytes. The acquisition of stem-like traits accompanies the EMT and may promote
cell survival and initiation of metastasis at a distant site. Upon arrival at the
metastatic site, the tumor cells may undergo a mesenchymal-to-epithelial transition
(MET). Adapted by permission from Macmillan Publishers Ltd: Nature Reviews

Cancer, 2009.9(4): p- 265-73, Copyright 2009 [151].
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1.5. ABC Transporters: Tumor-initiating Cell-Associated Regulators of
Chemoresistance and Metastasis
Overview of the ABC Transporter Superfamily

Two of the major causes of treatment failure in cancer are chemoresistance
and metastasis. A major cause of chemoresistance in tumor cells is increased
expression of members of the ATP binding cassette (ABC) transporter superfamily,
which actively transport chemotherapeutic agents from the tumor cells. The normal
function of these transporters is the movement of a wide range of substrates, such
as lipids and metabolic products, across cell membranes [160]. The ABC transporter
superfamily consists of approximately 48 genes which are expressed in different
tissues and have a variety of normal functions [161]. The best-characterized
members of this family are, ABCB1 (MDR1/p-glycoprotein), ABCC1 (MRP1) and
ABCG2 (BCRP), and have all been shown to play a role in chemoresistance. Mouse
models have shown decreased intestinal tumor formation in Mdrl (Abcbla/b)
deficient APCMin/+ mice indicating that Mdrl expression may also play a role in

tumor formation [162, 163].

ABC transporters are markers of tumor-initiating cells

ABC transporters were first identified as markers of stem cells by their co-
expression on CD34* hematopoietic stem cells. Utilizing the ability of these
transporters to actively pump dyes such as Hoechst 33342 out of the cells, it was
possible to flow sort a highly enriched hematopoietic stem cell population [164,

165]. This Hoechst dye excluding side population (SP) was later shown to select for
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stem cell populations from other tissues, as well as TICs from solid tumors [166-
168]. Animal models deficient in ABC transporters show an increased sensitivity to
chemotherapeutic drugs; however, these mice did have normal stem cell function
[169, 170], indicating that the ABC transporters are not essential for the
maintenance of the stem cell characteristics. Overexpression of the ABC
transporters may, however, contribute to the resistance of TICs to conventional
therapy. This resistance may not only occur through efflux of chemotherapeutic
agents. A number of reports have shown that the ABC transporters promote cell
survival through anti-apoptotic mechanisms. One such study showed that the onset
of apoptosis induced by cholchicine or serum starvation in ABCB1 overexpressing
cells is increased compared to control cells [171]. While, other studies have shown
that MDR1 (ABCB1) protects cells from caspase-dependent, but not caspase-

independent apoptosis [172, 173].

MDR1 (ABCB1) Plays a Role in Tumor Migration, Invasion and Metastasis

Expression of the ABC transporters in cancer is associated with malignant
progression and tumor differentiation [160]. In colorectal carcinoma, expression
levels of MDR1 (ABCB1) are increased at the invading edge of tumors. Further,
tumors expressing MDR1, showed a greater incidence of vessel invasion and
increased lymph node metastasis [174]. A number of in vitro studies have
demonstrated the role of MDR1 in the regulation of invasion and migration of tumor
cells. In breast cancer cell lines, siRNA knockdown of ABCB1, inhibited both

invasion and migration in transwell assays [175]. Similar results were also seen in
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chemoresistant melanoma cell lines [176]. The mechanism by which MDR1
regulated tumor cell migration and invasion appears to involve an interaction with
the CD44 cell membrane receptor. CD44 is a well-described TIC cell marker that has
been implicated in a number of cell functions such as cell adhesion, motility and
metastasis [177], and in a number of multidrug resistant cell lines, including breast,
oral and ovarian carcinoma lines, CD44 and MDR1 are co-expressed on the cell
membrane [175]. The best studied mechanisms of ABCB1 transcriptional regulation
involve transactivation by the T-Cell Factor 4/B-Cateinin complex [178], and
activation by the NFxB pathway [179]. CD44 participates in the transcriptional
regulation by these two pathways through interaction with p300 (acetyl-
transferase) and SIRT1 (deacetylase). CD44 upregulation of p300 leads to the
acetylation of B-catenin and NF«B, thereby activating these pathways and increasing
MDR1 expression. Interaction of SIRT1 and p300, inhibits the acetyltransferase

activity of p300 and subsequently inhibits MDR1 expression [180].

1.6. microRNAs: Small RNAs Playing a Large Role in Cancer and Metastasis
MicroRNA Overview

MicroRNAs (miRNAs) are emerging as important regulators of stem cells and
tumorigenesis. These small regulatory RNAs are 20-24 nucleotide long RNAs that
regulate gene expression post-transcriptionally, either by translational inhibition or
exonucleolytic mRNA decay. Primary (pri)-miRNA genes often lie in introns and are
transcribed by RNA polymerase II and occasionally RNA polymerase III. This stem

and loop pri-miRNA is cleaved by a complex containing the RNAse III, Drosha,
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forming the precursor (pre)-miRNA. Another RNAse III, Dicer, then further modifies
the pre-miRNA to produce a 22 base-pair duplex RNA. One of the strands of this
duplex is subsequently loaded in to RNA-induced silencing complexes (RISCs) and
acts to suppress gene expression by binding to the mRNA and causing translational

inhibition or mRNA degradation [181].

miRNAs in Cancer and Metastasis

MicroRNAs were first identified as tumor suppressors in B-cell chronic
lymphocytic leukemia (CLL). This form of leukemia has frequent deletions at 13q14,
and it was initially assumed that there must be a tumor suppressor gene in this
region. It was later discovered that two miRNAs, miR-15a and miR-16-1, lie in an
intron of a non-coding RNA in this region [182], and further studies identified the
anti-apoptotic gene, BCLZ, as a target of these miRNA [183]. Since then a number of
miRNAs have been identified as both tumor suppressors and oncogenes. These
miRNAs often interact with known oncogenes and tumor suppressors in affecting a
tumorigenic response. For example, the let-7 family of miRNAs has been shown to
regulate the expression of Ras, and is down regulated in human lung tumors with
poor prognosis [184]. Moreover, when compared to normal lung tissue, squamous

cell carcinoma of the lung shows inverse expression of Ras and let-7 [185].

The TGFp signaling pathway plays an important role in the regulation of
miRNAs both at the transcrpitonal and processing level in cancer. At the

transcriptional level, TGFp signaling regulates expression of the oncomiR, miR-155,
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which regulates metastasis through inhibition of RhoA, a mediator of cell junctions
[186]. TGFP and BMP signaling promotes processing of certain miRNAs through
binding of the Smad proteins to components of the Drosha microprocessor complex
[187]. Two oncogenic miRNAs regulated in this manner, are miR-21 and miR-199a.
miR-21 is one of the most commonly overexpressed miRNAs in cancer cells and has
been shown to target a number of tumor suppressors including PTEN [188], PDCD4
[189], and TGFBRII [190]. miR-199a targets the inhibitor of nuclear factor «-B
(NFxB) signaling, inhibitor of nuclear factor kappa-B kinase subunit beta (IKK-()
[191]. This TGFPB mediated regulation of miRNA processing occurs in a Smad4
independent manner. Therefore, the increased TGF signaling seen upon loss of
Smad4 in the skin and head and neck epithelia may lead to increased expression of

these miRNAs contributing to tumor formation.

In addition to promoting tumor formation, a number of miRNAs have been
shown to play important roles in tumor progression and metastasis (Figure 5).
Studies of EMT and metastasis, have consistently shown a decrease in the miR-200
family in mesenchymal cells after EMT [192]. The miR-200 family consists of two
clusters of miRNAs, miR-200b~200a~429 and miR-200c, that target the
transcriptional repressors of E-cadherin, ZEB1 and ZEB2 [192]. Forced expression
of miR-200 can inhibit TGFB mediated EMT [192, 193], while knockdown of miR-
200 can induce an EMT [192, 194]. Other miRNAs are overexpressed during EMT
and metastasis. For example, Twist activates the expression of miR-10b leading to

increased invasion and increased metastasis [195]. Additionally, increased levels of
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miR-9 seen in metastatic breast cancer [196] and colon cancer [197], can target E-

cadherin, leading to EMT in a cell specific manner [196].
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Figure 5. Overview of miRNAs involved in EMT. miRNAs contribute to metastasis
either directly or indirectly by targeting cell junctions, stem cell genes and
chemoresistance genes. Figure adapted with kind permission from Springer
Science+Business Media: Journal of Mammary Gland Biology and Neoplasia,
microRNAs and EMT in Mammary Cells and Breast Cancer, Vol. 15(2):213-23, 2010,

Wright J.A., Richer, ].K, and Goodall, ].G., figure 1, copyright 2010.
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miRNA Regulation of Epithelial Stem Cells and Tumor-initiating Cells

The first studies demonstrating the importance of miRNAs in stem cell
regulation were carried out using Dicer deficient animal models. Loss of Dicer
results in global defects in miRNA processing and severe defects in embryonic stem
(ES) cell expansion and differentiation [198, 199]. Conditional deletion of Dicer in
the epidermis, results in underdeveloped and hypoproliferative hair follicles and a
loss of hair follicle bulge stem cell markers such as keratin 15 and CD34 [200].
These global studies demonstrate the importance of miRNAs in the maintenance of
the stem cell pool in the epidermis. More specifically, miR-203 directly regulates the
epithelial stem cells by repressing p63 and promoting stem cell differentiation [201,
202]. A number of miRNAs are expressed in unique compartments in the skin, for
example, miR199a is highly expressed in the hair follicle, but not expressed in the
epidermis. Conversely, the miR-200 family is expressed in the epidermis, but absent
in the hair follicle [203]. This spatial expression of miRNAs in the different
compartments of the skin indicates that the miRNAs have distinct roles in the

regulation of the epithelium and it’s stem cells.

Since miRNAs play important roles in both stem cells and cancer it is
understandable that miRNAs would be important regulators of tumor-initiating
cells. Tumor-initiating cells have been shown to share similar miRNA expression
patterns with normal tissue stem cells, for example, in breast cancer, decreased
expression of the miR-200 family of miRNAs is seen in both normal and breast

cancer stem cell populations [204]. Moreover, major regulators of stem cell self
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renewal, Bmil, Sox2 and Klf4, are inhibited by miR-200 [204], demonstrating the
similar regulation of stem cell characteristics in normal tissue stem cells and tumor-
initiating cells. The transcriptional activator of EMT, ZEB1, also acts to inhibit
expression of miR-200 and miR-203, thereby further promoting a stem like state
during EMT [205]. These studies support a clear link between miRNAs, stem cells
and metastasis. However, further studies are needed to identify other miRNAs that
regulate these processes, in order to better understand the mechanisms of

metastasis and identify potential therapeutic targets.

Emergence of miR-9 as an Important Regulator of Cancer Progression

Recent studies have identified miR-9 to be an important regulator of both
EMT and metastasis. Ma et. al. found that miR-9 targets the 3’'UTR of E-cadherin,
and in a context specific manner, can induce an EMT phenotype in breast cancer cell
lines [196]. Additionally, as a result of miR-9 mediated degradation of E-cadherin,
increased B-catenin signaling activity resulted in promoted VEGF expression and
angiogenesis [196]. Not surprisingly, when overexpressed in non-metastatic breast
cancer cell lines, miR-9 can promote lung metastasis in grafted tumors [196].
Interestingly, miR-9 is the only miRNA predicted to target E-cadherin, and as such
plays an important role in the regulation of this adhesion molecule in the
epithelium. Other confirmed targets of miR-9 include, SIRT1 [206], NFkB1 [207],
CDX2 [208] and FOXO1 [209]. The mature miR-9 miRNA is generated from three
distinct transcripts, miR-9-1 on chromosome 1, miR-9-2 on chromosome 5, and

miR-9-1 on chromosome 15 in humans. In mice the miR-9-1 through -3 transcripts
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lie on chromosomes, 3, 13, and 7 respectively. miR-9 is highly expressed in neurons
during differentiation and has been shown to be transcriptionally regulated by REST
and CREB [210]. More recently Ma et. al. found that miR-9 expression is induced by
direct binding of myc to the promoter of miR-9-3 [196]. Interestingly, miR-9 is also
highly methylated on miR-9-1 and miR-9-3 in certain cancers resulting in decreased

miR-9 expression [211, 212].

Currently, the role of miR-9 in human tumor growth and metastasis is
controversial. To date, the in vitro studies of miR-9 in cancer cell lines points
towards a pro-metastatic role through targeting E-cadherin, promoting
angiogenesis and inducing metastasis in animal models [196]. On the other hand,
studies of miR-9 in human tumors and the relationship of miR-9 expression with
metastasis are divided. For example, methylation studies in clear cell renal cell
carcinoma have shown that miR-9 methylation is associated with increased lymph
node metastasis [211], while a recent study showed that increased miR-9
expression in the primary tumors was associated with distant metastasis in
colorectal cancer [197]. Further studies are needed in other tumor types to better

understand the role of miR-9 in tumor development and progression.

miRNAs in the Detection and Treatment of Cancer
miRNAs are attractive biomarkers in the detection of cancer because of their
tissue specificity and relative resistance to degradation. Global studies in human

cancers have found that miRNAs more accurately classify poorly differentiated
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tumors than mRNA signatures, and that relatively few miRNAs are needed for this
classification [213]. Based on these results a number of studies are now attempting
to use miRNA signatures to identify cancer and predict outcomes [214]. For
example, in HNSCC, lower levels of let-7d and miR-205 are associated with loco-
regional recurrence and poor outcome [215]. Since they target a number of genes
and tend to be relatively tissue specific, manipulation of miRNAs is becoming an
attractive option in the development of cancer therapeutics. Recent studies have
shown the effective use of cholesterol conjugated anti-miRNAs in the inhibition of
miRNAs in animal models [216], however, as with siRNA and gene targeting

therapies, safe and effective methods of delivery still need to be developed.

1.7 MicroRNA Regulation of Tumor-Initiating Cells in Metastasis and
Chemoresistance

Current therapeutic modalities for the treatment of epithelial tumors are
often effective in prolonging patient survival, however, metastasis and local
recurrence after treatment often occur despite this therapy resulting in patient
mortality. Increasing evidence is pointing towards TICs as the mediators of
therapeutic failure [128]. These pluripotent stem-like cells are thought to have the
ability to initiate tumors de novo and give rise to tumor heterogeneity, and as such
are thought to be responsible for tumor recurrence and metastasis, two processes
that requiring these tumor-initiating capabilities [128]. TICs are believed to possess
a number of properties that allow them to evade current therapeutic modalities

such as chemotherapeutic drug efflux and resistance to DNA damage from
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chemotherapeutic drugs and radiation [129]. Therefore, identification of the genetic
pathways that are responsible for maintaining TICs will aid in the development of
therapeutic modalities that can specifically target this resistant population and

prevent tumor progression.

To start to identify some of these pathways and to better understand the
origin of TICs, this dissertation work will make use of mouse models with
conditional deletion of Smad4 in the epithelium. Previous work in the Wang lab has
shown the dramatic role of Smad4 loss in the development of both skin SCC and
HNSCC [64, 217]. In this work we used conditional mouse models to delete Smad4
and activate Kras in the hair follicle bulge stem cells to explore the hypothesis that
oncogenic mutations targeted to the epithelial stem cell population can give
rise to tumors consisting of multiple hair follicle lineage cell types, and using
these tumors we further explore the hypothesis that miRNAs and stem cell genes
regulate functions of TICs including tumor recurrence, metastasis and
chemoresistance. The experimental plan followed during this dissertation work

was based on the following specific aims:

Aim 1. Demonstrate that oncogenic mutations in the murine hair follicle stem cell

pool can generate tumors consisting of cell types from multiple hair follicle lineages.

Aim 2. Demonstrate that the side population and SP-/CD34+/CD49f* populations

are tumor-initiating.
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Aim 3. Identify miRNA profiles of TICs from metastatic tumors and the potential

function of these miRNAs in tumor initiation, metastasis and chemoresistance.

Aim 4. Identify the role of stem cell genes in the TIC populations during tumor-

initiation, metastasis and chemoresistance.

The work in this dissertation shows that deletion of Smad4 and activation of
Kras in the mouse hair follicle stem cells leads to tumors consisting of multiple hair
follicle cell types (K15.Krast12P.Smad4-/- tumors). We further identify the SP and the
SP-/CD34+/CD49f* cell populations to be TICs in these tumors. Passaging
(xenografting) the K15.Kras¢12D.Smad4/- tumors generates faster growing and more
metastatic tumors. By miRNA profiling, we identify miR-9 as a miRNA
overexpressed in the more metastatic passaged tumor SP cells, and show that this
miRNA increases the invasive properties of tumor cells and my increase
chemoresistance by indirectly promoting an increase in the expression of the ABC
transporter Abcbla. Finally, we show that the stem cell gene, Sox2, is increased in
the SP-/CD34+/CD49f* population from the more aggressive passaged tumors, and
that increased Sox2 expression inhibits tumor cell invasion and migration. Taken
together, this work begins to identify some of the genes and miRNAs involved in the

regulation of tumor-initiating cells, and their function in tumor progression.
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CHAPTER TWO

MICRORNA-9 REGULATES TUMOR-INITIATING CELL MIGRATION, INVASION

AND CHEMORESISTANCE IN MURINE SKIN SQUAMOUS CELL CARCINOMA
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MATERIALS AND METHODS

2.1 Mouse Strains

All animal experiments were conducted using protocols approved by the IACUC at
Oregon Health and Science University and University of Colorado Health Sciences.
All transgenic animals are on the C57Bl/6 background, and grafting and passaging
experiments were conducted in athymic nude mice. In vivo tumor growth and

metastasis assays were conducted in wild type C57Bl/6 and athymic nude mice.

DNA Extraction and Genotyping PCR

The transgenic mice were genotyped at 3 weeks of age. Tail snips were
digested in using proteinase K and DNA precipitated using ethanol. Genotyping was
conducted by PCR using primers that can identify the presence of the loxP sites in
the transgene and thereby differentiate between the wild type and transgenic alleles

(see appendix C for genotyping primers).

2.2 Targeting mutations to hair follicle bulge stem cells

The tissue specific, inducible transgenic mouse models consist of three different
transgenes; an inducible Cre recombinase, an activating KrasG!2P mutation and a
Smad4 deletion. The K15.CrePR1 transgene allows the Keratin 15 promoter to
target Cre recombinase expression to the hair follicle bulge, the site of a subset of
epithelial stem cells [218]. The CrePR1 fusion protein is activated by topical

activation of the progesterone antagonist RU486, which binds to CrePR1 and
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translocates the protein in to the nucleus. Once in the nucleus, the Cre recombinase
functions to delete DNA flanked by loxP sites (floxed). The Smad4 transgene has a
floxed exon 8; once exon 8 is recombined and deleted the resulting transcript is
unstable and is rapidly degraded, leading to Smad4 deletion [219]. The
constitutively active KrasG12D mutation (LSL-KrasG12D) is induced by removal of a
floxed-stop codon upstream of exon 1 [220]. In order to induce the mutations,
RU486 (100ul of 0.2pg/ul in ethanol) was applied to the shaved back skin of 4-week

old transgenic mice for 5 consecutive days.

Mice were evaluated at least once per week for tumor development; once
tumors became visible mice were monitored daily. Tumor-bearing mice were
euthanized once the tumors reached 2cm in diameter, or if the mice were exhibiting
signs of deteriorating health (e.g., huddled posture, difficulty breathing, vocalization,
hypothermia, or >20% weight loss). Necropsy was performed on each euthanized
mouse to identify primary tumors and lung metastasis. Tumor tissue was collected

for histology, tumor cell isolation and passaging in to athymic nude mice.

Characterization of Epithelial-Specific Kras¢12PAactivation and Smad4 Knockout Mice
To confirm the activation of the Krast12D allele and deletion of Smad4 in the

epithelia of the transgenic mice, recombination PCRs were performed on the back

skin of RU486 treated K15.CrePR1/LSL-Krast12D/Smad4f/f mice and controls (see

appendix C for recombination PCR primers).
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2.3 Histology and Immunostaining

Paraffin Sections: Dissected tumors and transgenic epithelia were fixed in 10%
neutral-buffered formalin overnight, embedded in paraffin and sectioned to 6um
thickness.

Frozen Sections: Dissected tumors and epithelia were embedded in Optimal
Cutting Temperature (OCT, Fisher Scientific) and quickly frozen on dry ice. Frozen
tissues were sectioned to 6um thickness using a cryotome at the UC Denver

Histology core.

Analysis of Tumor Histology Types

Tumor histology was classified by three independent observers in to well-,
moderately-, poorly-differentiated and spindle cell carcinoma (SPCC) based on basal
cell hyperplasia, increased number of mitoses, abnormal mitoses, nuclear
hyperchromatism, and increased nuclear/cytoplasmic ratio as previously described
[221, 222]. SPCCs were characterized by a complete loss of tumor architecture and

spindle-like morphology.

Paraffin Imnmunohistochemistry (IHC):

Tissue sections were deparaffinized by emersion in Xylene for 30 minutes followed
by rehydration in 95%, 70%, and 50% ethanol for 5 minutes at each concentration.
Slides were then heated in a pressure cooker for 10 minutes in 10mM Citric acid for
antigen retrieval. Sections were blocked in PBS with 5% serum from the host

animal used for the secondary antibody for 1-5 hours at room temperature.
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Primary antibodies were incubated on the sections overnight at 4°C. The slides
were then washed and incubated with secondary antibody for 20 minutes at room
temperature. For list of antibodies used and relative concentrations see appendix
A. Again the slides were washed and incubated with Avidin conjugated chromogen
(M.O.M. Kit, Vector Laboratories) for 30 minutes at room temperature. DAB
chromogen substrate (Dako Chemicals) was then added to the slides for 2 to 5

minutes. Sections were counterstained with Hematoxylin.

Paraffin Immunofluorescence (IF):

Deparaffinization was performed in the same manner as for IHC. After antigen
retrieval, the sections were treated with Signal Enhancer (Invitrogen, Carlsbad CA)
for 15 minutes at room temperature to further enhance antigen retrieval. The
sections were then blocked using PBS containing 12% bovine serum albumin (BSA).
Primary antibody was applied overnight at 4°C in the blocking medium. Sections
were washed and incubated with fluorescence conjugated secondary antibodies in
the dark for 20 minutes. Secondary antibodies were conjugated with Alexa Fluor
488 (green) or Alexa Fluor 594 (red). Slides were mounted with Fluormount G or

with DAPL

Frozen immunofluorescence (IF):
Slides were fixed in 4% paraformaldehyde for 40 minutes at room temperature.
Alternatively the slides were fixed in cold methanol for 30 minutes. For IHC,

sections were then blocked in PBS with 5% serum from the host animal used for the

43



secondary antibody for 1-5 hours at room temperature. The slides were then
treated the same as the paraffin sections for the remaining steps. Slides used for
frozen IF were fixed in the same manner as for frozen IHC. Following fixation the
slides were treated with Signal Enhancer (Invitrogen, Carlsbad CA) for 15 minutes

and then processed as for paraffin sections.

2.4 Tumor cell isolation and Fluorescence Activated Cell Sorting

Tumors were harvested from the mice and digested in a collagenase solution
(250U/ml) (Worthington Biochemical, Lakewood, NJ) at 37°C for 30 minutes. After
this time, the cells were manually dissociated by pipetting up and down
approximately 10 times with a 10ml serological pipette. The cells were then
incubated at 37°C for an additional 15 minutes. After a second round of manual
dissociation the cells were filtered through a 70um filter. The cells were then
pelleted and resuspended in a solution of PBS 3% FBS at 1x10¢ cells/ml for Hoechst
staining. The cells were stained at 25ng/ml Hoechst 33342 dye (Sigma-Aldrich, St.
Louis, MO) in the dark in a 37°C water bath for 90 minutes [164]. Control cells were
stained in the presence of 100uM verapamil to inhibit Hoechst dye efflux. After
Hoechst staining the cells were pelleted and resuspended in 1ml PBS 3%FBS. The
cells were then stained with FITC-CD31, FITC-CD45, Biotin-CD34 and PE-Cy5 CD49f
for 20 minutes (for all antibodies and concentrations see Appendix A). In the case of
sorting GFP positive cells, APC-CD31 and APC-CD45 were substituted for the FITC-
conjugated antibodies. Secondary streptavidin-PE was then added to the cells to

mark the CD34 positive cells and incubated for 20 minutes. Prior to flow sorting the
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cells were washed, filtered (40um filter) and propidium iodide (PI) (1pg/ml) was

added to select for live cells at least 5 minutes prior to sorting.

Fluorescence Activated Cell Sorting (FACS) analysis was performed by the UC
Denver Flow Cytometry Core on a Beckman Coulter MoFlo-XDP (Beckman Coulter,
Brea CA) and data analysis was conducted using Summit Software V5.3 (Beckman
Coulter, Brea CA). Single flurochrome stained Rat IgG control beads (BD Bioscience)
were used for staining controls and setting compensation. Gating included
forward/side scatter and dead cell exclusion with PI. Tumor cells were sorted for
the Hoechstlow CD31- CD45- that was designated as the SP. A second cell population
was sorted for Hoechsthigh CD31- CD45- CD34+* CD49f* and designated as the CD34+
CD49f* population. The third cell population was sorted for Hoechsthish CD31- CD45-

CD34- CD49f. Figure 6 outlines the cell populations sorted in this study.
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Figure 6. Schematic of FACS sorted tumor cell populations. Single cell suspensions
of whole mouse tumors were sorted first for forward scatter, side scatter and
propidium iodide (PI) uptake to select for singlets and live cells. The tumor cells were
then sorted for the presence of Hoechst dye using the UV lasers. The Hoechstlov cells
were collected as the side population (SP). The Hoechsthigh cells were further sorted for
CD34 and CD49f, the cells positive for CD34 and CD49f were collected as the SP-

/CD34*/CD49f* population and those negative for CD34 and CD49f were collected as
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the SP-/CD34 /CD49f population. In the flow diagram, gray boxes represent different

cell populations.

2.5 Tumor cell grafting and passaging of whole tumor cells

Tumor passaging: Tumors were maintained in nude mice by excising a small (2-
4mm) piece of parent (primary) tumor from a K15.Krast120.Smad4-/- tumor-
bearing mouse. A recipient athymic nude mouse was anesthetized and the back skin
sterilized. Small incisions were made in the skin and the tumor piece was inserted
subcutaneously. Once the tumor had grown these passaged tumors were
subsequently serially passaged in to new athymic nude mice to maintain the tumor

line.

Tumor cell grafting: Athymic nude mice were anesthetized and their back skins
were disinfected with betadine and 70% ethanol. Scissors were used to cut small
(~5mm) holes in the dermis and epidermis, and the underlying connective tissue
was dissected away form the skin. Two silicone chambers (Renner, GMBH)
containing a 2Zmm hole exposed to the air were placed such that the flanges of the
chamber lay between the skin and the connective tissue, and the chamber extruded
from the open hole. Primary fibroblasts and keratinocytes were isolated from wild
type neonatal mouse back skins as previously described [223]. The sorted tumor
cells (8x103-20x103) were injected in to the 2Zmm hole in the top of the grafting
chamber along with a mixture of 1x106 keratinocytes and fibroblasts. The chamber

was removed after one week and the mouse was observed for tumor formation. To
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confirm the self-renewal ability of the TICs, grafted tumors were isolated and
resorted for all TIC and non-TIC populations and each population was grafted to

ensure tumor growth.

2.6 Analysis of Gene and miRNA Expression

RNA Isolation:

Total RNA, consisting of both the small and large RNA species, was isolated using the
Qiagen miRNeasy mini kit (Qiagen, Valencia CA) as per the manufacturer’s
instructions. Briefly, 800-10x10¢ pelleted cells were resuspended in 700ul of Qiazol
lysis reagent. For sorted cells, where a small number of cells (<3x10¢) were
processed, homogenization was performed by vortexing the cells for 1 minute. For
larger numbers of cells (>3x10°) and tissue samples, homogenization was
performed using a bench top homogenizer. The total RNA was eluted from the

column using 30ul of RNAse free water.

Quantitative RT-PCR:

One-step qRT-PCR for gene expression: One-step qRT-PCR was used for gene
expression when RNA samples were not limiting and amplification was not
necessary. One-step qRT-PCR was performed using 100ng of RNA per reaction with
the One-Step Brilliant II QRT-PCR system (Stratagene, Santa Clara CA). Expression
of mRNA was measured using TagMan® Assays-on-demand™ probes (Applied
Biosystems, Carlsbad CA). All gene measurements were normalized to a GAPDH

(human) or Gapdh (mouse) RNA probes. See appendix for TagMan® probe details.
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Each sample was run in triplicate and the data was analyzed using a standard
relative quantification (AACt) method. Reactions were run on a Stratagene

MX3000P qRCR machine (Stratagene, Santa Clara CA).

Two step qRT-PCR with pre-amplification for gene expression: For gene expression
analysis on very small quantities of RNA, such as those generated from the sorted
tumor cells, a two-step qRT-PCR reaction was performed with an amplification step.
The first step involved an RT reaction starting with 2-200ng RNA. cDNA was
generated using the High-Capacity cDNA Reverse Transcription kit (Applied
Biosystems, Carlsbad CA), as per the manufacturers instructions. For the
preamplification step, a pooled mix of TagMan probes was made. Each of the probes
were combined and diluted to 0.2x. The pooled assay mix was combined with 1-
250ng cDNA and PreAmp Master Mix (Applied Biosystems, Carlsbad CA) as per the
manufacturers instructions. The selected genes were amplified using 14 cycles to
maintain amplification in the linear range. The qPCR reaction was performed using
TagMan Universal master mix (Applied Biosystems, Carlsbad CA) according to the
manufacturers instructions. The results were analyzed using the AACt method and
normalized to Gapdh. Reactions were run on a Stratagene MX3000P qRCR machine

(Stratagene, Santa Clara CA).

Two-step qRT-PCR for miRNA expression: All miRNA expression analysis by qRT-PCR
was conducted using a two-step method. First miRNA specific cDNA was prepared

using 10-300ng of starting RNA, and either individual miRNA specific RT primers, or
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a pooled RT primer mix containing all of the miRNAs on the Applied Biosystems
Rodent A v2.0 TagMan Low Density Array card. The RT reaction was carried out
using the High Capacity RT Kit from Applied Biosystems according to the
manufacturers instructions. Once the miRNA specific cDNA was prepared, the qRT-
PCR reaction was run using TagMan miRNA probes and TagMan Universal Master

Mix (Applied Biosystems, Carlsbad CA).

Two-step qRT-PCR with pre-amplification for miRNA expression: Similar to the gene
expression analysis, miRNA analysis on small quantities of RNA also requires an
amplification step. In this case the miRNA specific cDNA was amplified using a
pooled amplification primer mix containing all miRNAs on the Applied Biosystems
(Carlsbad, CA) Rodent A v2.0 TagMan Low Density Array card. The cDNA was
amplified using 14 cycles, as for amplification of genes. Once the amplified cDNA
was prepared, the qRT-PCR reaction was run as for samples with out amplification.

All reactions were prepared according to the manufacturers instructions.

2.7 TaqMan Low Density miRNA Arrays

Preparation of miRNA-specific cDNA and preamplification were performed
as described above for the two-step qRT-PCR and preamplification of miRNA
expression analysis. cDNA synthesis and preamplification were performed in
duplicate and combined prior to array analysis to help control for differences in
amplification efficiencies between runs. Array reaction mixtures were set up

according to the Applied Biosystems TagMan Low Density Array protocol. Each of
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the tumor cell population samples was run on the Rodent A v2.0 TagMan Low
Density Array card. This array card consists of the 335 most highly expressed
rodent miRNAs identified in version 10 of the miRBase miRNA database. The cards
contain a number of control probes including negative control probes that should
not amplify mouse RNA and a number of endogenous small RNA probes for data
analysis. The Mammalian U6 endogenous control probe is repeated in four wells of
the card, and the average of Ct value from these probes was used as the endogenous
control for this study. The array cards were run on an ABI 7900HT Fast qRT-PCR
machine (Applied Biosystems, Carsbad CA). TagMan miRNA arrays were performed
on the populations in Table 1. Each array was run on three distinct populations for

each cell type.

SP SP- Non-TIC
(Hoechstlew/CD31- /CD34+/CD49f* (Hoechsthigh/CD31-
/CD45) (Hoechsthigh/CD31- /CD45-
/CD45- /CD34+/CD49f")
/CD34+/CD49f+)
Primary Tumor - |- ]
Passage 1 Tumor - |- ]

Table 1. Overview of TIC and non-TIC populations included in TagMan miRNA
Array study. For each array TIC cells from three separate tumors were combined.
Each array for each TIC population was run in triplicate using three distinct
combined TIC cell populations. In total, 9 primary tumors and 9 passage 1 tumors

were assayed on the arrays.

51




Analysis of TagMan miRNA Array Data

Array qRT-PCR data was analyzed using a standard relative quantification
(AACt) method. Relative quantification analysis between samples was performed
using the RQ Manager software from Applied Biosystems. For analysis of miRNA
expression the ubiquitously expressed mammalian U6 small RNA was used for
normalization and one array set was designated as the control sample to which the
expression in the other samples was compared. Amplification curves of each miRNA
represented on the plate were checked for adequate amplification. Samples, in
which the Ct values were greater than 32 cycles in all samples, or those that did not
amplify, were considered to be not expressed or expressed at very low levels in the

tumor samples.

2.8 Bioinformatics and Statistical Analysis
Cluster Analysis of TagMan miRNA Array Data

For cluster analysis of TagMan miRNA array data, samples in which the Ct
values were greater than 32 cycles in all samples, or those that did not amplify, were
considered to be not expressed or expressed at very low levels in the tumor
samples. These samples were set arbitrarily to 32 cycles for analysis. For each
array set miRNA expression values were normalized to U6 expression for that
replicate. The average ACt value of expressed miRNAs (those with Ct values less
than 32) for each array was calculated. Cluster analysis was conducted on this ACt

value. Cluster analysis was conducted for the array data using Cluster 3.0 software.
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The data was filtered to include only those miRNAs that showed expression in 80%
of samples and clustering was performed using Euclidian distance and complete
linkage. Heat map images were generated using Java TreeView version 1.1.5r2

software.

Biostatistics of TagMan miRNA Array Data

Biostatisical analysis of the TagMan miRNA array data was conducted by the UC
Denver Cancer Center Biostatistics Core. For each sample, miRNA readings that
were labeled “Undetermined” or “flagged”, either because the sample did not
amplify correctly or was not expressed, were removed from the analysis. For each
sample the data was normalized to the average U6 RNA expression analysis
averaged from four replicates on the array. Data was analyzed using the false
discovery rate (FDR) approach to test the AACt values based on the following
comparisons:

1. Primary tumors: SP vs. SP-/CD34-/CD49f

2. Primary tumors: SP-/CD34+/CD49f* vs. SP-/CD34-/CD49f

3. Passage 1 tumors: SP vs. SP-/CD34-/CD49f

4. Passage 1 tumors: CD34+*/CD49f* vs. SP-/CD34-/CD49f

5. SPcell type: Passage 1 vs. Primary

6. SP-/CD34*/CD49f* cell type: Passage 1 vs. Primary

7. SP-/CD34-/CD49fcell type: Passage 1vs. Primary
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For each comparison, a t-test was conducted on each of the AACt for the 335
individual miRNAs on each array. These “naive p-values” were then ranked from
lowest to highest. A q value was than calculated for each of the naive p values
defined as qi=335*p1/1, .., qi=335*pi/i, etc. The minimum value in the series: q;
Qi+1,...,q335 was found and set as the FDR value for this miRNA. Samples were

considered significant at an FDR<0.05.

Statistical Analysis

For all qRT-PCR data, error bars are represented as the standard deviation
between samples (triplicate), unless otherwise noted. In these cases, the standard
error was used instead. In general standard error was used when there was wider
variation between samples and larger numbers of samples were used, as in the case
of tumor samples. Standard deviation was generally used with in vitro studies and
studies with fewer replicates. In most cases significance was assessed using a
standard student’s t-test, however, analysis of significant differences between the
percent of tumors with metastases was assessed using a y2 test. For qRT-PCR
analysis, error was determined by calculating the standard deviation (std. dev.), or
standard error from the ACt values. Upper and lower error limits for an expression
value were then calculated using the standard 2-**t method as recommended by the
manufacturer (Applied Biosystems, Carlsbad CA). For example the upper error limit
was calculated as 2-(*“Ctstd. dev ¢t) and the lower error limit was calculated as 2-

(AActrstd. dev ACH), Finally, the upper error was calculated as the upper error limit - the
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expression value, and the lower error was calculated as the expression value -

lower error limit.

2.9 Cell culture
Generation of Primary Tumor Cultures:

Primary tumor cultures were generated from both primary and passaged
tumors. Tumor tissue was harvested and the cells dissociated in collagenase
(250U/ml) (Worthington Biochemical, Lakewood, NJ) for 45 minutes at 37°C. The
cells were further dissociated manually by pipetting up and down. The cells were
then filtered through a 40um filter and washed in a culture medium of DMEM with
10% FBS. The cells were then plated in 10cm culture dishes and cultured at 5% CO>
in a standard cell culture incubator. Prior to subculturing, the cells were treated
with TrypLE (Invitrogen, Carlsbad CA) for 2 min and the floating cells discarded to
select for epithelial cells. This selection was repeated prior to the subsequent 3-5
subcultures or as needed to remove fibroblast contamination. In total, 10 separate
cell lines were generated from primary tumors and passaged tumors. However,
three lines were used in this study all of which were generated from passaged

tumors, B931, B911 and S4#8.

Generation of Stably Transduced Tumor Lines:
Lentivirus Production: Lentiviral particles were generated in the 293T packaging
cell line. Prior to transfection the cells were changed in to Opti-MEM serum free

media (Gibco, Carlsbad CA). Lentiviral vectors (see Appendix B for lentiviral vector
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information) containing precursor miRNA sequences or miRNA antagonists were
transfected in to the 293T cells along with the appropriate lentiviral packaging mix
(see Appendix B for packaging mixes used with lentivirus) using Lipofectamine
2000 (Invitrogen, Carlsbad CA). Four hours after transfection the media was
changed to DMEM containing 30%FBS and antibiotics. The virus containing media

was harvested at 24, 32 and 48 hours. Virus was not concentrated for these studies.

Retrovirus production: Retroviruses (Appendix B) were produced in a similar
manner to the lentivirus with the exception that the ®nX-E packaging cell line was
used and the pCL-ECO packaging vector was cotransfected with the retroviral
vector. For human retroviruses, 293T packaging cells were used, and PUMVC, and
pCMV-VSV-G were used for packaging (Appendix B). Virus harvesting was the same

as for lentiviral particles.

Transduction and Selection of Transduced Cells: After harvesting from 293T cells, the
cell culture medium containing virus was centrifuged at 3000rpm for 15 minutes to
pellet any cellular debris. The 8nM polybrene was added to the media to aid in
transduction. For a 10cm plate, 6ml of virus containing medium was added to the
target cells. The cells were then incubated with the viral media for 24-48 hours for
transduction. Selection of transduced cells was done by puromycin selection or

FACS for GFP or RFP positive cells.
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2.10 Luciferase Assays for miRNA activity

Functional activity of miRNAs in vitro was carried using a luciferase vector
containing a miR-9 target sequence 3’ to a luciferase gene. This pMIR-9-Luc
reporter (Signosis, Sunnyvale CA) was transfected in to the miRNA transduced cells
along with a Renilla control vector (pGL 4.74, Promega, Madison WI) using
Lipofectamine 2000 as a transfection agent. After 48 hours the cells were washed
with PBS then lysed using Passive Lysis Buffer (Promega, Madison WI). The
luciferase and Renilla absorbance was read using the Dual Luciferase Kit (Promega,
Madison WI) as per the manufacturers instructions using a GloMax®-96 Microplate

Luminometer (Promega, Madison WI).

2.11 Invasion/Migration Assays

Invasion and migration assays were conducted using BD Bioscience Matrigel
(Franklin Lakes, NJ) invasion chambers and transwell migration chambers. Prior to
plating cells, the Matrigel layer was rehydrated in DMEM 10% FBS for 2 hours at
37°C. Once rehydrated 1x103-5x103 tumor cells transduced with miR-9 or miR-9
knockout vectors or controls were plated in the matrigel invasion chamber or
transwell migration chamber in 500ul serum free medium. DMEM containing 10%
FBS was used as a chemoattractant in the bottom well (750pul). The cells were then
incubated at 37°C in a standard tissue culture incubator to allow for cell migration
and invasion. After 24 hours the plates were removed from the incubator, and the
cells that had not migrated or invaded were removed from the inside of the

transwell by scrubbing the membrane with at cotton swab. The migrated/invaded
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cells were stained fixed in Diff-Quick fixing medium for 2 minutes, then stained with
0.05% crystal violet for an additional 2 minutes. The membranes were washed well
in water then left overnight to dry. Once dry the membranes were removed from
the transwells and placed on slides with Fluormount G (Southern Biotech,
Birmingham AL). To quantify the invading and migrating cells, 3 microscopic fields
(10x) were imaged per membrane and the average number of cells per field was
counted. Each assay was done in triplicate such that a total of 9 fields were counted

for each condition.

2.12 Cell Growth Assays

In vitro cell proliferation was measured using a WST-8 [2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2, 4-disulfophenyl)-2H-tetrazolium, monosodium
salt] Cell Count Reagent (Nacalai Tesque, Inc. Japan). Cell proliferation assays were
performed on tumor cell lines transduced with miR-9 or GFP transduced control cell
lines. For the cell growth assay, 50 cells were plated in a series of 96 well plates in
triplicate. The proportion of viable cells was measured at 24, 48, and 72 hours by
adding 10ul of WST-8 Cell Count Reagent to each well. The plates were incubated
for at 37°C in a standard tissue culture incubator for 2 hours and then the
absorbance of the reaction was measured at 450nm using a micro plate reader. At
an absorbance 450nm the WST-8 reagent is proportional to the number of viable

cells.
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2.13 Cell Cycle Analysis

Control and miR-9 overexpressing of knockdown cells were harvested and
washed with PBS. The cells were then pelleted by centrifugation and resuspended
in 1ml Krishan Stain (produced as previously described [224]) at a concentration
between 0.1-1x10° Cells/ml. The cells were vortexed to mix and incubated at 4°C
overnight. Cell cycle analysis was performed with a FC500 flow cytometer and the
data was analyzed using ModFit LT Software (Verity Software House, Topsham,

ME).

2.14 Drug Resistance Assays

Control and miR-9 transduced cells were plated at a density of 1000 cells per
well in duplicate 96 well plates. The next day the cells were treated with 0-260nM
Docetaxel (Sigma-Aldrich, St. Louis, MO). A separate set of cells was treated with
Docetaxel at the same concentrations in the presence of 0.05nM Verapamil. After 48
hours 10ul of WST-8 Cell Count Reagent was added to each well and the cells were
incubated for 2 hours at 37°C. The absorbance at 450nm was measured on a plate
reader to give a reading of the relative number of viable cells. Percent cell viability
was calculated by setting the absorbance of untreated cells to 100% representing

each Docetaxel treated sample as a percent of untreated.

2.15 In Vivo Tumor Growth Assay
In vivo tumor growth was assayed by subcutaneous injection of tumor cell

lines in to the flank of athymic nude mice. Mice were injected with either miR-9
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transduced, miR-9 knockdown, or control cells (GFP transduced or non-silencing
control). The cells were prepared by washing the trypsinized cells in serum and
antibiotic free EMEM medium, and then counted. A cell suspension of 1x103 cells
per 100ul medium was made, and 100ul of cells (1x103 cells per mouse) were
injected in to the flank of the mouse. A total of 8 mice were injected for each cell
type. Tumor measurements were taken weekly by measuring the length and width
of the tumor using calipers. The length and width measurements were then

averaged to account for variations in tumor shape.
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RESULTS

2.16 Metastatic Squamous Cell Carcinoma (SCC) Model Development
Generation and Characterization of K15.CrePR1/Krast12P/Smad4/- SCC

Previous inducible models of epithelial SCC have made use of keratin 5 and
keratin 14 promoters targeting mutations to the entire basal cell layer [20, 64, 68,
82, 95, 225]. As the mutant basal cells grow and differentiate, the mutations are
retained giving rise to mutant epithelia. In the skin, however, different tumor types
are thought to arise from distinct subsets of epithelial progenitors [226], which
reside in discrete compartments in the skin. One such region is the hair follicle
bulge, the site of a set of multipotent epithelial stem cells that can give rise to all of

the layers of the hair follicle in addition to the epithelium [141].

To generate mice with mutations targeted to the hair follicle bulge
progenitor cells, we used a Keratin 15 promoter to drive Cre expression. Keratin 15
has been shown to be highly and specifically expressed in the hair follicle bulge
[146]. Mice with the Keratin 15 (K15) CrePR1 fusion gene were crossed with mice
with exon 8 of Smad4 flanked by loxP sites (floxed, Smad4f/f)) to target Smad4
deletion to the hair follicle bulge stem cells. To decrease tumor latenecy, an
activating Kras mutation (Krast12P) was added (LSL- Kras612D) generating trigenic
K15CrePR1/Kras612P/Smad4f/f mice (hereafter referred to as K15.Kras612D,.Smad4-/-)
(Figure 7A). Upon topical application of RU486 to the back skin, the CrePR1 fusion

protein is shuttled to the nucleus where it activates recombination at the LoxP sites

61



in the transgenic Smad4f/f and LSL-KrasG12D constructs leading to deletion of Smad4
and constitutive activation of Kras. The floxed Smad4 allele (Figure 7B) and mutant
Kras (Figure 7C) were detected by genotyping PCR using primers specific for the
presence of LoxP sites (Appendix C). Recombination of the Smad4f/f and the LSL-
Kras612D constructs after RU486 application was verified by recombination PCR in

the K15.Kras12D papillomas and K15.Kras120.Smad4-/- tumors (Figure 7D).
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Figure 7. Generation of K15.Kras¢12P.Smad4/- mice.

(A) Mating schematic for the K15.KrasG12D.Smad47/- mice. The Keratin 15 promoter

targets the CrePR1 fusion protein expression to the hair follicle bulge. RU486 binds to

the truncated progesterone receptor and activates shuttling of the Cre recombinase to

the nucleus. The K15CrePR1 mice were mated with Smad4/7f mice and LSL-KrasG12D

mice to generate trigenic K15CrePR1/Kras120/Smad4//f mice. (B) An example of
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Smad4 genotyping using primers 9 and 10. (C) An example of Kras genotyping using
primers specific for a LoxP site in the construct. (D) Recombination of the LoxP sites
was confirmed by recombination PCR. Kras and Smad4 recombination is confirmed
using primers that span the floxed region and are too far apart to generate a PCR
product. Upon deletion of the floxed region the primers are closer together and a PCR

product is generated.

After treatment with RU486 the K15.Krast12D.Smad4/- mice developed well
to moderately differentiated skin SCC (Figures 8A and 8B), with 25% developing
lung metastasis (Figure 8C). In contrast K15.Kras¢12P mice developed benign
papillomas that did not progress to malignant disease. Tumor development in the
K15.KrasG12D.Smad4/- mice occurred within 18 weeks after RU486 treatment with
100% penetrance (Figure 8D). To confirm that Smad4 was lost at the mRNA level in
the K15.Kras612D,.Smad4-/- tumors, the relative expression of Smad4 transcripts was
compared to the level in the K15.KrasG12D papillomas by quantitative real-time PCR
(qRT-PCR) (Figure 8E), and loss of Smad4 at the protein level was confirmed by [HC
for Smad4 on the K15.Kras612D.Smad4~/- tumors compared to the K15.KrasG1zD
papillomas (Figure 8F). Residual expression of Smad4 in the tumors is likely due to
the presence of cells that arose from other progenitor cell compartments such as the

inter-follicular stem cells, or stromal cells.
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Figure 8. K15.Kras%120.Smad4~/- mice develop metastatic Skin SCC with 100%
penetrance. (A) Representative image of a K15.Krast120.Smad4/- mouse with tumor.
(B) H&E staining of a representative section from the SCCs showing well to moderately
differentiated histology. Scale bar = 200um. (C) H&E staining of an example lung
metastasis. Scale bar = 50um. (D) Survival curve of the K15.Krast120.Smad4/- after
RU486 treatment (n = 16). By 18 weeks, 100% of the mice had to be euthanized due to

tumor burden. (E) qRT-PCR expression analysis of Smad4 in K15.Krast120.Smad4~/-
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SCCs compared to expression in K15.Krast12D papillomas. Smad4 expression in
K15.Kras®1?D papillomas was arbitrarily set to 100%, and Smad4 levels in the
K15.Krast12Db,.Smad4/- tumors were compared relative to expression in the
K15.Krast12D papillomas. Error bars indicate standard error and significance was
calculated using a Students t-test: *p=0.05. (F) Immunohistochemistry of Smad4 in

K15.Kras%12b,Smad4/- tumors and K15.Krast12D papillomas. Scale bar = 100um.

Passaged Tumors Have an EMT-like Phenotype and Increased Metastasis

The tumors from the K15.Krast120.Smad4/- mice were xenografted
(passaged) into athymic nude mice to amplify the working tumor mass and enrich
for a tumor initiating cell population. The remaining K15.Kras12b.Smad4-/- tumor
mass was reserved for histology and cell sorting as discussed later. A small piece
(~3mm3) of the primary tumor from the transgenic mouse was inserted
subcutaneously into the flank of an athymic nude mouse (Figure 9A). Tumors in
these mice developed within 40 weeks after transplanting and were denoted as
Passage 1 (Figure 9B). Subsequent tumor passages grew within 8 weeks suggesting
that enrichment for tumor initiating cells may occur during development of the

Passage 1 tumor.
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Figure 9. Passaging increases growth of grafted tumors. (A) Schematic of tumor
passaging. Passaging of the primary tumor occurs slowly, while tumor growth in
subsequent passages occurs more rapidly. (B) Survival curve of passage 1 (blue) and
passage 2 (red) mice. Tumors were inserted subcutaneously at time = 0, and mice
were euthanized when the tumors reached 20mm in diameter, or if there was a

greater than 20% reduction in weight of the mouse.

The histology from the Primary and Passage 1 tumors varied in the level of

differentiation and could be broadly categorized in to four histological groups; well
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differentiated, moderately differentiated, poorly differentiated and spindle cell
carcinoma (SPCC) (Figure 10B). The well-differentiated tumors exhibited keratin
pearls that are pathognomonic for squamous cell carcinoma. Moderately
differentiated tumor histology showed a loss of these keratin pearls, but retained
eosinophillic staining and showed a lower density of nuclei. Conversely, the poorly
differentiated tumors had lost the majority of the eosinophillic staining and were
marked by tight nests of blue nuclei. Finally, the SPCCs showed a complete loss of
tumor architecture and a spindle shape indicative of an epithelial-to-mesenchymal
transition (EMT). Quantification of the tumor types showed that the majority of
Primary tumors were well to moderately differentiated, whereas the Passage 1

tumors tended to have poorly differentiated and SPCC histology (Figure 10C).
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Figure 10. Passaging leads to loss of tumor differentiation. (A) Schematic
showing Primary K15.KrasG12D.Smad4~/- tumors and Passage 1 tumors studied for

tumor differentiation. (B) Examples of the four histological tumor types seen in

69



Primary and Passage 1 tumors. (C) Quantification of tumor histology in Primary (blue
bars) and Passage 1 (red bars) tumors. The tumors were grouped according to
histology by three different investigators. Primary: n = 40 (well = 27, moderately = 7,
poorly =5, and SPCC = 1) and Passage 1: n = 23 (well = 1, moderately = 2, poorly = 13,

and SPCC = 7).

Interestingly, some of the tumors showed regions of cellular heterogeneity.
Analysis of tumor histology showed that the majority of the tumors were SCC
(Figure 11A), however, a small subset (3/40) of the primary tumors displayed areas
of sebaceous adenoma (SA), (Figure 11B), and 4/23 of the Passage 1 tumors had
regions of basal cell carcinoma-like histology (Figure 11C), suggesting that the cells
giving rise to these tumors may retain pluripotency - the capability to differentiate

in to multiple hair follicle bulge cell types.

“BCC-like” SCC

Figure 11. K15.Krast12D,.Smad4/- tumors have regions of histological
heterogeneity. H&E staining of K15.Kras12b.Smad4/- tumors showed that the

majority of the tumors were SCC (A), however, 3/40 primary tumors had regions
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characteristic of sebaceous adenoma (SA) (B), and after passaging 4/23 tumors had
regions of basal cell carcinoma-like SCC (“BCC-like” SCC) (C). The scale bar in the left

hand panel represents 100um for all panels.

Loss of differentiation and development of an EMT-like phenotype in the
Passage 1 tumors prompted us to look for molecular changes that occur during EMT.
Therefore, we evaluated serial tumor sections for expression of E-cadherin and
vimentin, markers of EMT, and found a loss of membrane specific E-cadherin
(epithelial specific) staining and increased vimentin (marker of mesenchymal cells)
staining in SPCC tumors compared to more differentiated tumors (Figure 12A). In
addition, keratin 5 staining was decreased in the less differentiated tumors,
indicating transition from an epithelial cell type to a more mesenchymal cell type
(Figure 12A). Since tumor recurrence and metastasis have been associated with
EMT, we also assessed the metastatic potential of each of the different histological
tumor types (Figure 12B). Not, surprisingly this analysis clearly showed that the
poorly-differentiated and SPCC tumor types were far more metastatic than the well-
and moderately-differentiated tumor types. Since there were too few tumors for
each histological group to find any statistical difference between the tumors, we
compared the percent of mice with lung metastasis between the primary (mostly
well- and moderately- differentiated) and passage 1 (mostly poorly-differentiated
and SPCC) tumors. We observed that although the primary tumors were relatively
metastatic to the lung, the incidence of lung metastasis in the mice with passaged

tumors increased significantly (p = 0.001) from 25% to 80% (Figure 12C).
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Figure 12. Passaging tumors induces an EMT-like phenotype and increases

metastasis. (A) Serial section staining of EMT markers in the four histological tumor
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types. The top row shows the H&E. The middle row shows E-cadherin staining (green)
the cell membranes in the more differentiated tumors, but staining decreases in the
less differentiated tumors and is completely absent in the SPCC tumors. In the bottom
row more differentiated tumors do not show vimentin staining (green), while the
SPCCs show strong vimentin staining. Each of the sections was counterstained with
the keratinocyte marker, Keratin 5 (Red). Expression of Keratin 5 also decreases in the
less differentiated tumors. Scale bar = 100um. (B) Percent of mice from each
histological tumor type with visible lung metastasis (yellow bars) compared to no
metastasis (green bars). For well-differentiated n = 4, moderately-differentiated n = 2,
poorly-differentiated n = 9 and SPCC n = 5. (C) The percent of mice with grossly visible
lung tumors at necropsy was significantly increased in Passage 1 tumors. Significance
was calculated using a j? test: * p = 0.001. Primary tumors: n = 8, Passage 1 tumors: n

=14.

In summary, we have generated a model system for the study of metastasis.
By passaging the tumors arising in K15.Krast120.Smad4-/- mice, the tumor-initiating
capability is increased. There is a loss of differentiation in the Passage 1 tumors
together with enhanced EMT-like characteristics and greatly increased metastatic
potential. Therefore, we chose to use the Primary and Passage 1 tumors as a model
in which to investigate the characteristics of tumor-initiating cells (TICs) in

metastatic tumors in the following studies.
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2.17 lIdentification and Characterization of Tumor-Initiating Cells in SCC
Identification of TICs in the K15.CrePR1/Kras®12P/Smad4/- SCCs

To date, a number of different markers have been used to identify TICs in
solid tumors. Since few studies have looked at the TICs in skin SCCs, we chose two
approaches to identify TICs that have been used previously to identify normal
epithelial stem cells. In the first approach, we defined the TIC population as the
Hoechst dye excluding “side population”. These cells are flow sorted based on their
ability to efflux certain dyes through members of the ABC transporter family. These
transporters are often highly expressed on stem cells, and have been shown to mark
the epithelial stem cells [147]. For the second approach, we isolated CD34 and
CD49f expressing tumor cells, because both of these proteins are highly expressed
on the membrane of cells in the hair follicle bulge, and have been used to isolate cell
populations from normal skin that are enriched in multipotent stem cells that give

rise to both hair follicle and epidermis upon grafting [146].

To enrich for the tumor epithelial cells, we first removed the leukocytes
(CD45%) and endothelial (CD31+*) cells from the population by flow sorting. The
remaining cells were then sorted for the presence or absence of Hoechst staining.
Cells that have the capability to pump out the Hoechst dye, give rise to a Hoechst dye
negative side population (SP) (Figure 13A). Since high expression of ABC
transporters is an accepted mechanism for Hoechst dye exclusion, we controlled for
poor staining (false Hoechst negative cells) by treating a subset of the tumor cells

with verapamil, a drug that blocks the ABC transporter functions. Verapamil
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treatment eliminated the SP (Figure 13B), indicating that the SP population could be
attributed to dye efflux, rather than poor staining. The SP-/CD34+/CD49f* cells were
subsequently isolated from the non-SP cells, as well as a control population that was
negative for all TIC markers studied here (SP-/CD34-/CD49f"). Each of these tumor
cell populations (SP, SP-/CD34*/CD49f* and SP-/CD34-/CD49f) was grafted in to
athymic nude mice to assay for tumor initiating activity. As few as 1x104 SP (Figure
13D) and SP-/CD34+/CD49f* (Figure 13E) cells rapidly formed tumors upon
grafting, while the same number of control SP-/CD34-/CD49f (Figure 13D) cells did
not form tumors. These data show that we have identified two independent TIC
populations in the K15.Krast12D.Smad4-/- tumors with similar tumor-initiating
capability. Finally, to determine if there was any overlap between the SP and the SP-
/CD34+/CD49f* populations we sorted the SP population for CD34 and CD49f
expression. This analysis showed that there was no overlap and that the SP and SP-

/CD34+/CD49f* were distinct TIC populations.
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Figure 13. The SP and SP-/CD34*/CD49f* cell populations are tumor initiating.
(A) Flow cytometry for the Hoechst dye effluxing side population (SP). The SP cells are
gated as those cells negative for Hoechst dye. (B) The SP is completely removed by

blocking the ABC transporter with verapamil treatment of the cells. (C) The non-SP
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population was further sorted for the SP-/CD34*/CD49f* population and a population
that was negative for both TIC cells (SP-/CD34-/CD49f ). (D) Grafting of 1x10* SP cells
formed tumors 3 weeks after grafting, while 1x10* of the SP-/CD34-/CD49f cells did
not form tumors. (E) Grafting of 1x10* SP-/CD34*/CD49f* cells also formed tumors 3

weeks after grafting. (F) Analysis of CD34 and CD49f expression in the SP* cells.

SP and SP-/CD34+/CD49f+ TICs are Distinct Populations That May Play Different Roles
in the Growth, Progression and Recurrence of Tumors

After sorting a number of different tumors it became apparent that there
were substantial differences in the size of the SP and SP-/CD34+/CD49f+ TIC
populations. Figures 14 A and B demonstrate the variability in the SP size in two
Passage 1 tumors sorted on the same day. In this example, Tumor A had a very
small SP of only 0.15% of the viable cells (Figure 14A), while Tumor B had very
large SP of 37.6% of the viable cells (Figure 14B). Treatment of the cells with
verapamil completely removed the SP, indicating that the enlarged SP in Tumor B
results from increased Hoechst dye efflux, rather than poorly stained cells (Figure
14C). A comparison of the histology from these tumors showed that Tumor A, with
the small SP, was moderately differentiated (Figure 14D), while Tumor B, with the
large SP, was a SPCC (Figure 14E). Comparing SP size across well, moderately,
poorly differentiated and SPCC tumors, we found a significant increase in the size of
the SP in SPCC tumors compared to all other histology types (p=0.003, Figure 14F).
We note that, as discussed above, SPCC tumors are characterized by EMT, and that a

number of studies have shown that inducing EMT in cultured cell lines can increase
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the size of TIC populations [158, 159]. Therefore, we suggest that a similar
phenomenon may be occurring in our model, an observation that, to our knowledge,

has not previously been reported in an in vivo tumor model.
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Figure 14. Variations in SP size correlates with tumor histology. Tumor A (A) and

Tumor (B) are both Passage 1 tumors sorted on the same day showing the variation in
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SP size between tumors. (C) Verapamil treatment of tumor B demonstrates that
blocking the ABC transporters with verapamil can inhibit the large SP. A comparison
of the tumor histology from Tumor A (D) and Tumor B (E) shows that the tumor with
the large SP has SPCC histology. In (D) the dashed line demarcates the tumor boarder
and the overlying stroma and the arrow indicates an example of an area in the tissue
that has separated during sectioning. (F) Graph showing the correlation between
SPCC histology and SP size. Well-differentiated n = 19, moderately-differentiated n = 5,
poorly-differentiated n = 11 and SPCC n = 7. Significance was determined by
comparing SP size of the SPCCs with the SP size each of the other histology types using

a Student’s t-test: *p = 0.003.

Since EMT is associated with metastasis [154], we also investigated whether
the size of the TIC population in tumors may be related to metastasis in the
K15.KrasG12D, Smad4-/- model. We sorted the SP and SP-/CD34*/CD49f* populations
from Primary (n= 11) and Passage 1 (n= 15) tumors and compared the size of the
TIC cell populations with the presence of lung metastasis in the corresponding
mouse. We found a significant increase in the size of the SP in metastatic tumors
when we considered Primary or Passage 1 tumors together (p = 0.009, Figure 15A).
When we considered the Primary and Passage 1 tumors separately, however, we
found a significant increase in SP size only in Passage 1 metastatic tumors (p =
0.02), but not in the Primary tumors (p = 0.2), which may be due to the small
number of metastatic tumors in this group (n=3/8). By contrast, no significant

difference in the size of the SP-/CD34*/CD49f* population was observed in
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metastatic and non-metastatic tumors (p=0.74, Figure 15B). We further noted a
significant (p < 0.05) increase in SP size in the Passage 1 tumors, irrespective of

metastatic state (Figure 15C).

The differences in the SP and SP-/CD34*/CD49f* populations suggest that
tumors contain distinct populations of TICs that may play different roles in the
growth, progression and recurrence of tumors. Since we observed an increase in SP
size with metastatic potential, this cell population may be involved in metastasis,
consistent with the belief that the TIC capabilities of metastatic cells facilitate
establishment of tumors at distant sites. On the other hand, the SP-/CD34+/CD49f*

populations do not appear to play such a role, as discussed further below.
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Figure 15. SP size, but not SP-/CD34*/CD49f* size is increased in metastatic
tumors. (A) Graph comparing SP size (% of viable cells sorted) with presence of
metastasis. Blue dots indicate SP size of individual tumors, and red bar indicates the
average SP size. Significance was calculated using a Student’s t-test: *p = 0.009. (B)
Graph comparing SP-/CD34*/CD49f* size (% of viable cells sorted) with metastasis.

Purple dots represent an individual tumor, and the green bar represents the average
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SP-/CD34+*/CD49f * size for that group. No significant difference was seen. For the
non-metastatic tumors n = 9, and for the metastatic tumors n = 15. (C) Graph
comparing SP size in Primary and Passage 1 tumors. Black dots represent individual
tumors, and pink bars represent the average SP size for Primary or Passage 1 tumors.
Primary tumors n = 11 and Passage 1 tumors n = 15. Significance was calculated

using a Student’s t-test: * p < 0.05.

2.18 MicroRNAs as Potential Regulators of Stem Cells and Metastasis.
TagMan Low Density Array Analysis of Differentially Expressed miRNAs in TICs From
Primary and Passage 1 Tumors.

MicroRNAs have been shown to be important regulators of both metastasis
and stem cells, however little is known about the role of miRNAs in the regulation of
TICs. To identify miRNAs that may play a role in the regulation of TICs in
metastasis, we set up an expression array screen to compare miRNA profiles of TICs

from the primary and Passage 1 tumors (Figure 16).

SP and SP-/CD34+/CD49f* cell populations were sorted from Primary and
Passage 1 tumors. To generate samples for the expression analysis of Primary vs.
Passage 1 tumors, TICs from three separate tumors were combined to reduce
background variability. Three such samples of each TIC from both the Primary and
Passage 1 tumors were then assayed for miRNA expression using the TagMan Low
Density Arrays (TLDA) (Figure 16). These assays are qRT-PCR based miRNA arrays

that include probes for 335 of the most highly expressed miRNAs in the mouse.
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Figure 16. Schematic of miRNA expression analysis in Primary and Passage 1
TICs. Samples for analysis were comprised of TIC populations sorted from three
separate mice. RNA was extracted from the TICs and preamplified for each of the
miRNAs on the mouse TLDA. Three samples for each tumor type were generated in

this way with different tumors. miRNA expression patterns were compared between
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Primary and Passage 1 TICs to identify miRNAs that may play a role in EMT and

metastasis.

To identify differentially expressed miRNAs between Primary and Passage 1
TICs, we initially utilized the standard AACT method, which involves normalizing
the miRNA amplification data to that of the ubiquitous U6 small RNA and then
determining the relative expression changes between the Primary and Passage 1
TIC populations. Due to the small sample size and variability in expression between
samples, no significant differences in miRNA expression were found between
Primary and Passage 1 TICs. Therefore, we used cluster analysis to identify
miRNAs that may be differentially expressed in the TICs between the Primary and
Passage 1 tumors. This analysis allowed us to visualize trends in miRNA expression
changes as well as the consistency in expression differences between sample types.
For this analysis the U6 normalized ACt values were averaged for each expressed
miRNA (Ct < 32 cycles), and the expression of each individual miRNA was analyzed
relative to this average miRNA expression. This analysis gives a value that shows
whether the expression of a particular miRNA was higher or lower than the average
expression for that sample. Cluster analysis was performed using complete linkage
and Euclidean distance to generate a clustergram of miRNA expression in the SP
(Figure 17A) and the SP-/CD34+/CD49f* cells (Figure 18A). This analysis revealed
two distinct clusters, one comprised of the Primary tumor SP samples and the other
the Passage 1 tumor samples (Figure 17B). In contrast, the SP-/CD34+/CD49f*

Primary and Passage 1 samples did not cluster according to tumor type (Figure
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18B). These observations suggest that the SP-/CD34+/CD49* TIC populations are
heterogeneous, whereas the TIC populations defined by the SP are reproducible and
specific to tumor type. A number of miRNAs that were differentially expressed
between the SP cells from the Primary and Passage 1 tumors (Figure 17B) have
previously been shown to be involved in metastasis and/or EMT, consistent with the
more metastatic and EMT-like phenotype of the Passage 1 tumors compared to the

Primary tumors.
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expressed at levels higher than the average of all expressed miRNAs, and blue boxes
represent miRNAs that were expressed at levels lower than the average of all

expressed miRNASs.

Figure 18. Cluster analysis of miRNA expression in Primary and Passage 1 SP-

/CD34+/CD49f+ cells.
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levels higher than the average of all expressed miRNAs, and blue boxes represent

miRNAs that were expressed at levels lower than the average of all expressed miRNAs.

Identification of Differentially Expressed miRNAs

To select miRNAs for further study of their role in metastasis, we identified
10 miRNAs that are most likely to be reliably differentially expressed between the
Primary and Passage 1 TIC populations based on raw p-value < 0.05 and the
greatest relative fold change from the Primary tumor expression using the standard
AACt method for analyzing qRT-PCR data (Table 2). Included in the 10 miRNAs with
p < 0.05 were each of the miRNAs identified as overexpressed in the Passage 1 SP by
cluster analysis. These miRNAs also showed the greatest relative fold change from
the Primary tumor expression (Table 2). We selected miR-9 and miR-132 from this
list of miRNAs, because they were both overexpressed in the Passage 1 SP, but not
differentially expressed in the Passage 1 SP-/CD34*/CD49F+* cells. In addition, miR-9
and miR-132, showed the greatest relative fold-change in expression from the

Primary to the Passage 1 SP cells.
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P1 SP | Primary Relative .
Detector | Mean | SP Mean AACE Fold lfl‘?:llse q-Value \fa?:e
ACt ACt Change p
miR-667 32.82 34.99 -2.17 4.49 0.00209 | 0.36757 | 0.36757
miR-9 23.82 31.00 -7.17 144.02 0.00611 | 0.53772 | 0.53772
miR-140 21.47 26.46 -4.99 31.80 0.01782 | 1.04543 | 0.62484
miR-155 22.81 29.64 -6.82 113.35 0.02216 | 097516 | 0.62484
miR-132 17.32 29.31 -11.99 4072.50 | 0.02956 | 1.04067 | 0.62484
miR-214 21.51 27.33 -5.83 56.74 0.03193 | 0.93673 | 0.62484
miR-
20.83 26.65 -5.82 56.50 0.03479 | 0.87484 | 0.62484
199a-3p
m1115-334- 32.85 29.98 2.87 0.1364 0.03760 | 0.82709 | 0.62484
miR- 29.18 32.67 -3.50 11.28 0.04692 | 0.91745 | 0.62484
125b-3p . . . . . : .
miR-484 19.16 22.64 -3.48 11.17 0.04857 | 0.85475 | 0.62484

Table 2. Biostatistics analysis of miRNA expression changes in SP cells from

Primary and Passage 1 tumors. Mean ACt (normalized to U6) values from the three

array samples were averaged for each miRNA. AACt values were calculated by

subtracting the mean Primary SP expression value from the Passage 1 expression

value for each miRNA and then the relative fold change in miRNA expression from the

Primary to the Passage 1 SP cells was calculated (2-*Ct), p-values were generated by

conducting individual Student’s t-tests on the ACt values for each miRNA. From these

values, the q-values and FDR values were determined (see methods for details).

miRNAs are ranked based on significance, and only those miRNAs with raw p-values

<0.05 are displayed.




Validation of miRNA TLDA data for miR-9 and miR-132

To look more closely at how miR-9 and miR-132 are expressed in Primary
and Passage 1 tumor SP populations, expression of these miRNAs was examined in a
larger cohort of tumor samples. We used qRT-PCR to measure expression in five
Primary and 10 Passage 1 SP cell populations. The expression data were again
normalized to U6 expression and the miRNA expression in the Passage 1 SP cells
was compared to the expression in the Primary SP cells. Validation in a larger
sample set showed that although there was a wide variation in miR-9 and miR-132
expression between samples, there was a significant increase in miR-9 (p=0.002,
Figure 19A) and miR-132 (p=0.02, Figure 19B) in the Passage 1 tumor SP cells

compared to Primary tumor SP cells.
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Figure 19. Validation of miR-9 and miR-132 expression in Primary and Passage
1 SP cells. (A) miR-9 expression was validated in 5 Primary and 10 Passagel tumor
SP populations. miR-9 in each individual tumor SP is shown by the red diamonds and
the average miR-9 expression for that tumor type is shown by the blue bar. (B) miR-
132 expression was also validated in the same tumor SP cells. The blue diamonds
represents expression of miR-132 in individual tumor SP cells and the green bar shows
the average miR-132 expression. For each miRNA significance was determined using a

Student’s t-test. miR-9: * p = 0.002, and miR-132: *p = 0.02.

2.19 Increased miR-9 expression in Kras mutant cells

Previous studies characterizing skin miRNA expression profiles did not
identify miR-9 as a highly expressed miRNA in mouse skin [203]. To determine if
the Smad4 and/or Kras mutations generated in the hair follicles of the

K15.KrasG12D,.Smad4~/- mice resulted in increased miR-9 expression, we recreated
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these mutations in the HaCaT human epithelial cell line [227] that has normal levels
of both Smad4 and Kras. These cells were transduced with a control expression
vector, an shRNA against Smad4, an activating Kras-G12V mutation, or both
mutations. Efficacy of the Smad4 shRNA was determined using qRT-PCR. Those
cells that contained the Smad4 shRNA had a significant reduction in Smad4
expression (p < 0.001, Figure 20A). miR-9 expression in these cell lines was then
determined using qRT-PCR (Figure 20B). Surprisingly, the Smad4 shRNA cells
showed a significant (p < 0.01) decrease in miR-9 expression compared to control
HaCaT cells. Activation of Kras in the HaCaT cells, on the other hand, significantly
increased the expression of miR-9 (p < 0.001), although this increase was modest.
The combination of Smad4 loss and Kras activation returned miR-9 expression to
control levels. By contrast, in mouse epithelial tumor cell lines with Smad4 loss and
Kras activation (K15.Kras62b.Smad4-/- tumor cell lines B911, S4#8 and B931) mir-9
expression was highly and significantly increased (Figure 20C) relative to
expression in a K15.Smad4/- mouse epithelial tumor cell line that does not have an
activating Kras mutation (K15.S4-/-). These results suggest that Kras may regulate
miR-9 expression, however, since Kras activation in non-tumorigenic cell lines only
modestly increased miR-9 expression, this regulation might be modulated by the
relative contribution of these mutations in epithelial cells in a context dependent

manner.
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Figure 20. Activation of Kras increases miR-9 expression. (A) Expression of Smad4
in HaCaT human epithelial cells or HaCaT-KrasG12V cells transduced with Smad4
ShRNA. (B) Decreased miR-9 expression in HaCaT cells with Smad4 shRNA, and
increased miR-9 in HaCaT cells with activated Kras. (C) Increased miR-9 expression in
mouse epithelial tumor cell lines with activated Kras. In each Figure, error bars

represent standard deviation and significance was determined using a Student’s t-test.
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2.20 Increased miR-9 in the Passaged Tumor SP is not a Result of Increased c-
Myc Expression

In their study of miR-9 in breast cancer metastasis, Ma et. al. found that both
N- and -Myc could bind to the promoter of two miR-9 primary transcripts (miR-9-1
and miR-9-3) and regulate miR-9 transcription [196]. Interestingly, the TGFb
signaling pathway targets and represses the expression of c-myc [228], thus a
disruption of TGFP signaling should increase the levels of c-myc in the
K15.KrasG2P,.Smad4/- mouse model and subsequently increase miR-9 levels. To
determine if an increase in c-myc may be contributing to the increase in miR-9 in
the Passage 1 tumor SP cells we used qRT-PCR analysis to determine if c-myc levels
were increased at the mRNA level. While there appears to be a very slight increase
in c-myc expression in the Passage 1 tumors compared to the Primary tumors, this
increase was not significant (p = 0.1) (Figure 21A). To further determine if there
was a correlation between c-myc expression and miR-9 expression in the entire
tumor set (Primary and Passage 1), we compared the expression of c-myc and miR-9
in each individual tumor (Figure 21B). Again, we saw no significant correlation

between the expression of c-myc and miR-9 in the K15.Kras%12D,Smad4-/- tumors.
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Figure 21. c-Myc expression does not correlate with increased miR-9 expression
in the K15.Kras%12P.Smad4/- tumors. (A) qRT-PCR expression analysis of c-myc
expression in primary and Passage 1 tumor SP cells. Primary tumor SP n = 6, and
Passage 1tumors SP n = 11. Error was calculated using standard error and
significance was determined using a Student’s t-test (p = 0.1). (B) Correlation between
c-my expression and miR-9 expression in primary and passage 1 tumor SP. Expression

was measured using qRT-PCR, and expression values are represented as -ACt.

2.21 miR-9 regulation of tumor cell growth in vitro and in vivo
Generation of Tumor Cell Lines with Stable miR-9 Overexpression or Knockdown

To study the role of miR-9 in the K15.KrasG2D.Smad4-/- tumors in vitro, we
generated cell lines from the passaged tumors (Figure 22). Since these cell lines
often exhibited a spindle-like morphology (Figure 22B), Smad4 expression was

measured to ensure the cells were of epithelial origin, rather than fibroblasts, which
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would not be expected to show Smad4 loss (Figure 22A). The qRT-PCR analysis of
the cell lines compared to wild type (WT) keratinocytes showed a significant loss
(p<0.005) of Smad4 mRNA in each of three cell lines isolated from different mice
(Figure 22A). miR-9 expression in these cell lines was also evaluated by qRT-PCR.
Each of the cell lines tested showed a significant increase in miR-9 expression
compared to WT keratinocytes (Figure 22C), although there was a wide range of

miR-9 expression.
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Figure 22. Generation of K15.Kras120.Smad4-/- tumor cell lines. (A) Loss of
Smad4 expression in K15 Krast12b,Smad4/- tumor cell lines compared to WT
Keratinocytes. Expression was measured by qRT-PCR and analyzed using a standard
AACt analysis. Significance was determined using a student’s t-test: * p < 0.005. (B)
Representative image of K15.Krast12P.Smad4/- tumor cell line morphology. (C) miR-9
expression in K15.Krast12D.Smad4~/- tumor cell lines compared to WT Keratinocytes.
Expression was measured by qRT-PCR and the data were normalized to U6 expression.

miR-9 expression in tumor cell lines is expressed relative to expression in WT
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keratinocytes. Significance of miR-9 overexpression in tumor lines was determined

using a Student’s t-test: *p < 0.01.

To study the effect of miR-9 overexpression in tumor cells, we utilized a
lentiviral vector containing the pre-miRNA, miR-9-1. Transduction of pre-miR-9 in
to the cell lines with the lowest intrinsic miR-9 expression (B911) led to increased
mature miR-9 expression, as determined by qRT-PCR (Figure 23A). Functional
activity of miR-9 in these cells was determined using a reporter assay in which the
miR-9 target site was positioned in the 3’'UTR of a luciferase reporter gene. This
miR-9 luc reporter (Signosis) was introduced into either a GFP transduced control
cell line, or the miR-9 transduced cell line. The increased activity of miR-9 in the
pre-miR-9 transduced cell lines resulted in a decrease in luciferase activity (Figure
23B), indicating that the transduced pre-miR-9 was giving rise to functional mature
miR-9 in the tumor cell lines. To further assess miR-9 function, we examined the
expression of a reported miR-9 target gene, Nfkb1, whose expression is altered at
the miRNA level [207, 229]. The miR-9 transduced cells showed a 40% reduction of
Nfkbl mRNA levels compared to the control cell line by qRT-PCR, further

demonstrating functional activity of the transduced miR-9 (Figure 23C).

To knockdown miR-9 expression in the tumor lines we used a lentiviral anti-
miR approach. This “miR-Zip” (System Bioscience) vector produces shRNAs that are
processed in to short single stranded anti-miRNAs that competitively bind the

miRNA of interest. To generate the stable line we chose the K15.Kras¢12P.Smad4-/-
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cell line with the highest intrinsic miR-9 expression (B931). Since the miR-Zip anti-
miRNAs do not consistently alter mature miR-9 expression by gRT-PCR, we
measured the activity of miR-9 in the control (non-silencing GFP vector) and Zip-9
stable cell lines by luciferase reporter assay (Figure 23D). The B931 Zip-9 cell line
showed a significant increase in luciferase activity (p = 9 x 10-°) compared to the
control cell line, indicating that the line has reduced levels of functional miR-9. To
further test the activity of the Zip-9 knockdown in the B931 cells, we measured the
Nfikcb1 mRNA levels in the Zip-9 cells compared to controls (Figure 23E). The B931
Zip-9 cells showed a small but significant (p = 0.001) increase in Nfxb1 levels

compared to the control line supporting the miR-9 luciferase activity data.

99



A miR-9 Expression B miR-9 Activity C miR-9Target gene: Nfkb1
c 3] i c
3 2 * c 9 2 1 I
a 7 S 354 T v [
1 6 [} 30 y
o 8 0_0.8' £
35 S 257 3 o6 1
D 4 T 204 5 7] i
< 3 = 15; * & 041
> S 10] Z
21 B 5 : 20
3 0 £ 0 : & 9 .
o B911 B911 Bo11 Bo11 o B911 Bo11
Control  miR-9 Control  miR-9 Control miR-9
* p=0.001 *p=9x10° * p=0.005
D : o E .
miR-9 Activity miR-9 Target gene: Nfkb1
£ * 5 1.6 %
S 25; 214
u y
E 204 S 1.2
Kz & 1.0
5 15 _‘é 0.8
v 101 = 0.61
Z [F]
g . 2 044
& & 0.21
& 0
B931 B931 B931 B931
Control  Zip-9 Control Zip-9
*p=9x10° *p=0.001

Figure 23. Generation of mouse tumor cell lines with stable overexpression or
knockdown of miR-9. (A) Increased expression of mature miR-9 in pre-miR-9 stably
transduced B911 cell line. Expression was measured by miRNA specific qRT-PCR. (B)
Increased miR-9 activity in the stably transduced B911 cell line. Activity was
measured using a luciferase construct containing a miR-9 target sequence 3’ to the
luciferase gene. miR-9 binds to the target and causes a reduction of luciferase protein

levels. (C) Reduced expression of a known miR-9 target gene, Nfxbl, in pre-miR-9
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stably transduced B911 cell line. (D) Increased miR-9 activity in B931 cells containing
the Zip-9 miR-9 knockdown vector. (E) Increased expression of Nfxb1 in B931 Zip-9
cells compared to control. In each Figure, error bars represent standard deviation and

significance was determined using a Student’s t-test.

The effect of miR-9 on tumor cell growth and proliferation

To determine how miR-9 overexpression affects the behavior of the tumor
cells we looked at cell growth and proliferation in the miR-9 overexpressing and
knockdown cells compared to control cells. Cell cycle analysis of the high miR-9
expressing cells, B911-miR-9 (Figure 24A) showed a significant increase in the
percent of cells in G1 phase of the cell cycle compared to controls (p < 0.005), and
conversely, the low miR-9 expressing B931-Zip-9 cells showed a significant
decrease in the percent of cells in G1 (p < 0.005, Figure 24B). While the differences
in the percent of cells in G1 between lines with high miR-9 and low miR-9 are not
overly striking, the consistency of the data indicates that miR-9 inhibits cell

proliferation in vitro.
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Figure 24. miR-9 slows cell cycling. (A) miR-9 overexpression increases the percent
of cells in G1 compared to control in B911 mouse tumor cell lines. (B) Knockdown of
miR-9 in the B931 mouse tumor line decreases the percent of cells in G1 and increases
the percent in S phase. Each cell cycle assay was done in triplicate. Significance was

assessed using a Student’s t-test, p < 0.005 in each case.

We further examined the effect of miR-9 overexpression on cell proliferation
in vitro. Proliferation of B911-miR-9 cells compared to control was measured using
a WST-8 colorimetric proliferation assay. Consistent with the cell cycle data, the
miR-9 overexpressing cells showed decreased proliferation compared to control
(Figure 25A). Since a number of factors in the microenvironment may affect the
growth of tumor cells in vivo, we wanted to determine if miR-9 also inhibited the
growth of tumors after subcutaneous injection of the B911-miR-9 tumor cell lines.

First, we injected 1x103 cells in to the flank of immunocompromised athymic nude
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mice and followed tumor growth over 35 days. Interestingly, there was no clear
difference in tumor growth between the control and mir-9 overexpressing cells
(Figure 25B). The aggressive growth of these tumor lines in the
immunocompromised mice prompted us to repeat the in vivo growth assay in
immunocompetent C57Bl/6 (B6) wild type mice. Since injections of small numbers
of cells in these mice produced varying results with low tumor initiation rates, we
chose to inject a much larger number of tumor cells (5x10> cells per mouse) in
combination with matrigel. Tumor kinetics assays were done with both the high
miR-9 expressing B911-miR-9 (Figure 25C) and low miR-9 expressing B931-Zip9
(Figure 25D) cell lines and compared to their respective control lines. Each of these
tumor types shows an initial rapid growth phase, which is likely due to the matrigel
medium. Interestingly, at around three weeks it appears as if the miR-9
overexpressing line started to show an increase in tumor growth compared to the
control line (Figure 25C), and the B931-Zip-9 showed a decrease at this same time
point (Figure 25D). While these experiments need to be carried out further, these
preliminary results indicate that in an immunocompetent system, miR-9 may
support tumor initiation. @ The difference in tumor cell growth between
immunocompetent and immunocompromised mice indicates that the tumor
microenvironment plays an important role in the regulation of tumor kinetics in
vivo, and that miR-9 may regulate the interaction of the tumor cells with the

microenvironment.
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Figure 25. Context dependent effect of miR-9 on tumor cell growth. (A) miR-9
overexpression inhibits B911 tumor cell growth in vitro. Cell proliferation was
measured using a WST-8 colorimetric assay. Error bars represent standard deviation
between replicate wells. (B) miR-9 overexpression in B911 tumor cells does not alter
tumor growth in immunosuppressed athymic nude mice. 1x103 control or miR-9
overexpressing cells were subcutaneously injected in to athymic nude mice and tumor
growth was measured weekly. Error bars represent standard deviation. (C) miR-9
overexpression may increase tumor growth in immunocompetent mice. 5x10° control

(n = 6) or miR-9 overexpressing B911 tumor cells (n = 6) were injected subcutaneously

104



in to C57Bl/6 (B6) mice. Error bars represent standard error. (D) Inhibition of miR-9
may inhibit tumor growth in immunocompetent mice. 5x10° control (n = 6) or miR-9
knockdown (Zip-9) cells (n = 6) were injected subcutaneously in to Bl6 mice and tumor

size was measured weekly. Error bars represent standard error.

2.22 miR-9 expression is associated with increased SP size and
chemoresistance.
miR-9 and miR-132 expression correlates with SP size and SPCC tumor histology.

Since SP size was significantly larger in metastatic tumors, we wanted to
determine if miR-9 might play a role in the regulation of the SP and metastasis. To
determine if the expression of the miRNAs identified in the array screen were
correlated with SP size we plotted miR-9 and miR-132 expression against SP size for
each tumor (Figures 26 A and B). These plots show that miR-9 and miR-132
expression and SP size fall in to two groups; those with high miR-9 and miR-132
expression and large SP fractions, and those with low miR-9 and miR-132
expression and small SP fractions. Since SP size is much larger in SPCC tumors
compared to more differentiated tumors, we then further compared miR-9 and miR-
132 expression with tumor type, which revealed an increase in miR-9 and miR-132
expression in the less differentiated tumors (Figures 26 C and D). In the SPCC
tumors, the expression of miR-9 and miR-132 was significantly increased compared
to each of the more differentiated tumor types (p < 0.01). These data, which show a

clear increase in SP size and mir-9 and miR-132 expression in the EMT-like and
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metastatic SPCC tumors suggest that mir-9 and miR-132 may play a role in

regulating the SP fraction during EMT and metastasis.
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Figure 26. miR-9 and miR-132 expression correlates with SP size and tumor
histology. (A) Correlation between SP size and miR-9 expression. (B) Correlation

between SP size and miR-132 expression. (C) miR-9 expression in the SP cells from
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each tissue type. (D) miR-132 expression in the SP cells from each tissue type. miR-9
and miR-132 expression was measured using qRT-PCR. The data were analyzed by
normalizing to the U6 small RNA and relative miRNA expression calculated using the
standard AACt method comparing the expression of each miRNA to the average
miRNA expression in all of the samples. In Figures C and D, miR-9 and miR-132
expression was significantly increased in SPCCs relative to each of the other tumor

histology types. Significance determined using a Student’s t-test: *p < 0.01.

The multidrug resistance gene Abcb1a is increased in Passage 1 SP cells

The side population phenotype is due to the presence of ABC transporters on
the cell surface. This family of transporters consists of upwards of 40 distinct
members [161]. In order to determine which of these transporters may be
responsible for the increase in the SP size in the Passage 1 tumors, we screened four
of the transporters that are most commonly associated with chemoresistance in
tumors, Abcg2 (BCRP), Abccl (MRP) and Abcbla and Abcb1b which both encode for
the protein Mdr1 (p-glycoprotein). Expression analysis of these genes in the SP cells
from the primary and Passage 1 tumors by qRT-PCR showed that only Abcbla was

significantly increased in the SP cells from the Passage 1 tumors (Figure 27A).

In mice, the genes for Abcbla and Abcb1b code for a single protein, Mdr1/p-
glycoprotein. To determine whether the Mdr1 protein expression was increased in
the mouse tumors with larger SPs, we stained well differentiated (lowest miR-9

levels) and SPCC (highest miR-9 levels) tumors for Mdr1 (Figure 27B). The Passage
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1 SPCC tumors showed a clear increase in Mdr1 staining (green), correlating with a

loss of Keratin staining (red).
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expression in the Primary tumor SPs. Error bars represent standard error and
significance was determined using a Student’s t-test. (B) Immunofluorescence staining
for Mdr1 in tumors. Mdr1 expression (green) is increased in Passage 1, SPCC tumors

compared to primary, well-differentiated tumors. Sections were counter stained with



Keratin 5 (red) and Dapi (blue). Top panels show sections magnified to 20x and lower

panels show sections magnified to 40x. Scale bar represents 50um in each panel.

Because Abcb1la expression is increased in the Passage 1 tumors, particularly
in SPCC tumors, we investigated whether Abcbla expression levels varied with SP
size, tumor histology or miR-9 expression. Surprisingly, when we plotted Abcbla
expression against SP size in individual tumors, there was no association (R? = 0.20)
(Figure 28A). We did, however, find an increase in Abcbla in both poorly
differentiated and SPCC tumors, but these data were not significant due to low
numbers of well- and moderately-differentiated tumors included in the analysis
(Figure 28B). We also found a slight correlation of Abcbla expression with miR-9
expression (R2 =0.45) (Figure 28C). Taken together these data suggest that while
Abcbla may be up-regulated in less-differentiated Passage 1 tumors, which
generally have larger SP populations, other mechanisms, including regulation via

miR-9 and miR-132 determine SP size in these tumors.
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Figure 28. Variable association between Abcb1a expression and SP size, tumor
histology and miR-9 expression. (A) Abcbla expression does not correlate with SP
size in all tumors. Abcb1la expression, displayed as the inverse AACt value relative to
the average Abcb1a expression, was plotted against SP size for the corresponding
tumor. R?=0.20 indicating that there is no correlation between Abcb1a expression
and SP size. (B) Abcbla expression is increased in poorly differentiated and SPCC

tumors. Abcbla expression (-AACt) was plotted against tumor histology for each
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tumor. Blue diamonds represent individual tumors and red bars represent the average
Abcb1la expression for each tumor type. (C) Slight correlation between miR-9 and
Abcb1la expression. ACt values for miR-9 and Abcb1a were plotted against each other
for each tumor. R? = 0.45 indicating a low level of correlation between the two

variables.

Context dependent increase in Abcb1a after miR-9 overexpression

To determine if miR-9 may regulate the expression of the ABC transporters,
we generated a number of cell lines overexpressing miR-9. First we used the
lentivirally transduced B911 cells to screen for any transporters that may be altered
after miR-9 overexpression. The B911 miR-9 cell line has only a modest increase in
miR-9 expression over the control cells (Figure 29A); however, when we screened
this line for expression of the ABC transporters, we saw a very large increase in the
expression of Abcbla (Figure 29B). There was also a small, but significant increase
in Abcb1b expression in the B911 miR-9 cells compared to control. The expression
of Abcg2 and Abccl was also slightly decreased in this line compared to control.
The dramatic increase in Abcbla was somewhat surprising since the miR-9 levels
were not dramatically increased in this line. To further determine if miR-9 may be
responsible for the increase in Abcbla expression, we transiently transfected a pre-
miR-9 small RNA in to three K15.Kras%12D,.Smad4-/- cell lines, B911, S4#8, and B931.
Each of these lines showed a dramatic increase in the expression of mature miR-9
after transfection (Figure 29C). In each of these lines there was an increase in

Abcb1la expression; however, only S4#8 and B931, showed a significant increase in
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Abcbla expression (Figure 29D).

intrinsic levels of miR-9.

Interestingly, these lines also have the highest
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Figure 29. Context dependent increase in Abcbla after miR-9 overexpression.

(A) miR-9 expression level in lentivirally transduced B911 tumor cell lines compared to

control. (B) Screen for ABC transporter expression in the B911 lentiviral miR-9 cells

compared to control shows an increase in Abcbla expression.
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transfection of miR-9 in to three different mouse tumor lines shows large increases in
mature miR-9 expression compared to controls. (D) Abcbla expression in transiently
transfected miR-9 tumor lines compared to controls shows varying degrees of
increases in Abcbla. In each Figure, error bars represent standard deviation and

significance was determined using a Student’s t-test.

To further determine if miR-9 may regulate the expression of Abcbla, we
knocked out miR-9 expression in two K15.Krast12D.Smad4-/- cell lines, B911 and
B931. Knockdown efficiency was analyzed by miR-9 knockdown of a luciferase
target (Figure 30A). Each of the knockdowns showed a significant decrease in miR-
9 activity, by increased expression of the luciferase target (p < 0.001). However,
neither of the lines showed a significant change in Abcbla expression (Figure 30B).
This disparity between the effect of miR-9 overexpression and miR-9 knockdown in
the K15.KrasG12D.Smad4-/- cell lines suggests that any role miR-9 may play in

regulation of Abcb1a is unlikely to be direct.
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Figure 30. miR-9 knockdown does not alter Abcbla expression. (A) Increased
luciferase expression in mouse cell lines with miR-9 knockdown. (B) No change in
Abcbla expression in mouse cell lines after miR-9 knockdown. Error bars represent

standard deviation and significance was determined using a Student’s t-test.

Abcb1la overexpression increases the SP size and chemoresistance

While it is not clear if miR-9 regulates the expression of Abcbla in the
K15.Kras®12D,.Smad4-/- tumors and cell lines, we wanted to confirm whether Abcbla
was contributing to the side population. To accomplish this goal, we made use of
the B911 miR-9 lentivirally transduced line that expressed Abcb1a at levels greater
than 100 fold higher than control lines. B911 control cells with low Abcbla

expression and B911 miR-9 cells with high Abcbla expression were stained with
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Hoechst dye then analyzed by flow sorting for the effluxing population. To compare
the two cell lines, the gating on the Flow analysis was kept the same between
samples. While the SP was generally quite small (~0.7%) in the B911 control cell
lines (Figure 31A), the increase in Abcbla in the B911 miR-9 cells dramatically
increased the SP size to 30% or greater of the viable cells (Figure 31B). In addition,
the gated fraction of the non-SP cells decreased from ~23% in the control cell line to
~0.23% in the B911 miR-9 cells. To ensure that the large SP in the Abcbla
overexpressing cells was a true SP, and not an artifact from poorly stained cells, we
treated the cells with verapamil to block the ABC transporters. Verapamil treatment
in these cells completely inhibited the SP fraction and restored the size of the non-
SP (Figure 31C). These results were consistent between samples and showed a
significant difference (p<0.05) in the SP size between control and Abcbla

overexpressing cells (Figure 31D).

To determine whether the increase in SP size was maintained in vivo, we
injected 1x103 B911 control or B911 miR-9 tumor cells in to the flanks of athymic
nude mice. Once the tumors grew, they were harvested and analyzed by flow
cytometry for the SP. While the in vivo tumor environment supported a larger SP
fraction in the control cells (Figure 31E), an enlarged SP fraction was still detected
in the Abcb1la overexpressing tumors (Figure 31F). Again, verapamil treatment of
these tumor cells completely inhibited the SP fraction and increased the size of the

non-SP fraction (Figure 31G). These results were reproducible between tumors and
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showed a significant difference (p = 0.003) in the SP size between control and miR-9

overexpressing cells (Figure 31H).
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Figure 31. Abcb1a overexpression increases the size of the Side Population.
Control B911 cells (low Abcb1a) (A) and the lentivirally transduced miR-9
overexpressing B911 cells (high Abcb1a) (B) were sorted for the Hoechst dye excluding
side population. miR-9 overexpressing, Abcbla high, cells exhibited extremely large SP
cell fractions, upwards of 30% (B). Verapamil treatment completely removes the SP
from these cells (C). Overall the increase in Abcbla shifts the SP size from
approximately 0.7% to 35% of the viable cells in vitro. Tumor cells were sorted in
triplicate and significance was determined using a Student’s t-test: * p < 0.05 (D). SP
size of the low Abcb1a control (E) and high Abcb1a, miR-9 overexpressing (F) cells
after subcutaneous injection and tumor growth in vivo. The enlarged SP fraction in

the cells with high levels of Abcb1a was completely removed by treatment of the cells
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with verapamil (G). Tumors analyzed in triplicate showed an increase in SP size from
3% to 50% of the viable cells. Significance was determined using a Student’s t-test: * p

=0.003.

Since the ABC transporters function in part by effluxing chemotherapeutic
drugs from tumor cells, we wanted to determine if the increase in Abcbla in the
B911 miR-9 cell line contributed to chemoresistance. We treated the B911 miR-9
cells and B911 control cells with increasing doses of the microtubule stabilizing
agent, Docetaxel. After treating the cells for 48 hours we used a WST-8 assay to
determine the percent of live cells remaining after Docetaxel treatment. The control
cells quickly responded to the Docetaxel treatment with a LDso of ~20nM, however,
the Abcb1la overexpressing B911 miR-9 cells showed a clear resistance to Docetaxel
treatment with a LDso of ~240nM Docetaxel (Figure 32). Since miRNAs have many
targets we wanted to be sure that the chemoresistance seen in the B911 miR-9 cells
was due to the increased expression of Abcbla rather than some other miR-9
mediated mechanism. Treatment of the cells with Verapamil to block the
transporters in the miR-9 cells increased the sensitivity of the cells to similar levels

as the control cells.

117



Figure 32. Increased
120
. = miR-9
Abcb1la expression 100 ~ miR-9 + Verapamil
~- Control
results in increased £ 8
s
] > 60
chemoresistance. K
R 40
Control B911 cells
20
expressing low levels of 0
0 50 100 150 200 250 300
Abcbla (blue) and B911 Concentration Docetaxel (nM)

miR-9 overexpressing cells

expressing high levels of Abcb1la (red) were treated with increasing concentrations of
Docetaxel. The B911 miR-9 overexpressing cells were also treated with Verapamil in
addition to Docetaxel (green). Cell viability was determined using a WST-8 assay 48

hours after treatment with the drug.

Taken together these observations support a role for Abcbla in mediating
dye efflux in vitro and in vivo in K15.Krast12P,.Smad4-/- tumors and cell lines, as well
as chemoresistance when highly expressed. The role of miR-9, however, remains
unclear due to the variability of induction of Abcbla expression in miR-9

overexpressing cells.

2.23 miR-9 Regulation of Tumor Cell Invasion and Migration
Studies have shown SP cells to be a more invasive and migratory population
than the non-SP cells, indicating that this TIC may be involved in metastasis [230].

Since the more metastatic Passage 1 tumors had larger SP fractions and increased
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levels of miR-9, we wanted to see if miR-9 overexpression may regulate invasion
and migration in the SP. Using a trans-well migration assay, we plated either miR-9
overexpressing cells or control cells in the trans-well in serum free medium, the
bottom well was filled with medium containing serum as a chemoattractant. The
B911 K15.Kras612D,.Smad4-/- tumor cells showed an increase in migration upon miR-
9 overexpression (Figure 33A). To determine the invasive abilities of these cells, we
used trans-wells coated with a matrigel basement membrane. The miR-9
overexpressing cell lines showed significantly increased invasion through the
matrigel membrane compared to the controls (Figures 33B). Interestingly, the
increase in invasion after miR-9 overexpression was far more pronounced than the
increase in migration, suggesting that miR-9 may be more important for the invasive
properties of the SP cells. Knockdown of miR-9 in the B931 K15.Krast12D.Smad4-/-
tumor cells showed a slight decrease in migration (Figure 33C), and a decrease in
invasion (Figure 33D), further supporting a role for miR-9 in invasion and migration

of tumor cells.

119



Migration
: A
K=
w 180, *
2 o
]
= O 140/
x g 120!
o 5 100,
g Z 80
o] = 60
2 89
o 20
i o :
Control miR-9
BO11
c C
2 _ 35,
.g o 304 *
T EZ
(=] > 20
£ Z 5
o o 101
€ 04 —
Control Anti-miR-9
Bo931 *p=0.01
E
Control miR 9
AT 3/—" I~ i
Y 4’_:_ f' e ‘..}* --(A‘I - A4 ﬁﬁ\
e .4 __'.j’. - Fi 1 ':}.‘ Is"\: ﬁ'\ﬁ;\.:'"“
Migration

Cell Number

Cell Number
ON DO 5

90

70
60
50
40
30
20
10

16
14
12

0
Control

Invasion

* p <0.001

miR-9
B9o11

*

"Anti-miR-9

Control

B931

*p=0.005

Invasion

Figure 33. miR-9 regulates tumor cell invasion and migration. (A) Migration of

control and miR-9 overexpressing tumor cells through 8um pores.

miR-9

overexpression increases the migration of B911 K15.KrasG12D.Smad4/- tumor cells.

(B) Invasion of control and miR-9 overexpressing tumor cells through a matrigel

basement membrane layer. miR-9 overexpression significantly increases the invasion

of B911 tumor cells (* p <0.001). Knockdown of miR-9 in B931 K15.KrasG12D.Smad4
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/- tumor cells significantly decreases both migration (* p = 0.01) (C), and invasion (* p
=0.005) (D). Representative images of control and miR-9 overexpressing tumor cells
after migration (E) and invasion (F). Each migration and invasion assay was
performed in triplicate. For each replicate three microscopic fields were taken in
different regions of the membrane, and the number of cells per field were counted.

Significance was determined using a Student’s t-test.
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DISCUSSION

2.24 Smad4 loss and Kras activation targeted to the murine hair follicle bulge
stem cells generates metastatic SCC.

Previous mouse models of inducible epithelial mutations made use of keratin
promoters targeting mutations to the basal epithelial layer [20, 64, 68, 82, 95, 217].
These models effectively generate a mutant epithelial layer by targeting early
progenitor cells that then differentiate to generate the mutant epithelium. In this
work, we have developed a mouse model that specifically targets gene mutations to
the hair follicle bulge stem cells. Since the skin is continuously proliferating and
regenerating the epithelium, it is more likely that oncogenic mutations accumulate
in the stem cell populations. The more mature progenitors have a much shorter
lifespan, and as such may not have time to acquire sufficient mutations to generate
tumors. Therefore, by targeting the epithelial stem cell pool, the
K15.KrasG12b.Smad4-/- mouse better models epithelial tumorigenesis than previous
models targeting mutations to the entire basal epithelial layer. Unlike other mouse
models [64, 68], Smad4 loss in this model was not sufficient to generate
spontaneous tumors in the skin. This is potentially because the Smad4 loss was
limited to a smaller population of epithelial cells. Because of this, it is likely that

tumor formation would be seen in a larger cohort of K15.Smad4-/- mice.

Addition of an activating Krast12D mutation to the K15.Smad4~/- mouse,

resulted in the development of spontaneous and aggressive tumors within 18 weeks
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with 100% penetrance. About a quarter of the transgenic animals also developed
lung metastases. In this case activation of Kras may be acting as an initiating
mutation for tumorigenesis. Cooperation between mutations in the TGFf signaling
pathway and Kras has been shown previously in both the oral cavity [20] and
pancreas [108]. In the absence of transgenic Kras activation, we also found that,
while not mutated, Ras signaling is amplified in Smad4~/- mouse models of HNSCC
further demonstrating the cooperation between these pathways in epithelial
tumorigenesis. Activation of the Ras pathway in these tumors may also be
promoting lung metastasis, since previous studies of skin SCC in Smad4-/- models do

not show matastasis to the lung [68].

While the K15.KrasG12D,Smad4-/- tumors were primarily SCC, a small subset
of the tumors had regions of sebaceous adenoma and basal-like SCC. These regions
of tumor heterogeneity suggest that the targeted stem cells maintain their
pluripotency and the capability to differentiate down distinct hair follicle cell

lineages.

2.25 Tumor Passaging Induces EMT and Increases Metastasis.

The primary transgenic tumors were passaged in to nude mice to amplify the
working tumor mass for sorting and grafting experiments and to select for the
tumor-initiating population. We found that the transgenic tumors initially grew
relatively slowly in the transplanted mice, however once that tumor grew, all

subsequent passages grew rapidly. This change in tumor kinetics suggests that
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passaging enriches for TIC populations during the growth of the Passage 1 tumor.
This enrichment occurs as the transplanted progenitor cells terminally differentiate
and die. TICs are predicted to be resistant to DNA damage and apoptosis [128],
these properties likely also contribute to increased survival and selection of these

cells in the transplanted mice.

The differences in tumor initiation provided us with two mouse models with
which to study the properties of TICs, the Primary tumors with poor tumor-
initiating capability, and the Passage 1 tumors with enhanced tumor-initiating
capability. When the histology of these two tumor types were compared, the
majority of the Primary tumors were well- to moderately-differentiated, while the
more aggressive Passage 1 tumors tended to be poorly-differentiated. These
differences in histology are again consistent with a selection for the more primitive

tumor cell populations in the passaged tumors.

Interestingly, a subset of the Passage 1 tumors also had spindle cell
carcinoma morphology, a rare, but aggressive form of epithelial carcinoma that is
thought to result from an epithelial-to-mesenchymal transition. Staining of the
Primary and Passage 1 tumors for markers of EMT showed greater loss of E-
cadherin staining and increased vimentin staining in less differentiated tumors.
This EMT-like phenotype in the Passage 1 tumors also correlated with a large
increase in the frequency of metastasis (up to 80% of the Passage 1 tumors). In

many ways passaging the tumors acts as an artificial model of metastasis. By forcing
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the tumor cells to a new location, those cells that have the ability to reform tumors
and potentially metastases are selected for. The increase in metastasis seen in these

passaged tumors suggests that metastatic cells are selected for in this model.

2.26 The Side Population and SP-/CD34+*/CD49f* Population are Tumor-
Initiating

To date, few people have studied TICs in skin SCC. One of the major
challenges to studying TICs is the identification of cell surface markers with which
to purify these populations. Fortunately in the skin, the epithelial stem cell
populations have been well-studied. We chose two sets of these markers, the
Hoechst dye excluding side population (SP), and the SP-/CD34+/CD49f* cell
population. Both the SP and SP-/CD34+*/CD49f* purified cell populations had an
increased ability to form tumors after grafting in to nude mice compared to cell
populations negative for each of the markers. Interestingly, none of the SP cells
were also positive for either CD34 or CD49f suggesting that these are two distinct

cell populations.

In each case, we found that 1x104 cells were sufficient to generate tumors
after grafting. While the Passage 1 tumors initiate tumors more rapidly after
grafting compared to the Primary tumors, it is not known whether this increased
tumor initiation is due to increased numbers of TICs within the tumors, or if the

TICs have acquired additional alterations that improve their capability to initiate
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tumors. Further studies are needed to determine the lowest number of TICs needed

to successfully generate tumor grafts from both the Primary and Passage 1 tumors.

2.27 The Side Population, but not the SP-/CD34+*/CD49f* Size, Correlates with
Metastasis

After isolating TIC populations from a number of tumors, it became clear that
there was a wide variation in the size of these populations from tumor to tumor.
This variation in TIC size was most pronounced in the SP cells. Interestingly, the
tumors with the largest SP fractions were those that had SPCC tumor histology. This
finding was intriguing since, SPCC tumors are often more aggressive tumors that
have undergone an EMT and as such are more metastatic. Further investigation of
the association of SP size and the metastasis status of the tumors showed a clear
correlation between the SP size and metastasis. This correlation was limited to the
SP cell population and was not seen in the SP-/CD34+/CD49f* population. This
difference indicates that there may be multiple TIC populations within tumors that
play distinct roles in tumor growth, progression and recurrence. The correlation
between the SP size and metastasis in the K15.Krast%120.Smad4-/- mice suggests that
this population may be a metastatic cell population. This idea is supported by
studies in human HNSCC cell lines that have shown the SP to be increased in more
metastatic lines. This same study also showed that the SP cells were more invasive
than the non-SP cells from the same cell line further suggesting that this population

may be involved in metastasis [230].
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Since the Passage 1 tumors were more metastatic than the Primary tumors,
we looked at the relative SP sizes between these two types of tumors and found that
there was a significant increase in the SP size in the Passage 1 tumors. Increased
TIC population size has recently been documented in in vitro cell culture systems
that have been stimulated to undergo EMT [158, 159]. To our knowledge, this
animal model represents the first in vivo system to show the correlation between

EMT and increased TIC populations.

2.28 Oncogenic and Metastatic miRNA Profile of the Passage 1 Tumor Side
population

Array profiling of the differentially expressed miRNAs between Primary and
Passage 1 tumor SP cells identified a number of differentially expressed miRNAs
that are known oncomiRs and tumor suppressors. Additionally, miRNAs with
known roles in EMT were also found to be differentially expressed between the two
populations. Of the miRNAs with decreased expression in the passage 1 SP cells,
two, miR-141 and miR-183, are associated with EMT and regulation of stem cell
genes (figure 34). miR-141 is a member of the miR-200 family of miRNAs, which
target ZEB1 and ZEB2. This family, along with the miR-183-96-182 miRNA cluster
is both downregulated in breast tumor-initiating cells as well as normal tissue stem
cells compared to normal differentiated breast tissue [204]. Furthermore, miR-141
and miR-183, have both been shown to target the stemness-associated gene, Bmil

[204, 205]. While Bmil was not expressed in the K15.KrasG12D.Smad4/- cell
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populations, these miRNAs may have other stem cell associated targets and may

participate in the acquisition of stem cell characteristics during EMT.

Figure 34. Summary of

A ZEB1/ZEB2 — EMT
miR-141 downregulated miRNAs and their
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miR-183 /

metastasis. miR-141 is a member of

the miR-200 family of miRNAs that
target the inducers of EMT, ZEB1 and ZEBZ2. Loss of these miRNAs can induce an EMT

in vitro. miR-141 and miR-183 both target the stem cell gene Bmil.

One of the most highly overexpressed miRNAs in the Passage 1 SP cells was
miR-155 (Figure 35A). This miRNA is highly expressed in a number of tumors
including lung [231], and breast cancer [186, 195, 232, 233]. The role of miR-155 in
EMT and metastasis is somewhat controversial. On one hand miR-155 has been
shown to play a role in TGFP induced EMT, in part through regulation of RhoA and
dissolution of tight junctions [186]. On the other hand, miR-155 has been shown to
target TCF4, a transcription factor that forms complexes with B-catenin and
promotes EMT [234]. Interestingly, this same group also showed that miR-155
promoted lung colonization of tumor cells injected in to the tail vein of mice [234],
indicating that miR-155 may play a role in mesenchymal-to-epithelial transition

(MET).
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Two miRNAs, miR-199a and miR-214, both overexpressed in the Passage 1
SP, are transcriptionally activated by the EMT associated transcription factor Twist
1 [235, 236] (Figure 35C). miR-199a has been generally reported as a tumor
suppressor miRNA, through regulation of Ikkf and inhibition of NFkB signaling
[191]. Interestingly, miR-199a is also mediated by BMP2, and targets Smadl,
inhibiting chondrogenesis [237]. In the K15.KrasG2P.Smad4~/- tumors, miR-199a
inhibition of Smad1 may lead to increased deregulation of BMP mediated stem cell
maintenance, and subsequently affect the tumor-initiating capabilities of the tumor
cells. The other Twist regulated miRNA, miR-214, targets PTEN and protects cancer
cells from cisplatin-induced apoptosis, through increased activation of the AKT
pathway [238], indicating that miR-214 may contribute to increased oncogenic Akt

signaling and chemoresistance in the K15.Krast120.Smad4-/- tumors.

In this study, miR-132 expression mirrored miR-9 expression in the
passaged tumor SP as well as in the different tumor histologies. miR-132, is an
important regulator of neuronal morphogenesis and dendritic plasticity [239, 240]
(Figure 35D). While less is known about miR-132 in cancer, a few recent studies
have shown that miR-132 may play a role in regulating tumor cell proliferation and
regulation of the microenvironment. In pancreatic cancer, miR-132 inhibits the
retinoblastoma (Rb) tumor suppressor leading to increased cell proliferation and
tumor promotion [241]. Other studies have shown that miR-132 may be important
in regulating the tumor microenvironment. For example, miR-132 targets

p120RasGAP in the endothelium, resulting in increased Ras activity and
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angiogenesis [242]. Since these studies were carried out in endothelial cells, it is not
known whether increased miR-132 would have the same effect in the tumor
epithelial cells. miRNAs, however, can be found in the circulation, often in cell
derived exosomes, which could provide a potential mechanism whereby the tumor
derived miR-132 could be released and act upon local endothelial cells to promote
angiogenesis. While we focused on the function of miR-9 alone in this study, further
studies are needed to examine any cooperative roles between miR-9 and miR-132 in

tumor development and/or metastasis.

In this study we focused on miR-9. This miRNA was one of the most
significantly differentially expressed miRNAs between the primary and passage 1 SP
cells. miR-9, has been shown to play a role in EMT by targeting E-cadherin [196]
(Figure 35B). Interestingly, it has been reported that miR-9 inhibition of E-cadherin
results in an increase in nuclear and cytoplasmic (-catenin and subsequently
increases in vascular endothelial growth factor (VEGF) expression [196].
Additionally, miR-9 was shown to be transcriptionally regulated by myc, and as such
was increased in tumors that have myc amplifications [196]. Interestingly, miR-9
could only induce an EMT in certain cell lines, indicating that the effects of miR-9
overexpression may depend on other active pathways within the tumor cells [196].
The role of miR-9 in metastasis is controversial. In clear cell renal cell carcinoma
(ccRCC), increased methylation and decreased expression of miR-9 was associated
with tumor recurrence and worse prognosis [211]. Additionally, miR-9 was found

to be highly methylated in colorectal cancer (CRC), and this methylation was

130



correlated with lymph node metastasis [212]. Conversely, high miR-9 expression
has been correlated with distant metastasis in CRC [197]. Our studies suggest,
however, that miR-9 likely plays an important role in squamous cell carcinoma

metastasis.
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PTEN resulting in increased Akt signaling. (D) miR-132 targets Rb resulting in
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increased cell proliferation. miR-132 also increases angiogenesis by targeting

p120RasGAP and activating Ras.

2.29 Regulation of miR-9 Expression in the K15.Kras612P,.Smad4-/- Tumors
MicroRNA expression analysis of the different compartments of the skin has
shown that the skin and hair follicles express a unique miRNA profile [203].
Interestingly, miR-9 was not detected in any of the subpopulations within normal
mouse skin. Because of this observation, we predicted that the increased miR-9
seen in the K15.KrasG12D.Smad4-/- mice resulted from the Smad4 and Kras
mutations introduced in to the stem cells. When we recreated these mutations in
the non-tumorigenic human epithelial cell line, HaCaT, we were surprised to find
that Smad4 loss reduced the expression of miR-9. In their study of miR-9 in breast
cancer, Ma et al showed that myc binds to the miR-9 promoter and increases its
expression [196]. The TGFP pathway normally transcriptionally represses c-myc
[228], thus disruption of the pathway by loss of Smad4 should result in increased c-
myc expression and subsequently increase miR-9 expression. The discrepancy we
saw in the HaCaT cell line with Smad4 loss may be a result of other aberrant
signaling pathways in these cells. For example, the NF«B signaling and upstream
mediators of this pathway have been shown to be dysfunctional in this cell line
[243]. Further studies are needed in other systems such as primary mouse or

human keratinocytes to determine the effect of Smad4 loss on miR-9 expression.
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In the HaCaT cells Kras activation seemed to increase the expression of miR-
9, however this increase was only a two-fold increase over the control. This
minimal change could also be a result of aberrant signaling in the HaCaT cells.
When we looked at miR-9 expression in Smad4-/- cell lines with and with out Kras
activation, there was a greater increase in miR-9 expression in the cells with mutant
Kras compared to those with WT Kras. These results indicate that Kras activation
increases the expression of miR-9; however, this effect may be dependent on other
pathways activated in tumor cells that are not activated in the non-tumorigenic
HaCaT cells. Other studies have identified both myc [196] and Creb [210] as
transcriptional activators of miR-9. When we looked at c-myc expression in the
primary and passage 1 tumor SP cells, we found no significant increase in myc
expression (Figure 21B). Moreover, we found no correlation between c-myc
expression and miR-9 expression in these populations (Figure 21B). While the
mRNA expression analysis does not tell us anything about c-myc activation in these
tumor cells, the expression data does suggest that c-myc is not the primary
regulator of increased miR-9 in the passaged tumor SP cells. Further studies are
needed to determine if Kras is the primary regulator of miR-9 expression in the

K15.Krast12D,Smad4-/- tumors.

2.30 miR-9 Slows Cell Proliferation in vitro, but may Promote Tumor Growth
in vivo.
Cell cycle analysis of miR-9 overexpressing cells showed that forced

expression of miR-9 slows cell cycling and increases the percent of cells in G1.
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Knockdown experiments showed the opposite result, indicating that miR-9 directly
affects the cell cycle. This reduction in cell cycling might be expected in metastatic
cells in which it might be advantageous to direct metabolic resources to other
functions such invasion and migration. Initial in vivo tumor growth assays were
performed in immunocompromised nude mice and showed no difference in tumor
growth rates between miR-9 overexpressing and control cells. A similar
phenomenon was observed by Ma et al in breast tumor cells [196]. An explanation
for this difference is the interaction of miR-9 with the microenvironment. One
observation from Ma et al [196] was an increase in VEGF expression in the breast
tumor cells, resulting from increased [-catenin/TCF signaling after miR-9 targeting
of E-cadherin. This increase in VEGF may promote a supportive environment for the
growth of miR-9 overexpressing tumors that would not have been seen in vitro.
Alternatively, miR-9 may have anti-apoptotic effects that may support tumor growth

in the transplanted mice. The effect of miR-9 on apoptosis has yet to be studied.

Since the K15.Kras¢2P.Smad4-/- tumor lines grew so quickly in the athymic
nude mice, we injected the cells in to WT B6 mice to slow tumor growth. Although
the transgenic K15.Kras%12D.Smad4-/- tumors were developed on the B6 background,
the immunocompetent WT B6 mice required more cells injected with matrigel to
support consistent tumor growth. Interestingly, at three weeks after injection it
appeared as if the miR-9 overexpressing tumors might be growing at an increased
rate compared to controls. Similarly the miR-9 knockdown tumors appeared to be

regressing compared to controls. While these studies clearly need to be followed
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out for a longer period of time, the current results indicate that miR-9 may provide a
growth advantage for tumor cells in an immunocompetent environment. If these
data hold true, future studies should address the potential role of miR-9 on the

microenvironment and evasion of the immune system.

2.31 miR-9 Expression is Associated with SP size and Chemoresistance in a
Context Dependent Manner

One striking finding was the correlation of miR-9 and miR-132 expression
with both the size of the SP and the SPCC tumor histology. By screening for the four
ABC transporters most commonly associated with expression in tumor cells, we
identified Abcbla as being increased in the Passage 1 tumor SP cells compared to
Primary tumors. Surprisingly, expression of Abcbla did not correlate with the SP
size indicating that more than one ABC transporter may be responsible for the SP in
these cells. Other explanations for this discrepancy may be due to
posttranscriptional regulation of Abcbla or other mechanisms affecting the activity
of the ABC transporters. Further studies are needed to screen for the expression of

other members of the ABC transporter family.

Although Abcbla expression did not correlate with SP size, there was an
increase in Abcbla expression in the poorly differentiated and SPCC tumors. We
also found a slight correlation between Abcbla expression and miR-9 expression.
This observation prompted us to determine whether miR-9 might regulate Abcb1la

expression. Overexpression of miR-9 in different cell lines resulted in varying levels
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of increased Abcbla expression, however, knockdown of miR-9 had no effect on
Abcbla expression. These inconsistent results suggest that while miR-9 may
support an increase in Abcbla expression, any regulation of Abcbla is not a direct

effect of miR-9.

Although any regulation of Abcbla by miR-9 is inconclusive, we wanted to
determine whether the increase in Abcbla in the Passage 1 tumors could be
contributing to the increase in SP size and promoting chemoresistance in these
tumors. Using the stably transduced miR-9 cell line that expressed very high levels
of Abcb1a, we saw that the increase in Abcbla did dramatically increase the size of
the SP and led to chemoresistance. However, it should be noted that the cell lines
expressing high levels of Abcbla also had slightly higher expression of miR-9,
because of this other targets or effects of miR-9 overexpression should be
considered in the regulation of chemoresistance in these cells. Since the large SP
sizes in the K15.Kras%12D,.Smad4-/- did not correlate with Abcb1la expression, further
studies in human cell lines that overexpress miR-9 are needed to determine if these
cells have increased SP sizes as a result of increased expression of another ABC
transporter. Similarly, drug treatment assays in these cells will also determine if
miR-9 promotes chemoresistance either through increased expression of other ABC

transporter family members, or by other means such as anti-apoptotic mechanisms.
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2.32 miR-9 Increases Invasion and Migration of Tumor Cells

The role of miR-9 in metastasis is controversial. A number of studies have
associated increased levels of miR-9 in human tumors with a lower incidence of
metastasis [211, 212]. While other studies have found that miR-9 promotes
metastasis and metastatic behavior [196, 197]. We found that in both the mouse
skin SCC and human HNSCC cell lines, miR-9 overexpression increases migration
and to a greater extent, increases invasion. Similarly knockdown of miR-9 in the
mouse tumor lines inhibited migration and invasion. Since changes in miR-9
expression seemed to preferentially affect invasion, more than migration, future
studies should look for putative miR-9 targets that may inhibit pro-invasive factors
such as proteases. These results suggest that miR-9 promotes metastasis in SCC
(Figure 36). While earlier studies of miR-9 overexpressing cells in the athymic nude
mice did not show differences in metastasis, these results were hard to interpret
due to the high levels of metastasis in the parent cell line. Studies are currently
underway in the B6 mice to determine if miR-9 overexpression increases metastasis
and miR-9 knockdown decreases metastasis. Additionally, further studies are
needed to determine the effect of miR-9 overexpression on metastasis of human SCC

cell lines.

In summary, we have generated a mouse model of skin SCC by generating
mutations specifically in the hair follicle bulge stem cells. These tumors have
regions of cells from multiple different hair follicle lineages, suggesting that the

mutant stem cells maintain pluripotency and can give rise to tumor heterogeneity.
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These SCCs are metastatic to the lung, and passaging the tumors can increase the
rate of metastasis. The tumor passaging also increases the number of tumors with
EMT phenotypes and increases the size of the SP TIC population. We identified a
miRNA, miR-9 that is also increased in the EMT-like SPCC tumors. This miRNA is
associated with increased SP size and in some cases overexpression of miR-9
increases the expression of the chemoresistance gene Abcbla. Finally, we found
that miR-9 increases migration, and to a greater extent, invasion of mouse SCC cells.
Taken together, this study suggests that miR-9 is a major regulator of
chemoresistance and metastasis of tumor-initiating cells in squamous cell

carcinomas.

Invasion

/ 7 — Migration \

Kras —3» miR-9 Metastasis

E-Cadherin —— EMT

Figure 36. New mechanisms by which miR-9 may promote metastasis. In this
thesis work we have shown that activation of Kras can induce miR-9 expression.
Increased miR-9 promotes invasion and migration. Previous studies have shown miR-9
inhibition of E-cadherin and increased lung metastasis in breast cancer [196]. Blue

arrows represent published findings. Red arrows represent findings of this study.
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CHAPTER THREE

THE ROLE OF MICRORNA-9 IN HEAD AND NECK SQUAMOUS CELL CARCINOMA

METASTASIS
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METHODS

3.1 Generation of Stably Transduced Tumor Lines.

Lentivirus Production: Lentiviral particles were generated in the 293T packaging
cell line. Prior to transfection the cells were changed in to Opti-MEM serum free
media (Gibco, Carlsbad CA). Lentiviral vectors (see Appendix B for lentiviral vector
information) containing precursor miRNA sequences or miRNA antagonists were
transfected in to the 293T cells along with the appropriate lentiviral packaging mix
(see Appendix B for packaging mixes used with lentivirus) using Lipofectamine
2000 (Invitrogen, Carlsbad CA). Four hours after transfection the media was
changed to DMEM containing 30%FBS and antibiotics. The virus containing media

was harvested at 24, 32 and 48 hours. Virus was not concentrated for these studies.

Transduction and Selection of Transduced Cells: After harvesting from 293T cells,
the cell culture medium containing virus was centrifuged at 3000rpm for 15
minutes to pellet any cellular debris. The 8nM polybrene was added to the media to
aid in transduction. For a 10cm plate, 6ml of virus containing medium was added to
the target cells. The cells were then incubated with the viral media for 24-48 hours
for transduction. Selection of transduced cells was done by puromycin selection or

FACS for GFP or RFP positive cells.
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3.2 Analysis of Gene and miRNA Expression

RNA Isolation:

Total RNA, consisting of both the small and large RNA species, was isolated using the
Qiagen miRNeasy mini kit (Qiagen, Valencia CA) as per the manufacturer’s
instructions. Briefly, 800-10x10¢ pelleted cells were resuspended in 700ul of Qiazol
lysis reagent. For sorted cells, where a small number of cells (<3x10¢) were
processed, homogenization was performed by vortexing the cells for 1 minute. For
larger numbers of cells (>3x106) and tissue samples, homogenization was
performed using a bench top homogenizer. The total RNA was eluted from the

column using 30ul of RNAse free water.

Quantitative RT-PCR:

One-step qRT-PCR for gene expression: One-step qRT-PCR was used for gene
expression when RNA samples were not limiting and amplification was not
necessary. One-step qRT-PCR was performed using 100ng of RNA per reaction with
the One-Step Brilliant II QRT-PCR system (Stratagene, Santa Clara CA). Expression
of mRNA was measured using TagMan® Assays-on-demand™ probes (Applied
Biosystems, Carlsbad CA). All gene measurements were normalized to a GAPDH
(human) or Gapdh (mouse) RNA probes. See appendix for TagMan® probe details.
Each sample was run in triplicate and the data was analyzed using a standard
relative quantification (AACt) method. Reactions were run on a Stratagene

MX3000P qRCR machine (Stratagene, Santa Clara CA).
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Two-step qRT-PCR for miRNA expression: All miRNA expression analysis by qRT-PCR
was conducted using a two-step method. First miRNA specific cDNA was prepared
using 10-300ng of starting RNA, and either individual miRNA specific RT primers, or
a pooled RT primer mix containing all of the miRNAs on the Applied Biosystems
Rodent A v2.0 TagMan Low Density Array card. The RT reaction was carried out
using the High Capacity RT Kit from Applied Biosystems according to the
manufacturers instructions. Once the miRNA specific cDNA was prepared, the qRT-
PCR reaction was run using TagMan miRNA probes and TagMan Universal Master

Mix (Applied Biosystems, Carlsbad CA).

3.3 Invasion/Migration Assays

Invasion and migration assays were conducted using BD Bioscience Matrigel
(Franklin Lakes, NJ) invasion chambers and transwell migration chambers. Prior to
plating cells, the Matrigel layer was rehydrated in DMEM 10% FBS for 2 hours at
37°C. Once rehydrated 1x103-5x103 tumor cells transduced with miR-9 or miR-9
knockout vectors or controls were plated in the matrigel invasion chamber or
transwell migration chamber in 500ul serum free medium. DMEM containing 10%
FBS was used as a chemoattractant in the bottom well (750ul). The cells were then
incubated at 37°C in a standard tissue culture incubator to allow for cell migration
and invasion. After 24 hours the plates were removed from the incubator, and the
cells that had not migrated or invaded were removed from the inside of the
transwell by scrubbing the membrane with at cotton swab. The migrated/invaded

cells were stained fixed in Diff-Quick fixing medium for 2 minutes, then stained with
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0.05% crystal violet for an additional 2 minutes. The membranes were washed well
in water then left overnight to dry. Once dry the membranes were removed from
the transwells and placed on slides with Fluormount G (Southern Biotech,
Birmingham AL). To quantify the invading and migrating cells, 3 microscopic fields
(10x) were imaged per membrane and the average number of cells per field was
counted. Each assay was done in triplicate such that a total of 9 fields were counted

for each condition.

3.4 Cell Cycle Analysis

Control and miR-9 overexpressing of knockdown cells were harvested and
washed with PBS. The cells were then pelleted by centrifugation and resuspended
in 1ml Krishan Stain (produced as previously described [224]) at a concentration
between 0.1-1x10° Cells/ml. The cells were vortexed to mix and incubated at 4°C
overnight. Cell cycle analysis was performed with a FC500 flow cytometer and the
data was analyzed using ModFit LT Software (Verity Software House, Topsham,

ME).

3.5 Statistical Analysis

For all qRT-PCR data, error bars are represented as the standard deviation between
samples (triplicate), unless otherwise noted. In these cases, the standard error was
used instead. In general standard error was used when there was wider variation
between samples and larger numbers of samples were used, as in the case of tumor

samples. Standard deviation was generally used with in vitro studies and studies
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with fewer replicates. In each case significance was assessed using a standard

student’s t-test.

3.6 Clinical Sample Collection

Human HNSCC samples were surgically resected between the years 2000 to
2005 from consenting patients at the Department of Otolaryngology, Oregon Health
and Science University, and from the years 2008-2010 from consenting patients at
the Department of Otolaryngology, University of Colorado Health Science Center.
Samples were collected under Institutional Review Board-approved protocols at

each institution. See Appendix F for tables of human samples included in this study.
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RESULTS

3.7 miR-9 Overexpression Inhibits Human HNSCC Cell Cycling.

The role of miR-9 in metastasis of human cancers is controversial.
Methylation of miR-9 and subsequent downregulation of mature miR-9 has been
associated with increased lymph node metastasis in clear cell renal cell carcinoma
[211]. Conversely, in breast cancer [196] and colorectal carcinoma [197], increased
miR-9 expression has been associated with distant metastasis. Further studies are
needed to determine the role of miR-9 on SCC metastasis and to date no studies
have examined the role of miR-9 in metstatic HNSCC. Since the K15.Kras612b.Smad4-
/- mouse cell lines used to study the function of miR-9 in Chapter 2 had relatively
high levels of miR-9, even in the line with the lowest miR-9 expression (B911), we
wanted to generate miR-9 overexpressing lines in cells that expressed little to no
miR-9. The human HNSCC cell lines, Cal27 and Fadu, both have very low miR-9
levels, so we chose these cells to generate stable miR-9 overexpressing lines. Again,
lentiviral pre-miR-9 vectors were transduced in to the cells and mature miR-9 levels
were measured by qRT-PCR. Each of these human lines showed robust miR-9

expression compared to the parent lines (Figure 37).
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Figure 37. Generation of miR-9
overexpressing human HNSCC
cell lines. Cal27 and Fadu human
HNSCC cell lines were transduced
with a lentiviral vector containing
the pre-miR-9 construct.
Expression of mature miR-9 was
measured using qRT-PCR
compared to control transduced

lines. Error bars represent
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standard deviation and significance was determined using a Student’s t-test.

The effect of miR-9 on HNSCC cell cycle

To determine how miR-9 overexpression affects the behavior of HNSCC cells
we looked at the effect of miR-9 overexpression on cell cycling. Cell cycle analysis of
the high miR-9 expressing cells, Cal27-miR-9 cells (Figure 38), showed a significant
increase in the percent of cells in G1 phase of the cell cycle compared to controls (p
< 0.005). These result are consistent with the effect of miR-9 overexpression and
knockdown in mouse skin SCC seen in Chapter 2. While the differences in the
percent of cells in G1 between lines with high miR-9 and low miR-9 are not overly
striking, again the consistency of the mouse skin and human HNSCC data indicates

that miR-9 inhibits cell proliferation in vitro. Further in vivo studies are warranted
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with the miR-9 overexpressing HNSCC cells to determine the effect of miR-9 on the

growth of orthotopically xenografted tumors.

Figure 38. miR-9 slows
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test, p < 0.005 in each case.

3.8 miR-9 does not Affect the Expression of ABCB1 in Human HNSCC.

In Chapter 2 we found that increased expression of miR-9 in the mouse SCC
lines was frequently correlated with increases in the expression of the ABC
transporter Abcbla and chemoresistance. Since the mouse Abcbla gene has
approximately 87% homology with the human ABCB1 gene [244], we wanted to
determine whether the increased expression of miR-9 in the human HNSCC lines,
Cal27 and Fadu, also resulted in increases in ABCB1. We assessed Abcbla levels in
Cal27 and Fadu cell lines transduced with lentiviral pre-miR-9. Each of the parental

lines has very low levels of miR-9, and addition of the pre-miR-9, greatly increases
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the mature miR-9 expression in these lines (Figure 39A). Nevertheless, there was
no significant change in Abcbla levels after miR-9 overexpression (Figure 39B),
again suggesting that the association between miR-9 and Abcbla may be cell type

and/or context specific.
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Figure 39. No increase in Abcb1a after miR-9 overexpression in Human HNSCC
lines.. (A) Lentiviral pre-miR-9 transduced human HNSCC cell lines show robust
mature miR-9 expression compared to controls. (B) No change in ABCB1 expression in
the human cell lines after miR-9 overexpression. In each Figure, error bars represent

standard deviation and significance was determined using a Student’s t-test.

3.9. miR-9 Regulation of HNSCC Cell Invasion and Migration

Following our studies of the effect of miR-9 on invasion and migration of
mouse SCC lines, we wanted to determine whether miR-9 also increased the
invasion and migration of human HNSCC cells. Using a trans-well migration assay,

we plated either miR-9 overexpressing cells or control cells in the trans-well in
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serum free medium, the bottom well was filled with medium containing serum as a
chemoattractant. Since the human HNSCC lines have more epithelial phenotypes
than the mouse lines, we increased the time for migration and invasion to 48hrs
from 24hrs to allow time for the cells to migrate. Similar to the mouse SCC studies
in Chapter 2, we found that there was an increase in the migration of the Cal27 cell
line after miR-9 overexpression (Figure 40A). While the Fadu human HNSCC line
did show a slight increase in migration after miR-9 overexpression, this result was
not significant (Figure 40B). To determine the invasive abilities of these cells, we
used trans-wells coated with a matrigel basement membrane. Both the Cal27 and
Fadu lines showed significantly increased invasion after miR-9 overexpression
(Figures 40C, D). Again, the increase in invasion after miR-9 overexpression was far
more pronounced than the increase in migration, suggesting that miR-9 may be

more important for the invasive properties of metastatic tumor cells.
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Figure 40. miR-9 regulates tumor cell invasion and migration. (A, B) Migration
of control and miR-9 overexpressing tumor cells through 8um pores. (A) miR-9
overexpression increases the migration of Cal27 human HNSCC cells. (B) miR-9
overexpression has little effect on the migration of Fadu human HNSCC cells. (C, D)
Invasion of control and miR-9 overexpressing tumor cells through a matrigel basement
membrane layer. miR-9 overexpression significantly increases the invasion of Cal27

(C), and Fadu (D) tumor cells (* p <0.001). Each migration and invasion assay was
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performed in triplicate. For each replicate three microscopic fields were taken in
different regions of the membrane, and the number of cells per field were counted.

Significance was determined using a Student’s t-test.

3.10 miR-Expression in Human Tumors

There are a number of conflicting studies on the role of miR-9 in human
tumors. On the one hand, a number of studies have found frequent methylation and
decreased expression of miR-9 in tumors [211], while other studies have shown
increased expression of miR-9 [196, 197]. The majority of in vitro studies of the
mechanism of miR-9 have pointed towards a pro-tumorigenic function [196].
Therefore, to determine the role of miR-9 in human HNSCC, we analyzed tumor
samples for methylation of miR-9 at the miR-9-3 locus on chromosome 15q26.1.
Further, expression of miR-9 in the HNSCC tumors and normal mucosal controls
pbtained from sleep apnea patients was measured using qRT-PCR. miR-9
expression in the methylated and unmethylated tumors was then analyzed relative
to the average expression of the normal controls (Figure 41) (Dr. Shi-Long Lu,
unpublished data). Each of the tumors that was methylated at the miR-9-3 locus,
showed reduced miR-9 expression, indicating that this methylation indeed inhibits
expression of the miRNA. Interestingly, the miR-9 expression levels divided the
unmethylated tumor samples in to two distinct groups, those with very high

expression and those with very low expression.
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Since the miR-9 expression data showed such a large variation in expression,
the data were further analyzed based on the location of each of the tumor samples
(Table 3). While only 5/20 tumor samples showed increased miR-9 expression
relative to normal mucosa, 4 out of these 5 samples were shown to be lymph node
metastases. Further, of the 4 lymph node metastasis samples included in the study,

3 showed increased miR-9 expression, while only one was methylated and showed

decreased expression.
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Unmethylated Methylated

Tissue miR-9 Expression Tissue miR-9 Expression

LN SCC 663 Floor of Mouth CIS

Base of Tongue 376 Tonsil SCC
SCC

LN SCC 259 Tongue SCC

Tongue SCC 259 LN SCC

LN SCC 201 Alveolar Ridge SCC

Tongue SCC Base of Tongue
SCC

Buccal SCC Base of Tongue
SCC

Oral SCC Larynx SCC
Tongue SCC Glottic SCC

Retromolar Tongue SCC
Trigone

Table 3. Increased miR-9 expression in HNSCC lymph node metastasis. miR-9
expression in human HNSCC from different sites. Decreased miR-9 expression
compared to normal uvula tissue is represented in blue, and increased miR-9
expression is represented in yellow. Samples that are methylated on miR-9 transcripts
all show decreased miR-9 and are displayed in the right hand columns. Samples that
were not methylated on miR-9 are divided in to high and low miR-9 expression shown
in the left hand columns. miR-9 expression is represented as a % of the average for
normal control mucosa. *Unpublished data contributed by Dr. Shi-Long Lu,

department of Otolaryngology, University of Colorado Health Sciences Center.

Since passaging the mouse tumors resulted in increased miR-9 expression
and enhanced size of SP cell fractions, we chose to look at miR-9 expression in

human tumors that had also been passaged in nude mice. Human HNSCC collected
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from the University of Colorado Health Sciences Center were subcutaneously
transplanted in to the flanks of athymic nude mice. After harvesting the passaged
tumors, RNA was isolated and qRT-PCR was used to measure miR-9 expression. The
tumor samples were divided into node positive and node negative samples based on
TNM tumor staging. The miR-9 expression in the node positive tumors was then
compared to the expression in the node negative tumors (Figure 42). While there
was a wide variation in miR-9 expression in the node positive tumors, the increase
in miR-9 expression in this group was significant (p = 0.04). These data further

support a pro-metastatic role for miR-9 in HNSCC.
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average expression for each group. Significance was determined using a Student’s t-
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test. *Passaged human tumor samples were a gift from Dr. Antonio Jimeno at the

University of Colorado Health Sciences Center.

While each of the previous studies is promising, the sample size in each case
is too small to accurately support any conclusions about the role of miR-9 in HNSCC.
In order to address this problem, we looked at miR-9 expression in a larger number
of primary human HNSCC (Figure 43). Of these tumors, 13 were node negative and
25 were node positive based on TNM staging. The expression of miR-9 in the tumor
samples was compared to expression in normal control tissue obtained from
pediatric tonsillectomy patients. Both the node positive and node negative samples
showed a wide variation in miR-9 expression compared to control; however, there
was no significant change in the median miR-9 expression between these groups.
The wide variation of miR-9 expression in the tumor samples indicates that there
may be significant deregulation of this miRNA in tumors, and that expression

analysis needs to be further stratified based on other factors.
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Figure 43. Wide variation in miR-9 expression in primary human HNSCC. miR-9
expression was measured by qRT-PCR in primary human HNSCC and control mucosa
from pediatric tonsillectomies. Human HNSCCs were divided in to node positive and
node negative tumors based on TNM staging, and expression was analyzed relative to
miR-9 expression in control tissue. Blue diamonds represent individual samples and

the red bars represent the median miR-9 expression for that group.
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DISCUSSION

3.11 miR-9 Does Not Increase ABCB1 Expression in Human HNSCC Cells
Consistent with the studies in mouse skin SCC reported in chapter 2, we
found that miR-9 can decrease the cycling of the human HNSCC line, Cal27,
suggesting that this miRNA has similar functions in the mouse and human SCC lines.
Unlike the mouse lines, however, overexpression of miR-9 in both Cal27 and Fadu
did not alter the expression of ABCB1. The mouse Abcbla and human ABCB1 genes
share 37% homology [244], and as such would be predicted to share similar
regulatory elements. One issue with comparing the human lines is the potential
heterogeneity in the tumor lines. The Cal27 and Fadu lines have been well
established, and as such, they are very genetically unstable. It is possible that
genetic aberrations in the ABCB1 gene or regulatory regions may alter the affect
miR-9 may have on expression of this gene. Another issue regarding miR-9
regulation of ABCB1 is the background expression of this gene in the tumor cells.
The mouse lines all have some expression of the Abcbla gene prior to
overexpression of miR-9. In this case miR-9 may support the existing elements
regulating Abcb1la expression and thus result in amplified expression. In the human
HNSCC cell lines, however, there is very little background expression of ABCB1, and
because of this, overexpression of miR-9 would may not support a further increase
in ABCB1 expression. It is possible that other ABC transporters are highly

expressed in these cells and future studies are needed to determine if miR-9 alters
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the expression of any of these. Studies are also warranted to determine if miR-9

may affect chemoresistance by another mechanism, such as inhibition of apoptosis.

3.12 miR-9 Increases Invasion of Human HNSCC Cells

Studies of the effect of miR-9 overexpression on invasion and migration were
consistent with those seen in the mouse SCC cells reported in chapter 2. Again, miR-
9 increased both invasion and migration of the Cal27 and Fadu HNSCC cells, with a
greater effect seen in the invasive properties of the cells. This consistency between
cell types suggests that this regulation may be a major function of miR-9 in
metastasis. Further studies are now needed to determine whether miR-9 affects

metastasis of the human HNSCC cells in vivo.

3.13 miR-9 Expression may be Associated with Metastasis in Human HNSCC
The studies of miR-9 expression in human HNSCC were somewhat
inconclusive. In the initial studies, miR-9 appeared to be increased preferentially in
lymph node metastases. Unfortunately the sample size of metastasis samples was
too small to generate any conclusions about miR-9 expression in metastasis.
Similarly in the passaged human HNSCC samples, miR-9 expression in the tumors
correlated with the presence of lymph node metastases in the patients, as
determined by TNM staging. However this trend was not seen in the primary
tumors. One reason for this could result from the selection of miR-9 expressing cells
upon passaging, similar to the mouse tumors. If miR-9 is expressed at higher levels

in the TIC populations it follows that miR-9 expression would be increased in the
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passaged and grafted tumors. In the primary tumors any differences in miR-9
expression may be masked because of the small size of the TIC populations

compared to the bulk of the tumor.

A number of other factors may account for the wide variation in miR-9
expression in the primary human HNSCC samples. The precursor miR-9 is
transcribed from three different chromosomes, but when processed the mature
miR-9 has the same sequence regardless of its origin. In humans pre-miR-9-1 lies
on chromosome 1, pre-miR-9-2 lies on chromosome 5 and pre-miR-9-3 lies on
chromosome 15. In mice, pre-miRs 1-3 lie on chromosomes 3, 13 and 7
respectively. Of these different precursors, pre-miR-9-1 and pre-miR-9-2 have been
shown to be highly methylated [211, 245] and increased methylation at these sites
has been associated with increased metastasis in clear cell renal cell carcinoma

[211] and colorectal cancer [212].

The wide variability in miR-9 expression in the primary human HNSCC may
also be due to chromosomal aberrations. In humans, chromosome 5q14.3, the site
of miR-9-2, is lost in approximately 20% of human oral SCC [97]. This loss may
partially account for the tumors that exhibit very low levels of miR-9. On the other
hand, chromosomal regions 1q22 (containing miR-9-1) and 15q26.1 (containing
miR-9-3) are both gained in approximately 10% of oral SCCs [97] and may account

for some of the samples with high miR-9 expression.
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In the mouse model miR-9 expression clearly correlated with SPCC tumors.
Based on this finding it would be interesting to examine the miR-9 levels in these
tumors compared to more differentiated tumors, however human SPCC is rare and
therefore, it would be difficult to attain enough patient samples for this study. One
problem with studying EMT in human tissue is the relatively small proportion of
tumor cells that undergo EMT. Because of this problem, a better mechanism for
visualizing miR-9 expression in the human HNSCC may be to use in situ
hybridization for miR-9 to potentially localize its expression to regions of EMT

within the tumors.
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CHAPTER FOUR

INCREASED SOX2 EXPRESSION IN THE SP-/CD34+/CD49f* TUMOR-INITIATING

CELL POPULATION FROM XENOGRAFTED TUMORS

161



METHODS

4.1 Tumor cell isolation and Fluorescence Activated Cell Sorting

Tumors were harvested from the mice and digested in a collagenase solution
(250U/ml) (Worthington Biochemical, Lakewood, NJ) at 37°C for 30 minutes. After
this time, the cells were manually dissociated by pipetting up and down
approximately 10 times with a 10ml serological pipette. The cells were then
incubated at 37°C for an additional 15 minutes. After a second round of manual
dissociation the cells were filtered through a 70um filter. The cells were then
pelleted and resuspended in a solution of PBS 3% FBS at 1x10¢ cells/ml for Hoechst
staining. The cells were stained at 25ng/ml Hoechst 33342 dye (Sigma-Aldrich, St.
Louis, MO) in the dark in a 37°C water bath for 90 minutes [164]. Control cells were
stained in the presence of 100uM verapamil to inhibit Hoechst dye efflux. After
Hoechst staining the cells were pelleted and resuspended in 1ml PBS 3%FBS. The
cells were then stained with FITC-CD31, FITC-CD45, Biotin-CD34 and PE-Cy5 CD49f
for 20 minutes (for all antibodies and concentrations see Appendix A). In the case of
sorting GFP positive cells, APC-CD31 and APC-CD45 were substituted for the FITC-
conjugated antibodies. Secondary streptavidin-PE was then added to the cells to
mark the CD34 positive cells and incubated for 20 minutes. Prior to flow sorting the
cells were washed, filtered (40um filter) and propidium iodide (PI) (1pg/ml) was

added to select for live cells at least 5 minutes prior to sorting.
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FACS analysis was performed by the UC Denver Flow Cytometry Core on a
Beckman Coulter MoFlo-XDP (Beckman Coulter, Brea CA) data analysis was
conducted using Summit Software V5.3 (Beckman Coulter, Brea CA). Single
flurochrome stained Rat IgG control beads (BD Bioscience) were used for staining
controls and setting compensation. Gating included forward/side scatter and dead
cell exclusion with PI. Tumor cells were sorted for the Hoechstlov CD31- CD45- that
was designated as the SP. A second cell population was sorted for Hoechsthigh CD31-
CD45- CD34+* CD49f* and designated as the CD34* CD49f* population. The third cell

population was sorted for Hoechsthish CD31- CD45- CD34- CD49f".

4.2 Analysis of Gene Expression

RNA Isolation:

Total RNA, consisting of both the small and large RNA species, was isolated using the
Qiagen miRNeasy mini kit (Qiagen, Valencia CA) as per the manufacturer’s
instructions. Briefly, 800-10x10°¢ pelleted cells were resuspended in 700ul of Qiazol
lysis reagent. For sorted cells, where a small number of cells (<3x10¢) were
processed, homogenization was performed by vortexing the cells for 1 minute. For
larger numbers of cells (>3x106) and tissue samples, homogenization was
performed using a bench top homogenizer. The total RNA was eluted from the

column using 30pl of RNAse free water.
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Quantitative RT-PCR:

One-step qRT-PCR for gene expression: One-step qRT-PCR was used for gene
expression when RNA samples were not limiting and amplification was not
necessary. One-step qRT-PCR was performed using 100ng of RNA per reaction with
the One-Step Brilliant II QRT-PCR system (Stratagene, Santa Clara CA). Expression
of mRNA was measured using TagMan® Assays-on-demand™ probes (Applied
Biosystems, Carlsbad CA). All gene measurements were normalized to a GAPDH
(human) or Gapdh (mouse) RNA probes. See appendix for TagMan® probe details.
Each sample was run in triplicate and the data was analyzed using a standard
relative quantification (AACt) method. Reactions were run on a Stratagene

MX3000P qRCR machine (Stratagene, Santa Clara CA).

Two step qRT-PCR with pre-amplification for gene expression: For gene expression
analysis on very small quantities of RNA, such as those generated from the sorted
tumor cells, a two-step qRT-PCR reaction was performed with an amplification step.
The first step involved an RT reaction starting with 2-200ng RNA. cDNA was
generated using the High-Capacity cDNA Reverse Transcription kit (Applied
Biosystems, Carlsbad CA), as per the manufacturers instructions. For the
preamplification step, a pooled mix of TagMan probes was made. Each of the probes
were combined and diluted to 0.2x. The pooled assay mix was combined with 1-
250ng cDNA and PreAmp Master Mix (Applied Biosystems, Carlsbad CA) as per the
manufacturers instructions. The selected genes were amplified using 14 cycles to

maintain amplification in the linear range. The qPCR reaction was performed using
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TagMan Universal master mix (Applied Biosystems, Carlsbad CA) according to the
manufacturers instructions. The results were analyzed using the AACt method and
normalized to Gapdh. Reactions were run on a Stratagene MX3000P qRCR machine

(Stratagene, Santa Clara CA).

Statistical Analysis

For all qRT-PCR data, error bars are represented as the standard deviation between
samples (triplicate), unless otherwise noted. In these cases, the standard error was
used instead. In general standard error was used when there was wider variation
between samples and larger numbers of samples were used, as in the case of tumor
samples. Standard deviation was generally used with in vitro studies and studies

with fewer replicates. Significance was assessed using a standard student’s t-test.

4.3 Cell culture
Generation of Primary Tumor Cultures:

Primary tumor cultures were generated from both primary and passaged
tumors. Tumor tissue was harvested and the cells dissociated in collagenase
(250U/ml) (Worthington Biochemical, Lakewood, NJ]) for 45 minutes at 37°C. The
cells were further dissociated manually by pipetting up and down. The cells were
then filtered through a 40um filter and washed in a culture medium of DMEM with
10% FBS. The cells were then plated in 10cm culture dishes and cultured at 5% CO>
in a standard cell culture incubator. Prior to subculturing, the cells were treated

with TrypLE (Invitrogen, Carlsbad CA) for 2 min and the floating cells discarded to

165



select for epithelial cells. This selection was repeated prior to the subsequent 3-5
subcultures or as needed to remove fibroblast contamination. In total, 10 separate
cell lines were generated from primary tumors and passaged tumors. However,
three lines were used in this study all of which were generated from passaged

tumors, B931, B911 and S4#8.

Retrovirus production

Retroviruses (Appendix B) were produced in a similar manner to the lentivirus with
the exception that the ®nX-E packaging cell line was used and the pCL-ECO
packaging vector was cotransfected with the retroviral vector. For human
retroviruses, 293T packaging cells were used, and PUMV(C, and pCMV-VSV-G were
used for packaging (Appendix B). Virus harvesting was the same as for lentiviral

particles.

Transduction and Selection of Transduced Cells

After harvesting from 293T cells or ®nX-E cells, the culture medium containing
virus was centrifuged at 3000rpm for 15 minutes to pellet any cellular debris. The
8nM polybrene was added to the media to aid in transduction. For a 10cm plate,
6ml of virus containing medium was added to the target cells. The cells were then
incubated with the viral media for 24-48 hours for transduction. Selection of

transduced cells was done by puromycin selection.
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4.4 Cell Growth Assays

In vitro cell proliferation was measured using a WST-8 [2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2, 4-disulfophenyl)-2H-tetrazolium, monosodium
salt] Cell Count Reagent (Nacalai Tesque, Inc. Japan). Cell proliferation assays were
performed on tumor cell lines transduced with miR-9 or GFP transduced control cell
lines. For the cell growth assay, 50 cells were plated in a series of 96 well plates in
triplicate. The proportion of viable cells was measured at 24, 48, and 72 hours by
adding 10ul of WST-8 Cell Count Reagent to each well. The plates were incubated
for at 37°C in a standard tissue culture incubator for 2 hours and then the
absorbance of the reaction was measured at 450nm using a micro plate reader. At
an absorbance 450nm the WST-8 reagent is proportional to the number of viable

cells.

4.5 Invasion/Migration Assays

Invasion and migration assays were conducted using BD Bioscience Matrigel
(Franklin Lakes, NJ) invasion chambers and transwell migration chambers. Prior to
plating cells, the Matrigel layer was rehydrated in DMEM 10% FBS for 2 hours at
37°C. Once rehydrated 1x103-5x103 tumor cells transduced with miR-9 or miR-9
knockout vectors or controls were plated in the matrigel invasion chamber or
transwell migration chamber in 500pl serum free medium. DMEM containing 10%
FBS was used as a chemoattractant in the bottom well (750pul). The cells were then

incubated at 37°C in a standard tissue culture incubator to allow for cell migration
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and invasion. After 24 hours the plates were removed from the incubator, and the
cells that had not migrated or invaded were removed from the inside of the
transwell by scrubbing the membrane with at cotton swab. The migrated/invaded
cells were stained fixed in Diff-Quick fixing medium for 2 minutes, then stained with
0.05% crystal violet for an additional 2 minutes. The membranes were washed well
in water then left overnight to dry. Once dry the membranes were removed from
the transwells and placed on slides with Fluormount G (Southern Biotech,
Birmingham AL). To quantify the invading and migrating cells, 3 microscopic fields
(10x) were imaged per membrane and the average number of cells per field was
counted. Each assay was done in triplicate such that a total of 9 fields were counted

for each condition.
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RESULTS

4.6 Sox2 is increased in the SP-/CD34+/CD49f* TIC from Passage 1 Tumors
Sox2 is increased in the SP-/CD34*/CD49f* cell populations from Passage 1 tumors

One of the major characteristics of TICs is the acquisition of stem-like traits,
such as self-renewal and relative quiescence. Therefore, we wanted to determine if
the TICs from the Passage 1 tumors characterized in Chapter 2 showed increased
expression of stem cell genes contributing to the increased stem cell populations of
these tumors. We used qRT-PCR to screen for a number of well-established stem
cell genes including, Sox2, Oct4, Nanog and Bmil, in the TIC populations from the
Primary and Passage 1 tumors. We found that Oct4, Nanog and Bmil were not
expressed in the TICs from either the Primary or the Passage 1 tumors. While Sox2
was expressed, there was no difference in expression between the TIC and non-TIC
populations. However, when we compared the expression between the TICs from
the Primary and Passage 1 TICs, we saw a slight, but insignificant, increase in Sox2
between the Primary and Passage 1 SP populations (p = 0.1) (Figure 44A).
Interestingly, we found that there was a significant increase in Sox2 expression
between the SP-/CD34+/CD49f* populations from the Primary and Passage 1 tumors
(p = 0.001) (Figure 44B). Similarly, when we compared the Sox2 expression in the
SP and SP-/CD34+/CD49f* populations with the tumor histology, we found that
there was no significant difference in the SP Sox2 expression between tumor types
(Figure 44C). There was, however, a significant increase in the SP-/CD34+/CD49f*

Sox2 expression in SPCC tumors compared to well-differentiated tumors (Figure
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44D). There was also an increase in SP-/CD34*/CD49f* Sox2 expression in the
poorly-differentiated tumors; however, these data were not significant due to the

large variation in expression between tumor samples.

Figure 44. Increased Sox2 expression in the SP-/CD34*/CD49f* cell population of

Passage 1 tumors
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lines represent average expression for each tumor type. (B) Relative Sox2 expression
in the SP-/CD34*/CD49f* cells from Passage 1 tumors compared to SP-/CD34*/CD49f*
cells from Primary tumors. Green diamonds represent individual tumor samples, and
purple lines represent average expression for each tumor type. (C) Sox2 expression in
SP cells compared to tumor histology. (D) Sox2 expression in SP-/CD34*/CD49f* cells

compared to tumor histology. Significant increase in Sox2 expression in SPCC
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compared to well differentiated tumors in SP-/CD34*/CD49f* cells was determined
using a Student’s t-test: * p = 0.04. In each case Sox2 expression was measured by qRT-
PCR and normalized to Gapdh expression. Relative expression was then determined by
comparing Sox2 expression in Passage 1 tumors to Primary tumors (A, B) or by

comparing SoxZ2 expression to the average Sox2 expression of all samples (C, D).

To further study the role of Sox2 in the regulation of the K15.Krast12b.Smad4-
/- tumors, we used the cell cultures from these tumors to alter Sox2 expression. We
conducted qRT-PCR to determine the relative levels of Sox2 in each of the tumor
lines (Figure 45A). From this analysis, we chose the line with the lowest Sox2 levels
(B911) for overexpression and the line with the highest expression for the
knockdown (B931). Unfortunately, we were not successful in knocking down Sox2
using transient siRNAs or lentiviral shRNAs against Sox2. Sox2 overexpression in
the B911 line was accomplished by retroviral integration of the Sox2 gene. We also
overexpressed Sox2 in a normal WT keratinocyte cell line to determine the effect of
Sox2 expression in non-tumorigenic cells. Sox2 overexpression was confirmed by
qRT-PCR in both cell lines, and was significantly increased to levels greater than 100
fold higher than the control cells (Figure 45B). Cell proliferation assays showed that
increased expression of Sox2 resulted in slower growth of the non-tumorigeninc WT
keratinocyte cell lines (Figure 45C), but had no effect on the growth of the tumor
cells (Figure 45D). This discrepancy is potentially due to dysregulation of the cell

cycle in the tumor cell line, which allows them to tolerate elevated Sox2 expression.
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Since there was an increase in Sox2 expression in the SP-/CD34+/CD49f*
populations from the more metastatic Passage 1 tumors we wanted to see if the
increase in Sox2 expression contributed to the metastatic behavior of these cells.
We used trans-well assays to compare the differences in invasion and migration
between control and Sox2 overexpressing cells. The WT Kkeratinocytes were not
invasive and migratory enough to accurately study the effect of Sox2 on these
behaviors. However, the tumor cell lines showed a significant decrease in both
migration (Figure 45E) through the transwell and invasion (Figure 45F) through a
matrigel basement membrane layer in the Sox2 overexpressing cells compared to
control. Since Sox2 overexpression was more closely correlated with the SP-
/CD34+/CD49f* cells than the SP cells, this Sox2-mediated decrease in metastatic
behavior further provides evidence that the SP and SP-/CD34*/CD49f* TIC

populations may play different roles in tumor progression.
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Figure 45. Sox2 overexpression slows cell growth in non-tumorigenic
keratinocytes and decreases invasion and migration in tumor cells. (A) Sox2

expression in K15.Krast120,Smad4~/- tumor cell lines, relative to normal WT
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keratinocyte cell lines. *p < 0.05 and ** p < 0.005. (B) Forced overexpression of Sox2
in WT keratinocytes and B911 tumor cell line. *p < 0.001. SoxZ2 expression was
measured by qRT-PCR and normalized to Gapdh expression. Significance was
determined using a Student’s t-test. (C) Growth curves of control and Sox2
overexpressing WT keratinocytes. (D) Growth curve of control and Sox2
overexpressing B911 tumor cells. (E) Transwell migration assay of control and Sox2
overexpressing B911 tumor cells. *p < 0.005. (F) Matrigel invasion assay of control
and Sox2 overexpressing B911 tumor cells. *p < 0.005. In each Figure, error bars

represent standard deviation.
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DISCUSSION

4.7 The CD34+/CD49f* TIC Population has Increased Expression of the Stem
Cell Gene, Sox2, after Passaging.

One of the known characteristics of TICs is the acquisition of stem-like traits.
When we screened for the expression of a number of stem cell genes in the TIC
populations, we only found Sox2 to be expressed in the tumors. Surprisingly, there
was no increase in Sox2 expression when we compared the TICs with the non-TIC
populations, however we did see an increase in Sox2 expression in the Passage 1
tumor TICs compared to the Primary tumor TICs. This increase further supported
the idea that the Passage 1 tumors are enriched for TICs. Unlike the miRNA profiles
of the TICs, Sox2 was not increased in the Passage 1 SP cells compared to the
Primary tumor SP cells; instead the difference was seen in the SP-/CD34+*/CD49f*
population. This difference was also seen when comparing Sox2 expression with
tumor histology. While there was no correlation between Sox2 expression and
histology in the SP cells, there was a significant increase in the Sox2 expression in

SP-/CD34+/CD49f* cells from the SPCC tumors.

Our functional studies of Sox2 overexpression in vitro, showed that Sox2
decreases the proliferation of non-tumorigenic epithelial cell lines, but not tumor
lines. The decrease in proliferation after expression of a stem cell gene is expected

due to the relative quiescence of stem cells to more mature progenitors; however
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the tumor lines may have defects in cell cycling that overcome the Sox2 induced

quiescence.

To determine if Sox2 might play a role in metastasis in the Passage 1 tumors,
we conducted invasion and migration assays on the Sox2 overexpressing cell lines.
Interestingly, Sox2 expression appeared to reduce both invasion and migration of
the tumor cells. While these experiments need to be repeated in other cell lines,
these data suggest that the Sox2 expressing cells may not be metastatic. Taken
together these observations further support the idea that the SP-/CD34+*/CD49f* and
SP are distinct TIC populations with different functions in tumor initiation.
Additionally, each population appears to have different regulatory elements, for
example, these studies suggest that the SP-/CD34+*/CD49f* population requires Sox2
for maintaining “stemness”, wile the SP is not dependent on this gene. While the SP
TIC appears to play a role in metastasis, the SP-/CD34*/CD49f* population shows
increased expression of stem cell genes and decreased motility. It is possible that
this population may function in other tumor-initiating situations such as tumor

recurrence.
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CHAPTER FIVE

SUMMARY AND CONCLUSIONS

Squamous cell carcinoma of the head and skin and skin are common forms of
cancer arising form squamous epithelial tissue. HNSCC is the sixth most common
cancer worldwide, however, few advances have been made in the treatment of this
cancer over the last 50 years [1]. Most patients with HNSCC present with locally
advanced disease involving the loco-regional lymph nodes, and this Ilate
presentation contributes to treatment failure [3]. Skin SCC is one of the most
frequently occurring forms of cancer [1]. In most cases, skin SCC can be well
controlled if caught early, however, in immunocompromised patients, skin SCC can
be quite aggressive and highly metastatic. Metastasis and tumor recurrence after
treatment are the major causes of patient mortality with SCC. Tumor-initiating cells
are believed to be the source of both metastases and tumor recurrence [128] and as
such development of therapies targeted at this cell population is essential to

improving prognosis these diseases.

In this dissertation work we developed a mouse model in which Smad4 and
Kras612D mutations are targeted to the hair follicle bulge stem cells. These mice
develop metastatic SCC as well as sebaceous adenomas and BCC-like SCC suggesting
that the mutant stem cells maintain pluripotencey. Using this model we identified

two distinct TIC populations that appear to have different functions. Our results
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suggest that the side population is associated with metastasis. We identified a
number of miRNAs that are differentially expressed in the SPs from highly
metastatic Passage 1 tumors. Of these miRNAs, increased levels of miR-9 and miR-
132 are associated with larger SP size and SPCC tumor histology. The increase in
miR-9 expression is regulated in part by Kras activation. miR-9 has been shown to
target E-cadherin [196] and may promote EMT in these tumors resulting in SPCC
histology. Our data further suggests that miR-9 may be associated with increases in
the expression of Abcbla in the mouse tumors resulting in amplification of the SP
size and chemoresistance. Additionally, miR-9 promotes increased migration and
invasion of tumor cells in vitro and may support tumor growth in
immunocompetent mice. Finally, we showed that the SP-/CD34+/CD49f+
population has increased expression of the stem cell gene, Sox2, in the more
aggressive Passage 1 tumors, but that Sox2 overexpression decreases invasion and
migration of tumor cells. These data suggest that the SP-/CD34+/CD49f+ population
is not associated with metastasis, but may have other tumor initiating functions

such as tumor recurrence.

Taken together our results from this study suggest that in the skin the slow
cycling stem cell population is likely the target of oncogenic mutations leading to
skin SCC. By generating mutations in the hair follicle bulge stem cells we were able
to generate tumors containing regions of cells from multiple different hair follicle

lineages, demonstrating that the mutant epithelial stem cells maintain pluripotency.
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Identification and analysis of TICs in our K15.KrasG12D,.Smad4-/- tumors
showed that there are distinct populations of TICs within tumors and that these
populations have different genetic identities. Our results suggest that the SP and SP-
/CD34+/CD49f* TICs in the K15.Krast12b.Smad4/- tumors may contribute to tumor
progression in different ways as summarized in Figure 46. The increased size of the
SP in the metastatic SPCC tumors suggests that this population is involved in
metastasis. Increased expression of miR-9 in the SP promotes invasion and
migration of the tumor cells and subsequently is likely to increase metastasis. This
population also has increased levels of the Abcb1a, or other ABC transporters, which
contribute to chemoresistance and survival of these metastatic cells. Our results
also suggest that the SP-/CD34+/CD49f* population is distinct from the SP and plays
a different role in tumor progression. We found that the SP-/CD34*/CD49f*
population has increased Sox2 expression in the aggressive passage 1 tumors,
however, reduction in invasion and migration of tumor cells after Sox2
overexpression suggests that this population is not involved in metastasis. Rather,
these cells may play other roles in cancer progression where tumor-initiation is

required, such as tumor recurrence.
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Figure 46. Potential Roles of Distinct Tumor-Initiating Cells in Cancer
Progression. Increased miR-9 in the side population (SP) results in increased
migration and invasion of the TIC, survival of this cell population is supported by
increased expression of the ABC transporter, Abcbla. These properties allow the TIC
to escape from the parent tumor and surviving in the circulation before the TIC lands
at the distant metastatic site. The tumor-initiating capabilities of this cell allows for
development of the metastasis. Increased expression of Sox2 in the SP-/CD34*/CD49f*
TIC population inhibits invasion and migration and therefore these cells may play a

different tumor-initiating role such as tumor recurrence.
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CHAPTER SIX

FUTURE DIRECTIONS

6.1 Studying the Tumor-Initiating and Metastatic Potential of the SP and SP-
/CD34+*/CD49f* Cell Populations

In chapter 2 we showed that 1x10% SP or SP-/CD34*/CD49f* cells were
sufficient to form grafted tumors from the K15.Kras¢2P.Smad4-/- tumors. Further
studies are needed in these tumors to determine the minimum number of sorted
tumor cells required for tumor initiation. We predict that that this number is lower
for the passage 1 tumors compared to the primary tumors due to the rate at which
the passage 1 tumor can form subsequent tumor passages. A series of sorting and
grafting experiments from primary and passage 1 tumors with decreasing numbers
of TICs are needed to answer this question. In vitro soft agar assays may support
these results by comparing the relative numbers of colonies formed after equal

numbers of primary and passage 1 tumor cells are plated.

Another question that remaining, is whether the SP is the metastatic
population. To help answer this question it would be interesting to sort SP and SP-
/CD34+/CD49f* cell populations as well as the corresponding non-TIC population
and conduct invasion and migration assays on these cells. If the SP is a metastatic

population, it should be more invasive and migratory than either the SP-
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/CD34+/CD49f* or the non-TIC population. Analysis of metastasis after grafting the
SP and SP-/CD34+/CD49f* populations may also indicate whether the SP is more of a
metastatic population. This in vivo study, however, may be confounded by the
ability of the TIC populations to form heterogeneous tumor populations, i.e. the SP
TIC can generate tumors containing CD34+/CD49f* cells. Another interesting study
that could help determine if the SP is a metastatic population, would be to FACS sort
the metastases to determine the relative percent of SP (and SP-/CD34+/CD49f*) cells
in the metastases compared to the parent tumor. Unfortunately, the very small size

and paucity of metastatic cells may also prohibit this study.

6.2 Transcriptional Regulation of miR-9 in SCC

This study only briefly touched on the transcriptional regulation of miR-9 in
SCC. Kras activation only modestly increased the expression of miR-9 in the HaCaT
cells, however, since these cells are not tumorigenic further study of the effect of
Kras in tumor cell lines is warranted. For example, it would be interesting to
activate Kras in the human HNSCC cell lines, Cal27 and Fadu, both of which are
deficient in Smad4, and look at the effect of Kras on miR-9 expression in this context.
Conversely, it would be interesting to block Kras activity in the K15.Krast12b.Smad4-
/- cell lines and determine whether this reduces the expression of miR-9. Similarly,
to look at the effect of Smad4 on miR-9 expression in the oncogenic context, we
could replace Smad4 in the K15.Kras12D,Smad4/- cell lines and examine the effect

on miR-9 expression.
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Other possible mechanisms of miR-9 transcriptional, and post-
transcriptional regulation should be examined. For example, CREB has been shown
to control the expression of miR-9 in neurons [210]. Expression levels of Creb
should be studied in the TIC populations from primary and passage 1 tumors to
determine if this gene is increased in the passage 1 SP cells. Finally, since
methylation of miR-9 primary transcripts is commonly seen in human cancers
[211], the methylation status in the TIC populations compared to the non-TIC cells

should be examined.

6.3. The Role of miR-9 in SCC Chemoresistance

The data concerning the role of miR-9 in chmoresistance is somewhat
inconclusive. On one hand miR-9 overexpression in the K15.Krast12D.Smad4-/-
tumor cells appears to promote an increase in Abcbla expression, while on the
other hand knockdown of miR-9 in the same cells has no effect on Abcbla
expression and miR-9 overexpression in human HNSCC cells also has no effect on
ABCB1 expression. However, miR-9 expression is closely associated with the SP size
in the K15.Kras%12D,Smad4-/- tumors, while Abcb1a is not. Therefore it is likely that
other ABC transporters may be dysregulated in the Passage 1 tumors. Further
studies are needed in the miR-9 overexpressing and knockdown cells to determine
whether other ABC transporters are under the control of miR-9. The best method of
studying this would be to perform gene expression microarrays on the miR-9
overexpressing and knockdown cells. Not only would this tell us about the relative

expression of the ABC tansporters, it could also identify other potential mechanisms
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of chemoresistance regulated by miR-9 such as anti-apoptotic mechanisms. Finally,
since a number of miRNAs were found to be dysregulated in the SP cells between
primary and passage 1 tumors, it would be interesting to examine the combined

effects of these miRNAs in the regulation of chemoresistance.

6.4 The role of miR-9 in SCC Metastasis

The results from this study show a clear correlation between the EMT-like
SPCC tumors and high miR-9 expression. This raises the question whether miR-9
promotes EMT, or whether increased expression of miR-9 is a result of EMT. To
answer this, cell lines overexpressing miR-9 and/or with miR-9 knockdown could
be stained for markers of EMT such as E-cadherin, vimentin, and N-cadherin and
compared to control cells. If miR-9 promotes EMT in these cells, we would expect to
see the staining shift to an EMT pattern after miR-9 overexpression. To determine if
EMT promotes an increase in miR-9 expression, tumor cells, and/or other epithelial
cell lines could be forced to undergo EMT through treatment with TGFp, or ectopic
expression of Snail or Twist, and the effect on miR-9 determined. To further
examine whether miR-9 expression is associated with metastases, a study
comparing the expression of miR-9 in the metastases with the expression in the
parent tumor should be conducted. If miR-9 is associated with increased metastasis,

we would predict that there would be increased miR-9 expression in the metastasis.

Perhaps the most important studies needed to determine the effect of miR-9

in metastasis are in vivo studies. The current studies reported in this dissertation
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work were confounded by the rapid growth of the K15.Kras¢2P.Smad4-/- tumor cell
growth and baseline metastatic rate after grafting the cell lines. These studies need
to be repeated with much smaller number of cells to both slow growth and provide
time to measure a difference in metastasis. Additionally, these experiments should
be repeated with the miR-9 knockdown K15.Kras612D.Smad4-/- cells since we predict
that miR-9 should increase the metastatic potential of the tumor cells. Similarly, in
vivo orthotopic injection of the human HNSCC lines, Cal27 and Fadu, with forced
expression of miR-9 should be conducted to determine the effect of miR-9 on human
SCC. Unpublished studies from our lab have shown that both the Fadu and Cal27
cell lines metastasize to the loco regional lymph nodes after orthotopic injection in
to the floor of the mouth. Since our mouse model and previous studies with miR-9
have consistently shown differences in lung metastasis, it will be interesting to see if

miR-9 overexpression re-directs the Cal27 and Fadu metastasis to the lung.

6.5 Does Sox2 Contribute to Tumor-Initiation and Chemoresistance in the SP-
/CD34+*/CD49f* Population?

Since the SP-/CD34*/CD49f* population expresses increased Sox2 in the
passaged tumors, but increases in Sox2 appear to inhibit invasion and migration, we
predict that this cell population may have other roles in tumor progression such as
tumor recurrence. To further study whether help promote tumor-initiation in the
SP-/CD34+/CD49f* cells it would be interesting to conduct limiting dilution studies
in mouse grafts of tumor cells overexpressing Sox2 compared to controls. To

strengthen these studies, it would be important to generate Sox2 knockdown lines
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and include them in these grafting studies, as well as in the invasion and migration
studies. In vitro soft agar studies may also help support the in vivo studies on the
regulation of tumor-initiation by Sox2. Finally, since tumor recurrence occurs as the
result of treatment failure, it will be important to determine whether Sox2 plays a

role in chemo- and/or radiation resistance in the tumor cells.
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APPENDIX A

ANTIBODIES
Antibody Protocol Host Vendor Catalog | Tissue | Primary | Secondary
# Species Conc. Conc.
FITC-CD31 Flow Rat eBioscience | 11-0311 Mouse 1:50 N/A
Cytometry
FITC-CD45 Flow Rat eBioscience | 11-0451 Mouse 1:200 N/A
Cytometry
CD34-biotin Flow Rat eBioscience | 13-0341 | Mouse 1:20 N/A
Cytometry
Streptavadin- Flow N/A eBioscience | 12-4317 Mouse N/A 1:20
PE cytometry
PE-Cy5- Flow Rat BD 551129 Mouse 1:20 N/A
CD49f Cytometry Bioscience
APC-CD45 Flow Rat BD 559864 Mouse 1:200 N/A
Cytometry Bioscience
APC-CD31 Flow Rat BD 551262 Mouse 1:50 N/A
Cytometry Bioscience
Keratin 15 Frozen IF | Chicken Covance PCK- Human, 1:500 1:200
153P Mouse
CD34 Frozen IF Rat BD 553507 Human, 1:200 1:200
Bioscience Mouse
Smad4 (B-8) [HC Mouse | SantaCruz | Sc-7966 | Human, 1:100 1:200
Mouse
Sox2 IHC Rabbit Millipore Ab5603 Human, 1:400 1:200
Mouse
E-cadherin IF Mouse BD 610182 Human, 1:100 1:200
Bioscience Mouse
Vimentin IF Mouse Sigma V2258 Human, 1:400 1:200
Mouse
Keratin 5 IF Rabbit Abcam Ab24647 | Mouse 1:200 1:200
B-Cateinin IF/IHC Rabbit Abcam Ab16051 | Human, 1:400 1:200
Mouse
Mdr1/p- Frozen IF | Mouse Abcam Ab3364 | Human, 1:200 1:200
glycoprotein Mouse
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APPENDIX B

LENTI/RETROVIRAL STUDY VECTORS

Construct Company Cat # Retro/Lenti Purpose Packaging | Packaging | Selection
Name line Mix
pGIPZ Thermo RHS4346 Lentivirus GFP labeled 293T TransLenti | GFP
Non- Scientific control Viral Puromycin
Silencing Open Packaging
Control biosystems Mix
Vector
pCDH- System CD512A-1 Lentivirus RFP labeled 293T pPACKH1 RFP
CMV-MCS- | Bioscience control Lentivector
EF1-RFP packaging
kit
pCDH- System QM200PA-1 Lentivirus Generation of 293T pPACKH1 Puromycin
EF1- Bioscience repressor lines Lentivector
CymR- for cumate packaging
T2A-Puro inducible kit
switch
CuO-CMV- | System Custom Lentivirus Cumate 293T pPACKH1 GFP
miR-9-1- Bioscience inducible Lentivector | Puromycin
IRES-GFP expression of packaging
miR-9 kit
pMIRNA1- | System PMIRH9-1PA-1 Lentivirus Stable 293T pPACKH1 GFP
pre-miR9- | Bioscience overexpression Lentivector
1 of miR-9 packaging
kit
pmiR-ZIP- | System MZIP9-PA-1 Lentivirus Stable 293T pPACKH1 GFP
anti-miR- Bioscience knockdown of Lentivector | Puromycin
9 miR-9 packaging
kit
pMXs- From Roop N/A Retrovirus Stable Onx-E pCL-Eco None
Sox2 Lab (Shinya overexpression
Yakamanaka of mouse Sox2
Lab original)
pMiR-9- Signosis LR-0054 Luciferase Analysis of N/A N/A N/A
Luc miR-9 activity
Reporter
pBABE- Addgene Addgene Plasmid Retrovirus Constitutive 293T pUMVC, Puromycin
puro- William #9052 activation of pCMV-VSV-
Kras12V Hahn (REF) William Hahn Lab Kras G
pBABE- Addgene Addgene Plasmid Retrovirus Empty 293T pUMVC, Puromycin
puro #1764 expression pCMV-VSV-
Bob Weinberg Lab vector G
SMAD4 UC Denver TRCN0000010321 | Lentivirus Human SMAD4 | 293T MISSION Puromycin
shRNA Functional Knockdown lentiviral
Genomics packaging
Core/ Sigma mix
(Sigma)
pSIH1-H1- | System LV601B-1 Lentivirus Positive 293T pPACKH1 GFP
siLuc- Bioscience control GFP Lentivector
copGFP packaging
kit
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APPENDIX C

GENOTYPING PRIMERS
Transgene Primer Sequence
K15.CrePR1 CGGTCGATGCAACGAGTGAT
CCACCGTCAGTACGTGAGAT
Smad4 Floxed GGGCAGCGTAGCATATAAGA (P9)
GACCCAAACGTCACCTTCA (P10)
LSL-KrasG12Db CCTTTACAAGCGCACGCAGACTGTAGA
AGCTAGCCACCATGGCTTGAGTAAGTCTGC
Smad4 deletion AAGAGCCACAGGTCAAGCAG (P8)
GACCCAAACGTCACCTTCA (P10)
LSL-Kras612b GGGTAGGTGTTGGGATAGCTG
recombination
TCCGAATTCAGTGACTACAGATGTACAGAG
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APPENDIX D

TAQMAN® GENE EXPRESSION PROBES

Probe Target Species Filter Vendor Catalog #
GAPDH Human VIC Applied Biosystems 4326317E
GAPDH Mouse VIC Applied Biosystems 4352339E
Smad4 Human FAM Applied Biosystems Hs00232068
Smad4 Mouse FAM Applied Biosystems Mm00484724_m1
Smad3 Mouse FAM Applied Biosystems MmO00489637_m1
Smad2 Mouse FAM Applied Biosystems MmO00487530_m1

Sox2 Mouse FAM Applied Biosystems Mm00488369_s1
Keratin 1 Mouse FAM Applied Biosystems Mm00492992_g1
Abcg2 Mouse FAM Applied Biosystems MmO00496364_m1
Vimentin Mouse FAM Applied Biosystems MmO00449201_m1
Abcbla Mouse FAM Applied Biosystems MmO00440761_m1*
Abcb1lb Mouse FAM Applied Biosystems MmO00440736_m1
Abccl Mouse FAM Applied Biosystems Mm00456156_m1
Nfkb1 Mouse FAM Applied Biosystems Mm00476361_m1*
ABCB1 Human FAM Applied Biosystems Hs01067802_m1*
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APPENDIX E

TAQMAN® MICRORNA EXPRESSION PROBES

Assay Assay Assay Vendor Mature miRNA sequence miRBase miRBase
type ID names Accession
miR-9 | Mature | 000583 Applied UCUUUGGUUAUCUAGCUGUAUGA hsa-miR- MIMAT0000441
miRNA Biosystems 9
mmu- MIMAT0000142
miR-9
miR- Mature | 000457 Applied UAACAGUCUACAGCCAUGGUCG hsa-miR- MIMAT0000426
132 miRNA biosystems 132
mmu- MIMAT0000144
miR-132
U6 Control | 001973 Applied GTGCTCGCTTCGGCAGCACATATACTAAAA 715680 N/A
snRNA biosystems | TTGGAACGATACAGAGAAGATTAGCATGGC

CCCTGCGCAAGGATGACACGCAAATTCGTG
AAGCGTTCCATATTTT
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APPENDIXF

HUMAN SAMPLES
UC Denver IRB# 08-0552 Number Percent

TNM T 1 2 10
2 6 29

3 7 33

4 6 29

N 0 6 29

1 4 19

2 11 52

M 0 19 90

1 1 5

X 1 5

Differentiation Well 3 14
Moderately 15 71

Poorly 3 14

OHSU IRB# €809 Number Percent

TNM T 1 4 21
2 10 53

3 2 11

4 3 16

N 0 7 37

1 4 21

2 5 26

3 1 5
M X 19 100

Differentiation Well 0 0
Moderately 14 74

Poorly 5 26
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