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ABSTRACT

Transforming Growth Factor Beta (TGF-p) is a cytokine regulating a wide range
of cellular processes such as proliferation, differentiation, and migration. At the
early stages of cancer development TGF-B functions as a tumor suppressor,
mainly due to its inhibitory effect on cellular growth, but during cancer progres-
sion, mutations in TGF-[3 signal components switches TGF-f3 into a promoter of
cancer cell proliferation, survival and metastasis.

The aim of this thesis was to study the role of TGF-f3 signaling in the progres-
sion of two different cancer types - diffuse-type gastric carcinoma and neuro-
blastoma. Furthermore, we wanted to investigate the function in neuroblastoma
of the nuclear receptor TLX, a protein involved in neuronal stem cell mainte-
nance, and if TLX interacts with TGF-f3 signaling.

We found that disruption of TGF- signaling in diffuse-type gastric carcinoma
cells led to accelerated tumor growth in vivo through the induction of angiogen-
esis, possibly due to the repression of anti-angiogenic proteins including TIMP2.
In addition, TGF- repressed expression of the cancer stem cell marker ABCG2
and diminished a subpopulation of cancer-initiating cells within the main cancer
cell population, leading to reduced tumor formation.

TLX expression in neuroblastoma cells inhibited VHL-dependent degradation of
HIF2a, which then could bind and activate the VEGF promoter. Silencing of
TLX induced VHL protein levels, reduced hypoxia-dependent induction of
HIF2a and inhibited cell proliferation. Furthermore, we found that TLX knock-
down induced TGF-B response in neuroblastoma cells as seen by increased
TGF-fB dependent expression of its target genes p21 and Smad7. TLX physically
interacts with Smad3 and knockdown of TLX led to increased TGF-3 dependent
nuclear translocation of Smad2/3.

In conclusion, the results from this thesis suggest that TGF-p signaling has an
important tumor suppressive role in diffuse-type gastric carcinoma, due to both
inhibition of tumor angiogenesis and repression of a cancer-initiating subpopula-
tion of cancer cells. Furthermore, TLX was shown to be important for neuro-
blastoma cell proliferation, with a possible role in hypoxia-induced angiogenesis
as well as in the regulation of TGF-3 signaling in neuroblastoma.
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1. Introduction

1.1 Transforming Growth Factor Beta (TGF-p3)

1.1.1 TGF-B protein family

Transforming Growth Factor Beta is the prototypic member of a large family of
secreted proteins that are involved in a wide range of cellular processes such as
proliferation, differentiation, migration and apoptosis, and have important roles
in embryonal development, tissue repair and immune system modulation. These
proteins can be further divided into two subfamilies, depending on the signal
pathways they activate - the TGF-3/Activin/Nodal subfamily and the bone mor-
phogenetic protein (BMP) subfamily (Heldin et al., 1997).

1.1.2 TGF-Bsignaling

The TGF-B ligand, which exists in three isoforms (TGF-1, TGF-2, TGF-f33),
1s secreted into the extracellular matrix (ECM) in a heterotrimeric complex with
latency-associated protein (LAP) and the latent TGF-f3 binding protein (LTBP).
TGF-B remains inactive until it is activated and released from the latent complex
in a mechanism involving thrombospondin 1 (TSP1), matrix metalloproteinases
(MMPs) and integrins (Rifkin, 2005; Hyytiainen et al., 2004). In the canonical
TGF-P signal pathway TGF-f3 initiates signaling by binding to and bringing to-
gether heteromeric complexes composed of TGF- type I (TBRI; also called
ALK-5) and type II (TBRII) receptor serine/threonine kinases on the cell sur-
face. This allows TPRII to phosphorylate and activate the kinase domain of
TBRI, which in turn transduces the signal through phosphorylation of the recep-
tor-regulated Smads (R-Smads), Smad2 and Smad3, that form complexes with
common-mediator Smad (Co-Smad), Smad4. The complexes then enter into the
nucleus where they cooperate with other transcription factors and co-activators
to regulate transcription of various target genes (Shi & Massague, 2003).

1.1.3 Smad proteins

The Smad proteins are the vertebrate orthologs to Drosophila protein MAD, the
first identified TGF- signal mediator (Sekelsky et al., 1995). There are eight
Smad proteins divided into three functional classes: five R-Smads, of which
Smad 2 and 3 transduce TGF-f/Activin signaling while Smad 1, 5 and 8 trans-
duce BMP signaling, the Co-Smad Smad4, and two inhibitory Smads (I-Smads),
Smad6 and Smad7, that inhibit TGF-f3 signaling through competition with R-
Smads for Co-Smad or receptor interaction as well as targeting receptors for
degradation (Shi & Massagué¢, 2003).



R-Smads and Co-Smads have two conserved structural domains that are con-
nected by a proline-rich linker region. The N-terminal MHI1 domain interacts
with the Smad Binding Element (SBE), which is defined as the sequence AGAC
or the reverse complement GTCT, in the promoters of TGF-f3 target genes. The
C-terminal MH2 domain is responsible for receptor interaction. The MH2 do-
main is highly conserved in all Smads. However, only the MH2 domains of R-
Smads, but not Co- or I-Smads, contain Ser-Ser-X-Ser motifs which are phos-
phorylated by the type I TGF-3 receptors (Souchelnytskyi et al., 1997).

R-Smad translocation and DNA-binding is also modified by several serine resi-
dues in the linker region that are phosphorylated by MAP kinases, cyclin de-
pendent kinases and Ca”*/Calmodulin kinase II (CaMKII), which indicates pos-
sible cross-talk with other signal pathways (Kretzschmar et al., 1997; Liu et al.,
2005; Wicks et al., 2000). The linker region also contains a PY motif, which in-
teracts with Smurf proteins that are E3 ubiquitin ligases that target Smads and
TBRs for proteosomal degradation (Ebisawa et al., 2001). Smurfs also inhibit
TGF-B signaling by binding to and facilitating Smad7 nuclear export (Kavsak et
al., 2000).

Individual Smad proteins have relatively low specificity of DNA binding, so in
order to produce specific transcriptional responses they must cooperate among
each other and with other transcription factors and cofactors that may be cell-
type restricted, thus enabling different gene responses in different cell types (Shi
& Masague, 2003). Smads interact with both co-activators and co-repressors,
which enables both activation and suppression of gene expression depending on
the co-factors. Smads cooperate with proteins from various transcription factors
families, such as the forkhead, homeobox, zinc-finger, AP1, Ets and basic helix-
loop-helix families (Koinuma et al., 2009).

1.1.4 Non-Smad signal pathways

TGF-f also activates Smad-independent signal pathways, such as the Erk, INK
or p38 MAPK pathways, which may or may not regulate Smad activation. For
instance, in cells with mutated TBRI that is unable to activate Smad, TGF-f3 was
still able to activate p38 MAPK signaling (Yu et al., 2002). In response to TGF-
B, TBRI interacts with TNF receptor-associated factor 6 (TRAF6) and promotes
its binding to and ubiquitination of the MAPKKK TGF-f activated kinase 1
(TAK1) which activates the JNK and p38 pathways (Sorrentino et al., 2008;
Yamaguchi et al., 2005). Furthermore, TPRII phosphorylates Par6, which re-
cruits ubiquitin ligase Smurfl that ubiquitinates and degrades the small GTPase
RhoA, a protein regulating the assembly of tight junctions (Ozdamar et al.,
2005).
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Figure 1: Schematic illustration of the TGF-f3 signaling pathway. (TF: transcrip-
tion factor)

1.2 TGF-B in tumor development

The multifunctional nature of TGF-f signaling, affecting a wide range of cellu-
lar processes such as proliferation, differentiation, and migration, makes it one
of the most important factors in the control of tumorigenesis. It is a potent anti-
tumor agent mainly due to its inhibitory effect on cell proliferation and compo-
nents of TGF-B signaling are therefore often mutated in malignancies. These
mutations allow cancer cells to escape TGF-f3 dependent growth arrest, but may
also lead to the conversion of TGF-3 to an oncogene, inducing cancer cell pro-
liferation, survival and metastasis at later stages of tumor development. The ma-
jor functions of TGF-f signaling that affect tumorigenesis are summarized in
figure 2.

1.2.1 Tumor suppressive functions of TGF-£

That TGF-B is an important tumor suppressor is evident by the frequent muta-
tional defects of Smad4, TPRI or TPRII that are found in many malignancies
such as cancers of the stomach, colon, prostate, breast, lung, liver and pancreas
(Elliott & Blobe, 2005; Levy & Hill, 2006; Bornstein et al., 2009). Most malig-
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nancies originate from epithelial cells, whose growth is inhibited by TGF-f3 that
induces cell cycle arrest through the upregulation of cyclin-dependent protein
kinase (CDK) inhibitors such as p15 and p21, as well as the repression of the
growth-promoting transcription factors c-myc, inhibitor of DNA-binding-1 (Id1)
and Id2 (Hannon & Beach, 1994; Datto et al., 1995; Yagi et al., 2002, Siegel &
Massagu¢, 2003). Several pro-oncogenic factors such as SKI, MEL1 and BCL6
have been shown to assert its tumor promoting effects through the inhibition of
TGF-f signaling (Suzuki et al., 2004; Heider et al., 2007; Takahata et al., 2009;
Wang et al., 2008).

Apart from its ability to induce cell cycle arrest, TGF-f also inhibits cell growth
by activating apoptosis through induction of proapoptotic proteins like Death-
associated protein kinase (DAPK) and BIM (Yang et al., 2002; Ohgushi et al.,
2005). In addition, recent evidence suggests that TGF-[3 has an inhibitory effect
on cancer cell immortality by silencing the expression of human telomerase re-
verse transcriptase (hTERT), the catalytic subunit of telomerase, a protein that
extend and stabilize chromosomal telomeres (Li & Liu, 2007). In the absence of
hTERT, whose expression is undetectable in all normal cells except germ cells,
telomeres are shortened in each cell division, ultimately leading to cell senes-
cence and apoptosis, thus preventing dysregulated growth and survival (L1 &
Liu, 2007). However, in a majority of cancers, hTERT is expressed and telomer-
ase 1s reactivated, leading to unlimited cell division and immortality of cancer
cells (Shay & Bacchetti, 1997). TGF-§ was found to inversely correlate with
hTERT levels in colon and breast cancer cells and repress hTERT expression via
direct binding of Smad3 to the hTERT promoter (Yang et al., 2001; Li, et al.,
2006).

1.2.2 Oncogenic functions of TGF-f

Although TGF-[3 growth inhibition suppresses tumor progression in many cases,
the expression of TGF-B1 in cancer cells was found to strongly correlate with
progression and metastasis of prostate and colorectal cancers (Tsushima et al.,
1996; Wikstrom et al., 1998; Friedman et al., 1995). TGF-3 promotes prolifera-
tion of some mesenchymal cells, such as smooth muscle cells, as well as glioma
and osteosarcoma tumor cells through the induction of platelet-derived growth
factor (PDGF) A or B (Battegay et al., 1990; Bruna et al., 2007; Matsuyama et
al., 2003). Hypomethylation of the PDGFB promoter led to increased PDGFB
induction by TGF-3 and associated with poor prognosis in glioma (Bruna et al.,
2007).

In contrast to its proapoptotic effects, TGF-3 was shown to inhibit apoptosis of
mouse mammary carcinoma cells by inducing the expression of the transcription

factor differentially expressed in chondrocytes 1 (DECI) (Ehata et al., 2007).
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DECI1 expression is high in breast cancer and correlates with tumor grade
(Chakrabarti et al., 2004). Expression of a dominant-negative DEC1 mutant pre-
vented metastasis of breast cancer cells in vivo (Ehata et al., 2007).

Furthermore, TGF- also induces invasion and metastasis in many cancer types.
TGF-B induces epithelial-mesenchymal transition (EMT), a process that occurs
during embryonic development but also in pathological processes such as fibro-
sis and tumor metastasis. During EMT epithelial cells lose their cell-cell con-
tacts and acquire a mesenchymal phenotype with increased motility and ability
of invasion and vascular intravasalization, which are crucial properties for me-
tastasis of cancer cells (Moustakas & Heldin, 2007). Apart from local invasion,
TGF-f also contributes to the promotion of distal metastasis. TGF-3 primes
breast cancer cells for metastasis to the lungs through inducing expression of
angiopoietin-like 4, a protein that facilitates the transendothelial passage of can-
cer cells (Padua et al., 2008).

Early stage: tumor suppressor

Growth

inhibition Inhibition of
cancer cell
immortality

Induction of
apoptosis

P immune B 7

mmune
surveillance
evasion

Induction of
proliferation

- Cell motility, Induction of

invasion & ) .
) angiogenesis
metastasis

Late stage: oncogene

Figure 2: The major areas where TGF-3 affects tumorigenesis (tumor suppres-
sive functions in red and tumor promoting functions in green).
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1.2.3 TGF-p effects on tumor microenvironment

Aside from its direct effect on cancer cells TGF-f3 also affects tumor growth
through its regulation of the tumor microenvironment. Tumor cell production of
TGF-f leads to tumor evasion from the host immune surveillance through sev-
eral mechanisms, for instance by inhibiting the T-cell production of cytotoxic
factors, such as the proapoptotic cytokines Fas-ligand and IFN-y (Thomas &
Massagué, 2005). However, loss of TGF-p signal in T-cells through the cell-
specific knockout of Smad4 led to increased levels of cytokines including IL-5,
IL-6, and IL-13 inducing expansion of stroma and spontaneous epithelial can-
cers in the gastrointestinal tract of mice (Kim et al., 2006)

TGF-B can activate fibroblasts into so-called cancer-associated fibroblasts
(CAFs) that interact with and induce growth and cause malignant transformation
of normal epithelial cells, which contributes to cancer progression (Stover et al.,
2007). However, disruption of TGF-f3 signaling through loss of TPRII in fibro-
blasts induced proliferation of fibroblasts and promoted mammary carcinoma
growth and invasion through upregulation of factors such as TGF-a, macro-
phage-stimulating protein (MSP) and hepatocyte growth factor (HGF) that were
secreted by fibroblasts and activated their respective receptors on the adjacent
carcinoma cells (Cheng et al., 2005).

TGF-f stimulates tumor angiogenesis and concurrent tumor growth through the
induction of angiogenic factors such as connective tissue growth factor (CTGF)
and vascular endothelial growth factor (VEGF) in epithelial cells and fibroblasts
(Kang et al., 2003; Sanchez-Elsner et al., 2001), as well as the secretion and ac-
tivation of matrix metalloproteinase (MMP)-2 and -9 in endothelial and cancer
cells (Derynck et al., 2001). Mouse models using cells overexpressing TGF-f31
was shown to induce tumor angiogenesis and growth (Stearns et al., 1999).

1.3 Gastric carcinoma

Gastric cancer is the fourth most common cancer and the second leading cause
of cancer death in the world. The incidence is especially high in East Asia, East-
ern Europe, and parts of Central and South America, and is about twice as high
in men than in women. The 5-year survival rate is less than 30% in most coun-
tries (Brenner et al., 2009; Hohenberger & Gretschel, 2003).

There are two types of gastric cancer, diffuse type and intestinal type, according
to the Laurén classification (Laurén, 1985). Of the two histological subtypes of
gastric carcinomas, there has been a marked decline in the incidence of distal,
intestinal type gastric carcinoma, while the incidence of proximal, diffuse type
gastric adenocarcinoma has been increasing, particularly in Western countries
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(Miyahara et al., 2007; Henson et al., 2004). The diffuse type is more common
in young patients and clinically characterized by rapid progression of disease
and poor prognosis (Yashiro et al., 2005). Patients with this type of tumor often
show thick stromal fibrosis with undifferentiated carcinoma cells scattered in the
interstitium, which results in a stiff and thick gastric wall with reduced motility,
but the tumors do not usually form ulcers or apparent mass lesions.

TGF-p signaling has been suggested to be an important factor in diffuse type
gastric carcinoma. The thick stromal fibrosis observed in this cancer type is
caused by interstitial collagen deposition induced by TGF-B produced by cancer
cells and by cancer-associated fibroblasts (Tahara, 1990; Mizoi et al., 1993).
Production of TGF-B1 was reported to associate with cancer progression and
decreased survival (Kinugasa et al., 1998). However, disruption of TGF-f sig-
naling due to loss of Smad4 expression has also been observed in diffuse-type
gastric carcinoma (Kim et al., 2005).

1.4 Neuroblastoma

Neuroblastoma is the most common and deadly extracranial solid childhood ma-
lignancy, accounting for about 15% of all childhood tumor-related deaths
(Brodeur & Maris, 2006). One hallmark of neuroblastoma is its considerable
heterogeneity, both phenotypically and clinically, ranging from the relatively
favorable highly differentiated tumors, which often spontaneously regress or
differentiate into benign ganglioneuroblastoma, to the aggressive and highly
metastatic undifferentiated tumors (Modak & Cheung, 2010). The median age of
diagnosis is less than 2 years and 90% of the cases are diagnosed before 5 years
of age (Brodeur & Castleberry, 2007). The 5-year survival rate, which was 74%
for the period from 1999 through 2005, has improved in recent years, but this
improvement is mainly due to increased cure rates in patients with benign tumor
forms, while only slight improvement has been seen for children with high-risk
neuroblastoma (Maris et al., 2007).

Neuroblastoma originates from immature or precursor cells of sympathetic neu-
ronal lineage (Hoehner et al., 2006), and primary tumors occur where there is
sympathetic nervous tissue, most commonly in the adrenal glands or along the
spinal cord, giving rise to tumors in the neck, chest, abdomen or pelvis (Esiash-
vili et al., 2009). In a majority of neuroblastoma cases, metastasis have occurred
at the time of diagnosis, with bone marrow, bone, liver and lymph nodes as the
most common sites of spread (DuBois et al., 1999)

Few molecular markers have been found to associate with neuroblastoma out-
come, with the most important being amplification of the MYCN oncogene,
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which is strongly related to poor outcome when the copy number per cell is
more than 10 (Schwab et al., 1983; Shimada et al., 1995). Neuroblastoma is
most commonly a sporadic disease with only 1-2% of diagnosed cases display-
ing autosomal dominant inheritance (Knudson & Strong, 1972). Most cases of
hereditary neuroblastoma are caused by activating mutations in the tyrosine ki-
nase domain of the anaplastic lymphoma kinase (4LK) oncogene (Moss¢ et al.,
2008).

1.5 Angiogenesis

Blood vessels are formed by two distinct processes — vasculogenesis and angio-
genesis. Vasculogenesis, which mainly occurs during embryonal development,
1s a process in which angioblasts, endothelial cell precursors, differentiate into
endothelial cells that proliferate and form a primitive tubular network (Papetti &
Herman, 2002). During angiogenesis, this network of vessels is remodeled
through sprouting and branching of new vessels from preexisting ones to form
the interconnecting branching pattern characteristic of mature vasculature. Stabi-
lization and maturation of vessel walls occur through the interaction of endothe-
lial cells with supporting cells, such as smooth muscle cells and pericytes, and
the surrounding extracellular matrix (ECM).

The ECM is a network of proteins and carbohydrates deposited in the extracellu-
lar space that bind together cells and give structural support to tissues, but also
bind to and interact with cells to activate intracellular signal transduction that
regulates processes such as adhesion, migration, proliferation and differentiation
(Daley et al., 2008). The ECM is made up of three major components — the fi-
ber-forming molecules such as the collagens, which provide tensile strength to
tissues, the non-fiber-forming proteoglycans and glycoproteins, that give volume
to the ECM and permits diffusion of small molecules between cells, and the ma-
tricellular proteins, that modulate cell-matrix interactions (Bornstein & Sage,
2002). The basement membrane is a specialized form of ECM that separate epi-
thelium from stroma in all tissues, and also form a layer on the outside of blood
vessels, supporting them and allowing molecules to pass between endothelial
cells and the stroma (Kalluri, 2003).

Angiogenic sprouting is responsible for vascularisation of certain structures dur-
ing normal development such as the neural tube, and also for most new vessel
formation in the adult, such as during wound healing and the female reproduc-
tive cycle (Yancopoulus et al., 2000; Papetti & Herman, 2002). The sprouting
process begins with destabilization of preexisting vessels through the removal of
pericytes, leading to degradation of the vessel basement membrane and ECM, a
process aided by MMPs (Moses et al., 1997). Endothelial cells can then, in re-
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sponse to growth factors like VEGF and fibroblast growth factor (FGF), prolif-
erate and migrate to form a new vessel branch, which then mature through the
recruitment of pericytes, a process stimulated by the release of PDGFB from
endothelial cells (Hellstrom et al., 1999), followed by formation of new ECM
and basement membrane.

1.5.1 Vascular endothelial growth factor

Vascular endothelial growth factors (VEGFs) are important molecules for blood
vessel formation, especially VEGFA, which is required for initiation of imma-
ture vessels by vasculogenesis or angiogenic sprouting both in development and
in the adult. VEGF stimulates proliferation and migration and inhibits apoptosis
of endothelial cells, inducing angiogenic sprouting and capillary formation
(Nussenbaum & Herman, 2010).

VEGFA is a member of a family of growth factors also including VEGFB, -C
and -D, that bind to a set of cell-surface receptor tyrosine kinases (mainly
VEGFR-1, -2 and -3), triggering intracellular responses/signal transduction. The
receptor mediating the major growth inducing properties of VEGFA is VEGFR-
2 (also known as KDR or Flk-1), which is expressed on the surface of endotheli-
al and hematopoietic precursors (Eichmann et al., 1997). VEGFR-2 knockout
mice fail to develop vasculature (Shalaby et al., 1995). The same is seen in mice
with VEGFA knockout (Carmeliet et al., 1996; Ferrara et al., 1996). The im-
portance of regulation of VEGFA levels is evident in pathological conditions
with induced VEGF expression, such as diabetic retinopathy, where an abnormal
angiogenic response leads to leaky and haemorrhagic vessels (Aiello et al.,
1994; Adamis et al., 1994).

1.5.2 Angiopoietins

Angiopoietins are growth factors that bind to Tie receptors on endothelial cells
(Klagsbrun & Moses, 1999). Interaction between Angiopoietin 1 (Angl) and the
Tie2 receptor does not seem to be needed for the initial proliferation and tube
formation of endothelial cells, but is important for pericyte recruitment, sprout
formation and stability of vessels. Mice with knockout of either Angl or Tie2
develop normal primary vasculature but later die due to incomplete vascular re-
modeling (Suri et al., 1996). Overexpression of Angl in transgenic mice led to
increased vessel number, size and branching, and also caused resistance to ves-
sel leakage induced by VEGF or inflammatory agents (Suri et al., 1998;
Thurston et al., 1999). Angiopoietin 2 (Ang2) binds to Tie2 and partly antago-
nizes Tie2 activation by Angl, leading to pericyte loss and vessel destabilization
which may prevent excess angiogenesis but also making vessels more plastic
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and responsive to sprouting and tube formation induced by VEGF (Ferrara &
Kerbel, 2005; van Kempen & Leenders, 2006).

1.5.3 Tumor angiogenesis

During the initial stages of tumor development the tumors are not vascularized,
but survive on vasculature available in the surrounding host environment (van
Kempen & Leenders, 2006). However, to grow past a size limit of about 1-3
mm’ the tumor needs increased blood supply for nutrient delivery and waste re-
moval. In order to continue growth the tumor induces a so-called angiogenic
switch, induced by intra-tumor hypoxia, where the tumor changes to an angio-
genic phenotype, inducing the formation of new blood vessels from the preexist-
ing vasculature in a process similar to normal angiogenesis. However, these tu-
mor-induced vessels are abnormal, usually made up of both endothelial and tu-
mor cells (Chang et al., 2000) lacking functional pericyte coverage (Benjamin et
al., 1999) and a complete basement membrane, which makes them leaky and
dilated (Carmeliet et al., 1996).

1.5.4 Activators of tumor angiogenesis

Similar to normal angiogenesis, VEGFA expression, which is stimulated by hy-
poxic conditions in the central necrotic part of solid tumors (Graeber et al.,
1996), has a central role in tumor angiogenesis. VEGFA mRNA is upregulated
in most human cancers (Ferrara, 1999) and many tumor cell lines secrete
VEGFA in vitro (Senger, et al., 1986). In metastatic human colon carcinoma,
increased levels of VEGFA and VEGFR2 directly induced tumor vasculariza-
tion (Takahashi et al., 1995). Apart from producing VEGFA themselves, tumors
can also induce VEGFA production in surrounding stromal cells (Fukumura et
al., 1998). Besides stimulation of vessel growth, VEGFA also increase the ves-
sel permeability, enabling tumor cells to disseminate from the primary tumor
site (Saaristo et al., 2000).

Although VEGFA seems to have the major role in tumor angiogenesis, there are
many other factors that, often through cooperation with VEGFA, induce tumor
neovascularization. The role of Ang2 in angiogenesis seems to be more im-
portant in tumor vasculature, where its expression is much higher than that in
endothelial cells of normal blood vessels (Zagzag et al., 1999). Ang2 seems to
have a specifically important role in a process called co-option, where tumors
grow along existing vessels without inducing an angiogenic response (Yan-
copoulos et al., 1998). In the early, avascular stage of tumor growth, when
VEGFA levels are low, Ang2 expression in tumor cells is induced, resulting in
blood vessel destabilization and regression, which in the later stages, when
VEGFA is highly expressed, make the vessels more responsive to VEGFA-
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mediated growth (Maisonpierre et al., 1997). Furthermore, Ang2 contributes to
the leakiness of tumor vessels through antagonizing Angl vessel stabilization
(Carmeliet et al., 1996)

Fibroblast growth factor (FGF) was the first tumor-derived factor found to stim-
ulate endothelial cell proliferation and neovascularization in vivo (Folkman et
al., 1983). Inhibition of the FGF receptor led to decreased tumor growth and
vessel density in mice implanted with tumor xenografts (Folkman et al., 1971;
Compagni et al., 2000). The effect of FGF seems to be at a later stage in tumor
development than that of VEGFA, which suggests that FGF is more important
for maintenance than initiation of tumor angiogenesis (Compagni et al., 2000).
FGF and VEGFA were shown to induce proliferation and formation of cordlike
structures by bovine capillary endothelial cells in a synergistic manner (Goto et
al., 1993). FGF also upregulates VEGFA mRNA and protein production (Dero-
anne et al., 1997; Stavri et al., 1995).

Interleukin 8 (IL8) is a growth factor produced by macrophages that appears to
have a major role in tumor angiogenesis. Increased IL8 expression correlates
with increased neovascularization and tumor growth (Luca et al., 1997, Yuan et
al., 2000). IL8 stimulates production of MMP2 which degrades the basement
membrane and remodels the ECM, thus initiating tumor angiogenesis and tumor
cell invasion and metastasis (Klagsbrun & Moses, 1999).

1.5.5 Inhibitors of tumor angiogenesis

There are many endogenous inhibitors of angiogenesis whose expression is im-
portant for quiescence of vasculature in normal tissues. Loss of expression of
these anti-angiogenic factors is associated with increased tumor angiogenesis
and growth.

Thrombospondins are multidomain glycoproteins that are highly expressed dur-
ing tissue remodeling associated with wound healing and tumor progression
(Agah et al., 2002). Thrombospondin 1 (TSP1) was the first identified natural
inhibitor of angiogenesis (Good et al., 1990). TSP1 contains three Type 1 Re-
peats (TSRs) that interact with endothelial cell membrane protein CD36 to in-
hibit migration and induce apoptosis of endothelial cells (Dawson et al., 1997;
Jimenez et al., 2000). The TSR of TSP1 can also bind and activate latent TGF-J3
(Schultz-Cherry et al., 1994), which may lead to inhibition of tumor growth due
to growth inhibitory effects of TGF-3 (Miao et al., 2001). In addition, TSP1 in-
hibits MMP9, thus suppressing the release of VEGF from the ECM (Rodriguez-
Manzaneque et al., 2001), and binds to VEGF directly and mediates its uptake
and clearance (Greenaway et al., 2007).
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Tissue inhibitor of metalloproteinase 2 (TIMP2) is a member of a family of en-
dogenous inhibitors of MMPs that bind to the catalytic site of activated MMPs
and 1nhibit their protease activity, indirectly inhibiting angiogenesis (Umenishi
et al., 1991; Baker et al., 2002). TIMP2 also has direct effects on endothelial cell
proliferation. TIMP2 interacts with integrin o331 on endothelial cells, leading to
dissociation of the tyrosine phosphatase Shpl from the integrin complex, and the
subsequent association with and inactivation of FGFR and VEGFR2 and re-
duced FGF2- or VEGFA-dependent cell proliferation in vitro and angiogenesis
in vivo (Seo et al.,, 2003). TIMP2 also induces Shpl-mediated induction of
p27%"" expression and growth arrest of endothelial cells (Seo et al., 2006).
TIMP2 was reported to function as an inhibitor of tumor progression and inva-
sion in several cancer models including breast and liver cancer (Mendes et al.,
2007; Lee et al., 2005; Brand et al., 2000).

Other important inhibitors of tumor angiogenesis include the interferons (IFN-a.,
-B, -y). IFN-a inhibits endothelial cell migration and IFN-o and -3 both down-
regulate FGF expression in many cancer cells (Sato et al., 1995; Singh et al.,
1995). Interleukin 4 (IL4) suppresses tumor growth through inhibition of tumor
cell proliferation and induction of immune response against tumors (Topp et al.,
1995, Tepper et al., 1992), but also negatively regulates tumor neoangiogenesis
through inhibition of endothelial cell migration towards FGF in vitro and FGF-
dependent vascularization of rat corneas in vivo (Volpert et al., 1998).

1.6 Hypoxia

Tissue hypoxia is a condition where there is a decrease in physiological oxygen
levels in a tissue, and is observed in vascular disease or in cancer. Hypoxia acti-
vates a number of cellular processes with the aim of reinstating oxygen homeo-
stasis.

Tumor hypoxia, a common feature of solid tumors, occurs when tumors grow to
a size where the surrounding blood vessels no longer can deliver sufficient nu-
trients to the tumor tissue. Tumor cells located more than 0,1-0,2 mm from the
nearest vessels will undergo apoptosis or necrosis (O’Reilly et al., 1996). Tu-
mors might remain dormant in this avascular state for years, with an equal rate
of proliferation and cell death. In order for tumor growth to progress beyond this
state, the tumor cells adapt to the hypoxic conditions by inducing a switch from
aerobic to anaerobic metabolism with upregulation of glucose uptake and induc-
tion of enzymes involved in glycolysis (Kim et al., 2006; Papandreou et al.,
2006), as well as inducing an angiogenic phenotype by upregulating proangio-
genic factors such as VEGF and PDGF (Semenza, 2001). The main regulators of
this hypoxic response are the Hypoxia-inducible factor (HIF) proteins, that are
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stabilized in hypoxia and induce expression of a number of genes involved in
the hypoxic switch.

1.6.1 HIF proteins

Hypoxia-inducible factor (HIF) is a heterodimeric transcription factor consisting
of an a-subunit and a 3-subunit. While the -subunit is constitutively expressed,
independent of cellular oxygen concentration, the a-subunit is rapidly degraded
in normoxia but stabilized in hypoxic conditions (Wang et al., 1995). The stabi-
lized HIF heterodimer is translocated to the nucleus and binds to the hypoxia
response element (HRE), ACGTG, in the promoters of its target genes, activat-
ing expression of a large number of hypoxia response genes such as VEGFA
(Forsythe et al., 1996) and GLUT]1 (Ebert et al., 1995).

There are three HIFa-subunits (HIF1a, HIF2a, HIF3a), of which HIF1a and
2o are the most studied, and many target genes such as VEGF, Tie2, Ang2 and
VEGFR2 are induced by both subunits (Lau et al 2007). However, some genes
are specifically regulated. Oct4 and transforming growth factor alpha (TGF-a)
are, for instance, induced by HIF2a but not by HIFla (Covello et al., 2006).
Moreover, expression of HIFla is ubiquitous while HIF2a is specifically ex-
pressed in vascular structures (Jain et al., 1998) as well as in distinct cell popula-
tions in organs such as brain, heart, lung, kidney and liver (Wiesener et al.,
2003). HIF3a lacks the C-terminal transactivation domain present in HIF1a and
HIF2a, and is thought to act as an inhibitor of the other a-subunits (Bardos &
Ashcroft, 2005).

1.6.2 VHL

Von Hippel-Lindau (VHL) disease is a hereditary cancer syndrome caused by
mutation in the VHL tumor suppressor gene, leading to development of highly
vascularized cancers such as clear cell renal carcinoma and hemangioblastomas
of the retina and central nervous system (Lonser et al., 2003). The VHL gene
product, pVHL, forms a protein complex with elongin B, elongin C, cullin2 and
Rbx1 (Lonergan et al., 1998; Kamura et al., 1999). This complex has ubiquitin
ligase activity which enables it to target proteins for proteasomal degradation
(Iwai et al., 1999). The most well-known targets of the pVHL-complex are the
1soforms of the alpha subunit of HIF (HIF1a, HIF2a and HIF3a) (Ohh, 2006).
pVHL is crucial for binding to and subsequent degradation of HIFa.. The inter-
action between pVHL and HIFa only occurs in the presence of oxygen, since
HIFa needs to be prolyl hydroxylated by prolyl hydroxylases (PHDs), proteins
that may work as a kind of cellular oxygen sensors, in order to bind to pVHL
(Ivan et al., 2001; Jaakkola et al., 2001). VHL mutations in hemangioblastoma
and clear cell renal carcinoma leads to deficient VHL inhibition of HIFa and
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increased expression of HIF target genes such as VEGF and TGF-a (Reifen-
berger et al., 1995; Wizigmann-Voos et al., 1995; Petrides et al., 1990; Brown et
al., 1993).

There are also several functions of pVHL that are independent of its interaction
with HIF. It was found to have a crucial role in proper ECM assembly through
direct interaction with collagen IV (Kurban et al., 2008; Ohh et al., 1998). It also
associates with and stabilizes microtubules and, together with glycogen synthase
kinase 33 (GSK3[), has an important role in maintenance of the primary cilium
(Hergovich et al., 2003; Thoma et al., 2007).

1.7 Cancer stem cells

Normal stem cells are characterized by the capacity of self-renewal, a special
cell division in which the stem cell produce one or two daughter stem cells with
the same potential for development and replication as the mother cell, and plu-
ripotency, the ability to differentiate into tissue-specific specialized cells (Lobo
et al., 2007). Stem cells are often found in a certain microenvironment, the so-
called niche, within an organ or tissue. The stem cells and the niche interact via
paracrine factors and adhesion molecules, maintaining the characteristics of the
stem cells (Iwasaki & Suda, 2009).

There is growing evidence that tumors contain a small subset of cells with the
ability of self-renewal and generation of the diverse cells that comprise the het-
erogenous tumor mass. These cells are called cancer stem cells, or cancer-
initiating cells, because they share properties with normal stem cells, such as
self-renewal, long lifespan and resistance to apoptosis, and has the ability to
continually sustain tumor growth. Cancer stem cells are considered to be critical
for tumor proliferation and reoccurrence due to their natural resistance to cyto-
toxic drugs and capacity for DNA repair, allowing a small fraction of tumor
cells to survive chemotherapy and support tumor regrowth (Dean et al., 2005).
Cancer stem cells have been identified in a number of malignancies including
brain tumors, melanoma, breast cancer, and colon cancer (Lobo et al., 2007;
Visvader & Lindeman, 2008; Iwasaki & Suda, 2009).

1.7.1 ABCG2 and side population cells

ATP-binding cassette G2 (ABCG?2) is a membrane protein involved in efflux of
cytotoxic molecules from the cell, thus conferring the cell with drug resistance
(Gottesman et al., 2002). Both normal and cancer stem cells express high levels
of ABCG2 and other ABC-transporters that usually are inactive in differentiated
cells (Scharenberg et al., 2002).
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ABCG?2 drug efflux is used as a marker for isolation of haematopoietic stem
cells. While most cells take up and accumulate the fluorescent dye Hoechst
33342, this dye is transported out from the cell by ABCG?2 in stem cells (Zhou et
al., 2001; Goodell et al., 1996). This makes it possible to sort stem cells from
other cells due to the low levels of Hoechst 33342 fluorescence. These sorted
cells are called side population (SP) cells, because in flow-cytometric analysis
SP cells are visualized as a negatively stained “side population” to one side of
the majority of the cells in a dot blot (Goodell et al., 1996). The SP fraction i1so-
lated from murine bone marrow cells were found to be highly enriched in haem-
atopoietic stem cells, that could reconstitute bone marrow and differentiate into
lymphoid and myeloid lineages, demonstrating the pluripotency of these cells
(Goodell et al., 1996). SP cells has been isolated from many tissues including
brain, breast, lung and heart (Kim & Morshead, 2003; Alvi et al., 2003; Summer
et al., 2003; Martin et al., 2004).

SP cells have been identified in many different cancer cells including neuroblas-
toma, glioblastoma, lung cancer and breast cancer cell lines as well as in a ma-
jority of the neuroblastoma patient samples analysed in one study (Hirschmann-
Jax et al., 2004). A study of the rat glioma C6 cell line showed that isolated SP
cells, and not non-SP cells, gave rise to both neuronal and glial lineages that
produced tumors in mice, providing evidence that the SP fraction had cancer
stem cell properties with high self-renewal ability and an immature phenotype
(Kondo et al., 2004).

1.7.2 HIF proteins in cancer stem cells

Hypoxia has been shown to be important for maintenance of stem cells in the
stem cell niches, such as the bone marrow for hematopoietic stem cells, adipose
tissue for mesenchymal stem cells and the subventricular zone for neural stem
cells (Mohyeldin et al., 2010). There is also increasing evidence that hypoxia
and HIF proteins are important for maintenance of cancer stem cells in tumors.

Culture in hypoxic condition and HIF1a activation expanded a subpopulation of
glioma cells positive for the cancer stem cell marker CD133 while markers for
glial and neuronal differentiation were decreased (Soeda et al., 2009). Studies in
glioblastoma also showed that several hypoxic response genes such as VEGEF,
Glutl and Serpin B9 had higher expression in the cancer stem cell population
compared to the normal cancer cell population (Bao et al., 2006; Li et al., 2009).
While the levels of HIF1a was similar in both stem and non-stem tumor cell
population, the levels of HIF2a was almost undetectable in non-stem cells while
highly expressed in the stem cell population (Li et al., 2009). HIF knockdown in
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glioblastoma stem cells inhibited self-renewal and proliferation in vitro and re-
duced their tumor-initiating properties in vivo (Li et al 2009).

HIF2a appears to have a more important role than HIFla in cancer stem cell
regulation and tumor progression. While HIF1a is stabilized only in severe hy-
poxia, HIF2a is stabile in a wider range of oxygen levels, from severe hypoxia
to levels that are common for tumors (2-5%) (Holmquist-Mengelbier et al.,
2006). Inhibition of HIF2a but not HIF1aw suppressed renal cell carcinoma tu-
mor growth in vivo (Kondo et al., 2003). Unlike HIF1a, HIF2a induces the ex-
pression of OCT4, a transcription factor that is important for stem cell pluripo-
tency (Covello et al., 2006). HIF2a also binds to the promoter of the ABCG2
gene and activates its expression in murine cardiac SP cells (Martin et al., 2008).
These results suggest an important role of HIF2a in cancer stem cell mainte-
nance. HIF2a expression induced an immature phenotype in neuroblastoma and
breast cancer cells, induced growth of neuroblastoma tumors xenografted to
athymic mice and correlated with poor outcome for neuroblastoma patients
(Holmquist-Mengelbier et al., 2006; Pietras et al., 2008).

1.8 Nuclear receptor TLX

TLX (also called NR2E1) is the vertebrate homologue of the Drosophila tailless
gene, and encodes an orphan nuclear receptor that is important for vertebrate
brain functions (Yu et al., 1994; Shi et al., 2004). TLX expression in the mouse
starts at embryonic day 8 (ES8), peaks at E13.5 after which it gradually decreases.
After birth the expression again increases to high levels in the adult brain (Mon-
aghan et al., 1995).

TLX knockout mice appear normal at birth but mature knockout mice have re-
duced cerebral hemisphere and their behavior is more aggressive and they have
reduced learning abilities (Monaghan et al., 1997). Embryonic brains of TLX-
null mice demonstrate prolonged cell cycles and increased cell cycle exit, cou-
pled with increased expression of cdk inhibitor p21 and decreased expression of
cyclin D1 (Li et al., 2010).

Expression of TLX in adult brains is localized to neural stem cells (NSCs) in the
subventricular zone and the hippocampal dentate gyrus (Shi et al., 2004). TLX
maintains adult NSCs in an undifferentiated and self-renewable state with the
ability to differentiate into all neural cell types in vitro (Shi et al., 2004). TLX
has been shown to maintain NSCs in an undifferentiated proliferative state both
through the transcriptional repression of cell cycle inhibitors p21 and Pten genes
in cooperation with corepressors such as LSDI and histone deacetylases
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(HDACS) (Sun et al., 2010; Sun et al., 2007), and through the activation of the
Wnt/B-catenin pathway (Qu et al., 2010).

TLX is also expressed in the retina where it is a key factor in retinal develop-
ment and essential for vision (Yu et al., 2000). In the postnatal retina, TLX ex-
pression in proangiogenic astrocytes is controlled by oxygen levels and essential
for the proangiogenic switch in response to hypoxic conditions, leading to as-
sembly of fibronectin matrices and development of retinal vasculature (Uemura
et al., 2006). Upon astrocyte contact with blood vessels, oxygenation rapidly
downregulates TLX expression and switches off the proangiogenic activities,
thus maintaining vascular homeostasis.

The microRNAs miR-9 and let7b both suppress TLX expression, leading to de-
creased proliferation and increased differentiation of neural stem cells (Zhao et
al., 2009; Zhao et al., 2010). At the same time, TLX represses miR-9 pri-
miRNA expression, forming a negative feedback loop which may be important
in keeping the balance between proliferation and differentiation of neural stem
cells (Zhao et al., 2009).

In concurrence with the important role of TLX in NSC self-renewal, its deregu-
lation has been found to lead to brain tumor initiation and progression. TLX is
overexpressed in primary glioblastoma samples, correlating with poor survival
(Liu et al., 2010; Park et al., 2010). TLX expression induced migration of NSCs
from their natural niche and initiated glioma development (Liu et al., 2010). Ec-
topic expression of TLX in the U§7MG glioma cell line induced cell prolifera-
tion, colony formation in vitro and tumor formation in vivo (Park et al., 2010).
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2. Aims of the studies

2.1 General aim

The general aim of this thesis was to study the role of TGF-f3 and TLX in differ-
ent types of cancer and their involvement in regulation of tumor angiogenesis
and stem-like properties of cancer cells.

2.2 Specific aims

L. To investigate the function of TIMP2 in the induced angiogenesis and
accelerated growth of diffuse-type gastric carcinoma cells with disrup-
ted TGF-3 signaling.

II.  To elucidate the role of TGF-B in regulation of cancer stem cells in
diffuse-type gastric carcinoma.

III. To investigate the function of TLX and its interaction with VHL in
hypoxia and angiogenesis of neuroblastoma.

IVv.  To study the role of TGF-f signaling and its interaction with TLX in
neuroblastoma.
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3. Materials and methods

3.1 Culture and drugs (Papers I-1V)

In order to study the effect of TGF- and TLX on angiogenesis and carcinogen-
esis, a number of different cell lines were used for culture in vitro. The cell lines,
their origins and culture media are summarized in table 1. Culture media were
supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin and
60 mg/ml streptomycin. All cells were cultured in a 5% CO, incubator at 37°C.
For hypoxic conditions, cells were grown in 1.7% O,.

The OCUM-2MLN cell line was obtained from a lymph node metastasis caused
by orthotopic transplantation into a mouse of the OCUM-2M cell line (Fujihara
et al., 1998), originally established from a patient with diffuse-type gastric car-
cinoma (Yashiro et al., 1995). To generate OCUM-2MLN cells with stable ex-
pression of GFP, dnTBRII or TIMP2, a lentiviral infection system was used. Us-
ing gene-specific primers (listed in table 2), cDNA was amplified using PCR
and inserted into the multicloning site of the lentiviral vector pCSII-EF-Rfa,
which was used for recombination with pCAG-HIVgp and pCMV-VSV-G-
RSV-Rev vectors and virus production in 293FT cells. Lentiviral particles from
293FT conditioned media was then used for infection of OCUM-2MLN cells.
OCUM-2MLN stably expressing ABCG2 or control short hairpin RNA
(shRNA) were generated in a similar fashion, using the CS-Rfa-EG vector con-
taining a GFP expressing cassette and shRNA oligonucleotides directed against
ABCG?2 or control shRNA.

To generate IMR-32 and SH-SYSY cell lines with stable knockdown of TLX,
cells were transfected with TLX shRNA or control shRNA vectors, and the anti-
biotic G-418 (4-5 ul/ml, Roche) was used to select for and maintain clones with
stable shRNA expression.

Human TGF-B; (1-2 ng/ml, R&D Systems) was used for TGF-3 stimulation.
Bone morphogenetic protein 4 (BMP-4) (30 ng/ml) was used for BMP stimula-
tion. Cycloheximide (1 pg/ml) was used for inhibition of protein translation.
Hoechst 33342 (2-9 pg/ml) was used for visualisation of the SP fraction in flow
cytometry. 2,2 -bipyridyl (BP) (100 uM, Sigma Aldrich) was used to mimick
hypoxic conditions. MG132 (10 uM, Sigma Aldrich) was used to inhibit pro-
teasomal degradation of proteins. Epothilone B (EB) and Nocodazole (25 nM
and 3-10 pg/ml respectively, Sigma Aldrich) were used for perturbation of mi-
crotubuli stability.
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Cell line Species  Origin Media Paper

OCUM-2MLN Human Diffuse-type gastric carcinoma DMEM [,
A549 Human Non-small cell lung carcinoma DMEM Il
Hela Human Cervical adenocarcinoma DMEM Il
HSC-43 Human Diffuse-type gastric carcinoma DMEM Il
HuH7 Human Hepatocellular carcinoma DMEM Il
MDA-MB-231 Human Breast carcinoma DMEM Il

OCUM-2D Human Diffuse-type gastric carcinoma DMEM Il
OCUM-2M Human Diffuse-type gastric carcinoma DMEM Il
OCUM-2MD3 Human Diffuse-type gastric carcinoma DMEM Il

OCUM-8 Human Diffuse-type gastric carcinoma DMEM Il
OCUM-9 Human Diffuse-type gastric carcinoma DMEM Il
HacaT Human Keratinocyte DMEM i, 1, Iv
786-0 Human Renal cell carcinoma RPMI 1640 |l
786-VHL Human Renal cell carcinoma RPMI 1640 1l
AG1518 Human Fibroblast DMEM Il
LAN-5 Human Neuroblastoma RPMI 1640 |l
PAE Pig Endothelial DMEM 1]
SKN2 BE-2 Human Neuroblastoma DMEM 11
COos-1 Monkey Fibroblast DMEM 1, Iv
IMR-32 Human Neuroblastoma RPMI 1640 I, IV
SH-SY5Y Human Neuroblastoma DMEM 1", Iv

Table 1: List of cell lines used in this thesis.

3.2 Transient transfection and small interfering RNA

Transient transfection is used for exogenous introduction of genetic material to
cells by using expression vectors, reporter plasmids or siRNA. The transfection
methods used in this thesis was the Fugene6/FugeneHD (Roche) and Lipofec-
tamine 2000 (Invitrogen) lipid based transfection reagents and the microporation
technique using a Microporator (Digital Bio). All methods were used according
to the manufacturer’s instructions. Small interfering RNA (siRNA) duplex oli-
goribonucleotides against SMAD4 or control siRNA were synthesized by Invi-
trogen and used for transfection of OCUM-2MLN cells with Lipofectamine
2000 (Paper II). Transient transfection of IMR-32 and SH-SYS5Y cells with
siRNA against TLX (Qiagen) was done using microporation (Paper III).
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3.3 RNA expression: Quantitative reverse transcriptase
PCR analysis (Paper I-1V)

Reverse transcriptase polymerase chain reaction (RT-PCR) is used to determine
the amount of specific RNA transcripts using reverse transcription of RNA into
cDNA and subsequent PCR amplification with gene-specific primers. In quanti-
tative (or real-time) RT-PCR, non-specific fluorescent dye that intercalates with
double-stranded DNA allows the detection of amplified cDNA as the PCR reac-
tion progresses in real time. By selecting a threshold value for fluorescence de-
tection when the reaction is in the exponential phase (and no reagents are limit-
ing the reaction) and determining the Cr value, i.e. the number of PCR cycles it
takes for each ¢cDNA sample to reach the threshold, the relative amounts of
cDNA in the different samples can be determined. To accurately quantify the
relative expression the measured cDNA amount is normalized to the measured
amount of a housekeeping gene in the same sample.

Total RNAs from cultured cells or excised subcutaneous tumors were extracted
using the RNeasy Mini Kit (QIAGEN) (Paper I-1I) or using the TRIzol reagent
(Invitrogen) and subsequent ethanol precipitation (Paper III-IV). cDNA was
synthesized, using 1-2 ug RNA as template, with the Quantitect Reverse Tran-
scription kit (QIAGEN) with random hexamer primers (Paper I-II) or by anneal-
ing oligo-dT primers and elongating with M-MuLV reverse transcriptase (Fer-
mentas) (paper III-IV) according to the manufacturers’ protocols. Transcript
levels were measured and Cr values were estimated using the 7500 Fast Real-
Time PCR System (paper I-1I) or the StepOne Real-Time PCR system (paper
III-IV) (Applied Biosystems). Transcript levels of the genes of interest were
normalized to the expression of housekeeping genes GAPDH or HPRT. Se-
quences of the primers used for quantitative RT-PCR are listed in table 2.

3.4 Promoter reporter assay (Paper llI-IV)

Promoter reporter assays are used to study how the activity of a specific promot-
er or enhancer region is regulated by drugs and transcription factors. A promoter
or enhancer sequence of interest is cloned upstream of a reporter gene, in our
case the luciferase gene, in a vector that is transfected into cells. The cells are
treated with drugs or cotransfected with vectors expressing transcription factors
or other proteins, or with siRNAs before they are lysed with lysis buffer. If the
promoter 1s active the luciferase enzyme will be expressed and the enzymatic
reaction when the luciferase substrate luciferin is added to the cell lysates pro-
duces light that can be quantified and give an indirect measurement of the de-
gree of promoter activity.
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The luciferase constructs used in this thesis were the HRE-containing promoter
construct (Stewart et al., 2009), the VHL-promoter (gift from Dr Maher; Zatyka
et al., 2002) (both in Paper III), a construct containing the 4.7 kb upstream se-
quence of the TLX gene (Paper III and IV), and the Smad Binding Element-
containing (SBE),-lux construct (Paper 1V). Cells were transfected with 0.3 pg
reporter plasmid and 0.3 pg expression plasmid or mock vector. Cells were
lysed 48 hours after transfection, procesed using the Luciferase Reporter Assay
System (Promega) according to the manufacturer’s instruction. Luciferase activ-
ity was determined by quantification of luminescense using a luminometer, and
normalized to activity of co-transfected [-galactosidase or to total protein

amount.
Primer Forward sequence Reverse sequence Application Species Paper
5-AAA GAA TTC ATG GGC 5-ATA CTC GAG TTA TGG j
TIMP2  Gccaes 6-3 GTC CTC GAT GTC -3’ cDNA cloning H |
5'-AGA TGT AGT GAT CAG 5'-GCT TGA TCT CAT ACT
TIMP2  GeccanaG-3 GGATCCTCT TG-3' RT-PCR H I
5-GAA GGT GAA GGT CGG  5'-GAA GAT GGT GAT GGG
GAPDH aGgrc3 ATT TC-3' RT-PCR H [, IV
5'-TGT TTG GGC TAT TTACTA  5'-ATA AAA TGA CTT AAG
5-GCA GGA CAT CCG GGA  5'-CCA ATA GCC TTG GCC
PAI-1  Gaga3 TGA GA-3’ ChIP H Il
5'-CCC TGC GAC CCG GCT 5'-GAT CCC GGA GGC GGG
ABCG2 carnG3 AGT GT-3’ ChIP H Il
5'-AGA TGG GTT TCC AAG 5'-CCA GTC CCA GTA CGA
ABCG2 cerTcaT3 CTG TGA CA-3’ RT-PCR H Il
5’-AAA ACG GCC ATC TTC AGC  5'-AGG CCA GTA ATG TCC
SMAD4 ac.3 GGG A-3’ RT-PCR H 1
5'-TTT GCT TTC CTT GGT CAG  5'-GCT TGC GAC CTT GAC
HPRT gc3 CAT CT-3' RT-PCR H I, v
5'-GTT GAA TTC ATG AGC 5'--GCG CTC GAG TTA GAT ]
TLXFL  aac cce ccs GTC ACT GGA TTT G-3' cDNA cloning M [
5'-TAT GAA TTC GAA TCA GCT  5'~-GCG CTC GAG TTA GAT )
TLXAN  Gecace crT-3 GTC ACT GGA TTT G-3' cDNA cloning M 1
5'-GTT GAA TTC ATG AGC 5'-TTT CTC GAG TTA ACA )
TLX AC  paG ccecc-3 CAC GGA CTC AGT-3’ cDNA cloning M [
5'-GTT GAA TTC ATG AGC 5'-TTT CTC GAG TTA GAA )
TLX ALB  aaG ccG cc-3 TCG GCA GGG TTG G-3' cDNA cloning M [l
5'-TTT TCA GGC TGT GAA CCT  5'-GAT CCT CCC CGC TAC
VEGF 163 CAG-3’ ChiP H 11
5'-CTG GCT GTA TCT GGCATG  5'-TCT AAA TCG AGC CAC
TLX AA-3’ CAC CT-3’ RT-PCR H 1
5-ATT AGCATG GCG GCA  5'-TGG AGT GCA GTG GCA
VHL CAC AT-3’ TAC TCA T-3' RT-PCR H "I
5'-CCT TAG CCG ACT CTG CGA  5'-CCA GAT AAT TCG TTC
SMAD7 acta-3 CCCCTG T-3' RT-PCR H v
5-ACA GCA GAG GAAGAC  5'-GGG CTT CCT CTT GGA
p21 CAT GTG-3’ GAA GAT-3’ RT-PCR H IV
5-GCA ATG TGA CGG AGA  5'-CCG ATG CAG CTC AGC AAA
PDGFRB g1 16AA-3 -3 RT-PCR H Vv

Table 2: List of primers used in this thesis.
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3.5 Protein quantification: Imnmunoblotting (Paper I-IV)

Immunoblotting (also called Western blotting) is used to determine, by specific
antibody detection, the presence and relative amounts of various proteins of in-
terest in cells. Cultured cells were washed in phosphate buffered saline (PBS)
and lysed on ice using lysis buffer with either Triton X-100 or Nonidet-P40 as
detergents and containing phosphatase and protease inhibitors. Cellular debris
was removed by centrifugation and equal amounts of protein were loaded to and
separated on 8-15% SDS-PAGE gels. Proteins were then transferred to PVDF
membranes that were blocked in 5% skim milk or 5% BSA and probed by pri-
mary antibodies (listed in table 3), followed by incubation with HRP-conjugated
secondary antibody against mouse-, rabbit- or goat-IgG, depending on the spe-
cies of origin for the primary antibody. Membranes were developed using the
enhanced chemiluminescence (ECL) advance system (GE Healthcare) according

to the manufacturer's protocol and scanned using LAS-1000 Plus (Fujifilm).

Antibody Company Source  Application Paper
TIMP2 Abcam Mouse WB I
PECAM1 BD Pharmingen Rat IF I
NG2 Chemicon Rabbit IF I
Hypoxyprobe HPI, Inc Mouse IF |
HA (3F10) Roche Mouse WB Il
phospho-Smad2 Cell Signaling Rabbit WB Il
phospho-pRb BD Pharmingen Rabbit WB Il
ABCG2/BCRP Millipore Mouse WB Il

Smad2/3 BD Biosciences Mouse IF,ChIP I, IV
VHL BD Biosciences Mouse  WSB, IP, ChIP 11
B-tubulin Sigma Aldrich Mouse WB I
Actin (AC-40) Sigma Aldrich Mouse WB 1]
TLX Abnova Mouse ChiP 1]

GAPDH Millipore Mouse WB 1, 1Iv

B-Actin Santa Cruz Mouse WB 1, v

TLX Lifespan Biosciences Rabbit WB, IP, IF 1, Iv

Flag (M2) Sigma Aldrich Mouse WSB, IP 1,1V
c-Myc (9E10) Santa Cruz Mouse WSB, IP v
phospho-Smad2  Gift from CH Heldin Rabbit WB v
Smad?2 Gift from CH Heldin Rabbit WB 1Y
PDGFR-f3 Santa Cruz Rabbit WB vV

Table 3: List of antibodies used in this thesis.
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3.6 Protein binding assay: Coimmunoprecipitation
(Paper llI-IV)

Immunoprecipitation is used to enrich a protein of interest by binding it with
specific antibodies, and pull down the protein-antibody complex with agarose
beads. Co-immunoprecipitation enables the study of protein-protein interaction,
since other proteins that interact with the immunoprecipitated protein will also
be pulled down and can then be detected and identified by immunoblotting. Co-
immunoblotting was performed either on endogenously expressed proteins or on
Flag-, Myc-, or HA-tagged proteins that were transfected into cells and exoge-
nously expressed. Cells were lysed in lysis buffer (48 h after transfection if ex-
ogenous proteins were used) and the lysate was incubated with antibody. Then
protein A/G agarose beads were added to the lysate and incubated for 4 h or
overnight in 4°C. In the case of Flag-tagged proteins, anti-Flag M2 antibody
conjugated to agarose (Sigma-Aldrich) was directly added to the lysate and in-
cubated overnight at 4°C. The agarose beads were washed, boiled in SDS-
sample buffer, and immunoblotting was performed as described above.

3.7 Immunofluorescense: Immunohistochemistry
(Paper I) & Immunocytochemistry (Paper IlI-1V)

Immunofluorescense is a method used to fix tissues (immunohistochemistry) or
cells (immunocytochemistry) and determine the expression and localization of
an antigen of interest, by incubation with antigen-specific antibodies followed
by addition of fluorescent labeled secondary antibodies that can be detected with
a fluorescence microscope.

For immunohistochemistry, tumor tissue from mice were excised and fixed in
10% neutral buffered formalin followed by sequential washes in PBS containing
sucrose at gradually increasing percentages (10-15-20 %). Tissues were then
embedded in optimal cutting temperature compound and snapped frozen in dry-
iced acetone, sectioned at 10 um thickness in a cryostat, and incubated with first
primary antibodies (listed in table 3) and then Alexa Fluor-488 or Alexa Fluor-
594-conjugated secondary antibodies (Molecular Probes). Samples were ob-
served with an LSM510 Meta confocal microscope (Zeiss) and images were im-
ported into Adobe Photoshop and analyzed using ImagelJ software (National In-
stitutes of Health, Bethesda, MD, USA).

For immunocytochemistry, cells were cultured on chamber slides, fixed in ice-
cold 50:50 Methanol:Aceton for 5 min, permeabilized with tris buffered saline
(TBS) containing Triton-X, incubated in blocking buffer (TBS + 10% FBS) for
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1 hour and incubated with primary antibodies diluted in blocking buffer over-
night at 4°C. Cells were then incubated with secondary antibodies as described
above. For nuclear staining, 1 pg/ml of Hoechst 33258 (Molecular Probes) was
added. Cells were observed and analyzed with an epi-illumination fluorescence
microscope (Zeiss Axiovision or Olympus High-Content).

3.8 In vivo protein-DNA interaction: Chromatin immuno-
precipitation (Paper li-lll)

Chromatin immunoprecipitation (ChIP) is used to study in vivo binding of spe-
cific proteins to gene regulatory regions such as promoters and enhancers, by
cross-linking DNA and proteins with formaldehyde fixation followed by soni-
cation to shear DNA into fragments of 200-1000 base pairs. Protein-DNA com-
plexes are then immunoprecipitated with antibodies specific to proteins that are
assumed to bind the regulatory region of interest. When the DNA fragments
bound by proteins have been collected, the protein-DNA cross-linking is re-
versed, proteins and RNA are degraded, and DNA is purified and amplified with
PCR using primers specific to the regulatory region in question. If the protein
bound to the specific DNA region this DNA sequence will be amplified.

Protein and DNA were cross-linked by incubating cells with formaldehyde at a
final concentration of 1% for 10 min. After cell lysis, crosslinked DNA was
sonicated and incubated at 4°C with antibodies against Smad2/3 (10 pg, paper
IT) or TLX, HIF2a,, RNA Polymerase II, VHL (2 ug, paper III), along with
mouse/rabbit IgG (negative control). The antibody-protein-DNA complex was
collected using anti-mouse IgG Dynabeads (paper 1I) or Protein A/G-agarose
(paper III). Immunoprecipitates were subjected to five washes in ChIP wash
buffer (50 mM HEPES-KOH pH 7, 0.5 M LiCl, ImM EDTA, 0.7% deoxycho-
late, 1% Igepal CA630) (paper II) or subsequent washes in low salt, high salt
and LiCl wash buffers (paper III), and finally washed in TE buffer. Immunopre-
cipitates were then eluated and incubated with NaCl at 65°C for 4 h or overnight
to reverse the DNA-protein crosslinks. RNA and protein was degraded using
RNaseA and ProteinaseK, respectively, and DNA was extracted with a PCR
Purification Kit (Qiagen) (paper II) or using phenol:chloroform extraction and
ethanol precipitation (paper III), and used for quantitative or semi-quantitative
RT-PCR analysis, using promoter-specific primers as listed in table 2.
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3.9 Cell proliferation assay

Cell proliferation assay is used to compare the growth rate of cells in different
conditions. The growth rate was determined by two methods: cell count or the
MTT colorimetric assay.

For cell count, cells were seeded at 2-2.5 x 10* cells per well in 12- or 24-well
plates and counted manually in triplicates using a counter-chamber at the indi-
cated time points after seeding (paper I, III) or counted in duplicates with a
hemocytometer at day 4 after TGF-3 treatment (paper II). The cell numbers
were compared to that of the day of seeding or the day of TGF-f3 treatment.

In MTT assay (paper 1V), cell survival is assessed indirectly, on the basis of the
breakdown of the yellow tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) into blue formazan salt, which can be spec-
trophotometrically quantified. This color change reflects the enzyme activity of
mitochondrial dehydrogenases in living cells. Cells were seeded at 1500 cells
per well in 96-well plates with at least 8 replicates for each time-point and
treatment. At the respective time-points after seeding, cells were incubated with
20 pl of MTT dissolved in PBS. After 6 h incubation at 37°C, media was re-
moved, formazan crystals were dissolved in DMSO and absorbance was meas-
ured at 570 nm. The absorbance values were compared to the value of cells at
day 1 after seeding.

For determining the effect of TGF-B treatment on growth rates, TGF-1 (1-2
ng/ml) was added to cells the following day after seeding (paper II, I'V).

3.10 Colony formation assay in soft agar (Paper lI-lil)

Colony formation in soft agar is used to study non-adhesive cellular growth in
three dimensions and is an assay to determine tumorigenicity in vitro. Agar
(Nacalai Tesque or Chemicon) was dissolved in culture medium to 0.5 or 0.8%
and plated in culture plates (bottom layer). After the bottom layer had coagulat-
ed, cells were seeded in 0.3 or 0.4% agar and added on top of the bottom agar
layer. Cells were covered with liquid growth media and cultured at 37°C in a 5%
CO, incubator for approximately 3 weeks. Cell viability was determined by
manual count of colonies or measured using Cell Count Reagent SF (Nacalai
Tesque), where water-soluble tetrazolium salt is incubated with cells for 2 hours,
followed by measurement of absorbance at 450 nm.
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3.11 Side population (SP) analysis and sorting (Paper Il)

Side population (SP) analysis is a method used to quantify and isolate cells that
are positive for the stem cell marker ABCG2. The fluorescent dye Hoechst
33342 will be taken up by most of the cells, but the dye will only be effluxed by
cells that express ABCG2. This makes it possible to sort and collect ABCG2+
cells because of their low levels of Hoechst 33342 fluorescence. These cells are
called side population cells, and they are enriched in stem cells.

Cells were resuspended in ice-cold HBSS +2% FBS and treated with 2-9 pg/mL
Hoechst 33342 dye (Invitrogen) for 60 min at 37°C. After wash with PBS, cells
were analyzed and collected using a flow cytometer and histograms were gener-
ated by the FlowJo software (Tree Star).

3.12 In vivo xenograft models (Paper I-Il)

Transplantation of human tumor tissue or cells into immunodeficient mice such
as athymic (nude) or severe combined immune deficient (SCID) mice is a me-
thod used to study the biology and treatment of solid human cancers in vivo. For
easy operation and visualisation of tumor formation subcutaneous transplanta-
tion of tumors or cells is commonly used. However, in order to study the tumor
biology in an environment similar to the original primary site or to study tumor
metastasis, orthotopic transplantation is used. In orthotopic transplantation mod-
els, cancer cells are transplanted to the organ or tissue of origin, such as mouse
mammary pads in the case of breast cancer.

In this thesis male BALB/c nu/nu nude mice (4-5 weeks of age) purchased from
Oriental Yeast, Co were used. All animal experimental protocols were per-
formed in accordance with the policies of the Animal Ethics Committee of the
University of Tokyo. In the subcutaneous xenograft model (paper 1) a total of 5
x 10° cells resuspended in 100 pl of culture medium were injected into mice.
Tumor size was measured from one week after injection. In the orthotopic mod-
el (paper I) a total of 5 x 10° OCUM-2MLN cells resuspended in 50 pl of cul-
ture medium were injected into the gastric walls of mice. About four weeks later
the mice were sacrificed and tumors were measured and harvested. In the subcu-
taneous model using non-SP and SP-cells (paper II), cells were resuspended in
50% matrigel (BD Bioscience).

Subcutaneous xenografts were measured externally every other day until the end
of evaluation periods, and orthotopic xenografts were measured after harvest.
Tumor volume was approximated using the equation vol = (a x b*)/2, where vol
1s volume, a the length of the major axis, and b is the length of the minor axis.
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Relative tumor volume was calculated by dividing tumor volume by that meas-
ured on the first day of evaluation.

To study the degree of hypoxia in tumor tissue (paper I), hypoxyprobe (pimoni-
dazole hydrochloride; HPI, Inc.), which is a molecule that binds to hypoxic
cells, was injected through the tail vein of nude mice at 60 mg/kg body weight
30 min before subcutaneous tumor harvest. Hypoxic area of the tissue was ana-
lyzed using immunohistochemistry with primary antibody against hypoxyprobe.

3.13 In vivo cell isolation and gene expression analysis
(Paper I-ll)

To study the difference in gene expression of xenografted tumors formed by dif-
ferent cancer cells, tumor tissue was digested with 1 mg/ml collagenase
(Worthington) and 0,25% Trypsin-EDTA (Invitrogen). The resulting single cell
suspensions were subjected to MACS cell separation using microbeads conju-
gated to CD326 antibody (Miltenyi Biotec) allowing the selection of CD326 ex-
pressing human cancer cells from CD326 negative mouse stromal cells. Total
RNA from the isolated cancer cells were purified using the RNeasy Mini Kit
(Qiagen) and used for gene expression analysis, which was performed using the
GeneChip Human Genome U133 Plus 2.0 Array (Affymetrix) as described
(Komuro et al., 2009).

3.14 Statistical analysis

For data storage and analysis Excel software (Microsoft) was used. Statistical
differences were compared by Student’s t test and expressed as mean values +
standard errors.
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4. Results

4.1 Paper | — Exogenous introduction of tissue inhibitor
of metalloproteinase 2 reduces accelerated growth of
TGF-B-disrupted diffuse-type gastric carcinoma

Diffuse-type gastric cancer is characterized by rapid progression, poor prognosis
and thick stromal fibrosis associated with high levels of TGF-3 produced by
cancer cells and cancer-associated fibroblasts (Yashiro et al., 1995; Mizoi et al.,
1993). However, since the role of TGF-B in this cancer type had not been well
characterized before, we previously investigated the function of TGF-f3 signal-
ing using the diffuse-type gastric carcinoma cell line OCUM-2MLN, to which
we introduced a dominant negative form of the TGF-f type II receptor
(dnTBRII) which binds to TGF-B ligands but does not transduce intracellular
signals (Komuro et al., 2009). Expression of dnTPRII caused accelerated tumor
growth through the induction of tumor angiogenesis in vivo.

4.1.1 Regulation of TIMP2 expression by TGF-f signaling

Using oligonucleotide microarray analysis with RNA isolated from cancer cells
from tumors with normal or dysfunctional TGF-3 signaling we found that the
expression of tissue inhibitor of metalloproteinase 2 (TIMP2) was downregulat-
ed in dnTBRII tumors in vivo, and we also found that TGF-3 induced TIMP2
mRNA expression in OCUM-2MLN cells in vitro. TIMP2 is an endogenous in-
hibitor of matrix metalloproteinases (MMPs) and has been shown to inhibit tu-
mor progression and invasion in several cancer models (Lee et al., 2005; Brand
et al., 2000), but since its involvement in gastric cancer was unknown we decid-
ed to study TIMP2 function in the OCUM-2MLN diffuse-type gastric carcinoma
model.

4.1.2 TIMP?2 overexpression abolished the accelerated growth of
dnTpRII cells in vivo

We used previously established OCUM-2MLN cells expressing green fluores-
cent protein (GFP) or dnTBRII and lentivirally reinfected these cells with GFP
or TIMP2 genes to establish three new OCUM-2MLN cell lines: GFP+GFP,
dnTPRRII+GFP and dnTRRIIH+TIMP2. We then used these cells for subcutaneous
transplantation to nude mice. Compared to the GFP+GFP controls, tumors ex-
pressing dnTPRII+GFP displayed accelerated growth, which was completely
abolished in tumors where TIMP2 was coexpressed with dnTBRII. These results
were confirmed in an orthotopic model where the same cell lines were trans-
planted to the gastric wall of nude mice.

36



4.1.3 The effect of TIMP2 overexpression on tumor angiogenesis

Since we previously showed that the accelerated tumor growth in dnTBRII ex-
pressing tumors is due to induced tumor angiogenesis, we wanted to know if the
inhibitory effect of TIMP2 on tumor growth was due to inhibition of angiogene-
sis. We therefore studied tumor vascular density using immunohistochemical
staining of PECAMI1, a marker of vascular endothelium. PECAMI1-positive area
was significantly increased in dnTPRII+GFP tumors compared to GFP+GFP
tumors. Coexpression of TIMP2 with dnTPBRII only slightly decreased the total
PECAMI staining, but the vessel length appeared to be decreased in the TIMP2
expressing tumors.

4.1.4 TIMP?2 overexpression reduced the function of tumor vessels

The decreased vessel length in dnTRRII+TIMP2 tumors suggested that blood
vessel functionality may be reduced in these tumors. To evaluate the function of
tumor vessels we monitored oxygen delivery by using Hypoxyprobe (pimonida-
zole hydrochloride), a molecule that binds to hypoxic cells. At day 15 after sub-
cutaneous tumor transplantation, Hypoxyprobe was injected through the tail vein
of mice 30 min before tumor harvest. Hypoxic area in tumor tissue was then an-
alyzed with immunohistochemistry using antibody against Hypoxyprobe (figure
3A). Intratumor hypoxic area was significantly reduced in dnTRII+GFP tumors
compared to GFP+GFP control tumors, but in dnTRRII+TIMP2 tumors hypoxic
area was significantly increased compared to dnTBRII+GFP tumors, with hy-
poxic staining even in areas with high vessel density, suggesting that the shorter
vessels in TIMP2 expressing tumors were less functional and unable to efficient-
ly deliver oxygen to the tumor tissue.

We next investigated pericyte-coverage of tumor vessels. Pericytes stabilise
blood vessels and are important for vasculature maturation. Pericytes were iden-
tified as cells around the vessels staining positive for the pericyte marker neuro-
glial proteoglycan 2 (NG2). Double staining of PECAM1 and NG2 revealed a
much more diffuse vascular structure in GFP+GFP and dnTBRII+TIMP2 tumors
with less pericyte-coverage of vessels than in dnTBRII+GFP, correlating with
the difference in vessel functionality (figure 3B).
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Figure 3: TIMP2 expression decreased oxygen delivery (A) and pericyte-
coverage (B) of tumor vessels.

4.2 Paper Il - Transforming growth factor- decreases
the cancer-initiating cell population within diffuse-type
gastric carcinoma cells

Most studies of human cancers are based on analysis of the tumor mass as a
whole, but recent findings suggest that the tumor cell population is heterogenous
with respect to tumor-forming ability, with a small fraction of the cell popula-
tion — so-called cancer stem cells or cancer initiating cells — being the driving
force of tumor proliferation (Stingl & Caldas, 2007). We previously found that
disruption of TGF-f signaling by introduction of dnTBRII to OCUM-2MLN dif-
fuse-type gastric carcinoma cell lines led to accelerated tumor growth due to in-
duced tumor angiogenesis (Komuro et al., 2009). However, our aim with this
study was to see if TGF-f3 signaling also played a part in regulation of cancer
stem cells in diffuse-type gastric carcinoma.
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4.2.1 Cancer-initiating cells are enriched in 2MLN-dnTpRII cells

First we examined if 2MLN-dnTBRII cells contained a higher proportion of tu-
mor initiating cells compared to 2MLN-GFP control cells. For this purpose, var-
ious numbers of cells were transplanted to mice, and were compared for tumor
formation frequency. As few as 1x10° dnTPRII cells were sufficient for tumor
formation, while for GFP cells no tumors were formed when transplanting 3x10°
cells or less, suggesting that disruption of TGF-§ signaling induced tumor for-
mation through enrichment of a cancer-initiating cell population.

4.2.2 ATP-binding cassette G2 is upregulated in dnTPRII tumors

In order to find candidate genes that would be responsible for the increased stem
cell like properties of 2MLN-dnTBRII cells we analyzed data from the oligonu-
cleotide microarray that we performed previously (Komuro et al., 2009). We
found that one of the genes upregulated in dnTBRII tumors was ATP-binding
cassette G2 (ABCG2), which codes for a membrane protein involved in efflux of
cytotoxic molecules from the cell. ABCG?2 is highly expressed in both normal
stem cells and cancer stem cells, making it a prime target of focus in our study.

4.2.3 TGF-pBregulates ABCG?2 expression through the Smad pathway

Upon treatment of OCUM-2MLN cells with TGF-, ABCG2 mRNA and pro-
tein expression was decreased, but expression was unchanged in cells expressing
dnTPBRII. Knockdown of Smad4 expression with siRNA abolished the negative
effect of TGF- on ABCG2 expression, indicating that TGF-[3 activation of the
Smad pathway was responsible for ABCG2 regulation. This was confirmed by
ChIP analysis, which showed that Smad2/3 binds to the ABCG2 promoter in
response to TGF-f3 treatment.

4.2.4 OCUM-2MLN cells contain an SP cell fraction with tumorigenic
properties

To confirm the functionality of ABCG2 in OCUM-2MLN cells we used flow
cytometric analysis with Hoechst 33342 staining to identify SP cells. We found
a distinct fraction of SP cells making up 1.45% of the cell population, and this
fraction was decreased by treatment with transporter inhibitors reserpine or
fumitremorgin. We next sorted SP cells and non-SP cells from OCUM-2MLN
and transplanted equal number of SP or non-SP cells into mice. Tumors formed
by SP cells were significantly larger than that of non-SP cells, suggesting that
OCUM-2MLN cells is a heterogenous cell population and that the SP cell frac-
tion is more tumorigenic than the non-SP cell fraction.
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4.2.5 TGF-Bdiminished the SP fraction of OCUM-2MLN cells

To test our hypothesis that TGF-3 diminishes the OCUM-2MLN SP fraction
through repression of ABCG2 we treated cells with TGF-3 and performed flow
cytometric analysis with Hoechst 33342 staining and found that the SP-fraction
was significantly reduced by TGF-f (figure 4). TGF- also inhibited colony
formation of OCUM-2MLN cells in soft agar in vitro and tumor formation in
vivo.

(-) FTC
@ | & | i
1.2 Z| Z
1 I ) 2 2 0
= . o [ 1.87% |~ 0.00%
§ g 0.8 r Hoechst Red Hoechst Red
ES o6l —&— TGF-B/ (-
2o
O £ BMP-4/ () TGF-B BMP-4
8 c 047 S
< g *’ |
0.2 i o :\ )
B & &
01 8 24 48 z z
H z

Time (h)

7

0.04% 2.12%
Hoechst Red Hoechst Red

Figure 4: TGF-B downregulated ABCG2 expression and SP-fraction of OCUM-
2MLN cells.

4.2.6 ABCG?2 expression and SP-fractions in gastric carcinoma cell lines

Finally, we looked at ABCG2 expression and SP cell percentage in four differ-
ent diffuse-type gastric cancer cell lines and found that both ABCG2 expression
and SP fraction was significantly higher in OCUM-2MLN cells, and that only
this cell line, and not the other three, formed tumors in vivo.

4.3 Paper lll - TLX creates hypoxic microenvironment in
neuroblastoma

There is growing evidence of the existence of a subpopulation of cancer-
initiating cells, with properties similar to stem cells, in many solid tumors in-
cluding neuroblastoma, a cancer of the peripheral (sympathetic) nervous system.
Since the orphan nuclear receptor TLX has a central role in maintaining stem-
ness of neural stem cells in the central nervous system, we wanted to study the
role of TLX in neuroblastoma. Two neuroblastoma cell lines were the main fo-
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cus of this study: IMR-32, which expresses high levels of TLX, and the more
differentiated SH-SYSY cell line which has lower TLX expression.

4.3.1 Hypoxic conditions induced TLX and suppressed VHL protein ex-
pression in IMR-32 and SH-SY5Y neuroblastoma cells

It 1s well-known that hypoxia has an important role in both normal stem cell and
cancer stem cell maintenance. Hypoxic conditions induced TLX protein expres-
sion in IMR-32 and SH-SYSY cells while expression of VHL was downregulat-
ed. VHL and TLX mRNA levels were not significantly altered by hypoxia, sug-
gesting that TLX and VHL expression is mainly regulated on the protein level.

4.3.2 VHL binds to and stabilizes TLX

Overexpression of VHL in 786-0 cells, lacking functional endogenous VHL, led
to reduction of HIF2a levels presumably due to VHL targeting of HIF2a for
proteasomal degradation. However, VHL overexpression led to stabilization of
TLX in both presence and absence of proteasomal inhibitor MG132. Using co-
immunoprecipitation we found that TLX bound to VHL wild-type protein but
not to the A95-123 mutant, suggesting that this region is indispensable for bind-
ing to TLX, just as it is for binding between VHL and HIFa or tubulin (Hergo-
vich et al., 2003).

4.3.3 Hypoxia-responsive promoter activity was repressed by VHL but
activated by TLX

It has been shown that hypoxia-dependent induction of TLX stimulates angio-
genesis in the developing retina (Uemura et al., 2006). Since TLX enters the nu-
cleus in hypoxia we examined if TLX cooperates with HIFa through binding to
the HIF-responsible element (HRE) found in promoters of hypoxia-responsive
genes. There is a TLX binding element next to the HRE in the VEGF-promoter.
In VHL-deficient 786-0 cells but not in 786-VHL cells, we found induced lucif-
erase activity of the HRE-reporter in response to TLX overexpression. Hypoxic
conditions induced HRE-reporter activity in SH-SY5Y cells, and transfection of
VHL repressed the activity, but this repression was counteracted by TLX over-
expression.

4.3.4 TLX silencing in neuroblastoma led to growth retardation, reduced
hypoxia-dependent HIF2 a induction and increased VHL expression

In order to study the biological role of endogenous TLX in neuroblastoma we
made IMR-32 and SH-SYS5Y clones with stable knockdown of TLX. TLX-
silenced cells displayed significant growth retardation compared to control cells,
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and in IMR-32, TLX silencing led to reduced colony formation in soft agar and
induced expression of the early apoptosis marker Caspase 3. Hypoxia-induced
expression of HIF2a was reduced in silenced cells, but pVHL levels were in-
creased both in normoxia and hypoxia (figure 5).
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Figure 5: Knockdown of TLX increased pVHL protein levels and reduced hy-
poxia-induced HIF2a expression in IMR-32 cells.

4.3.5 TLX is recruited to the VEGF promoter in hypoxia and is needed
for promoter binding of HIF2 o

Using ChIP assay for the VEGF promoter, we found that although TLX did not
bind in normoxia, silencing of TLX led to reduced promoter binding of HIF2a.
In hypoxia, both HIF2a and TLX were bound to the promoter, but silencing not
only reduced TLX binding but also reduced promoter binding of HIF2a.

4.3.6 TLX binding to VHL and microtubules is important for HIF stabil-
ity

Since both HIF2a and TLX interacted in binding to the HRE site of the VEGF
promoter, we next studied if TLX and HIF2a are part of a complex with pVHL.
Using immunoprecipitation with antibody against pVHL in IMR-32 and SH-
SYSY cells we found that both TLX and HIF2a were pulled down with VHL
and that the stability of all three proteins were increased at 4 hours of hypoxia.

Furthermore, both B-tubulin and acetylated a-tubulin were present in the VHL-
TLX complex, and their binding increased in hypoxia, but knockdown of TLX
or treatment with microtubule-depolymerisation interfering drug Epothilone B
reduced binding of TLX, HIF2a, B-tubulin and acetylated a-tubulin to VHL.
These data suggest that TLX expression and its binding to microtubules and
VHL is important for complex stabilization.
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4.4 Paper IV - Nuclear receptor TLX inhibits TGF-f sig-
naling in neuroblastoma

TGF-f has an important role in many cancer types, where it can function either
as a tumor suppressor or oncogene. The function of TGF-f in neuroblastoma,
however, has not yet been thoroughly investigated. Our aim with this study was
to study TGF-B signaling and its possible interaction with TLX in neuroblasto-
ma.

4.4.1 TLX silencing increased growth response of IMR-32 cells to TGF-

Stable knockdown of TLX in both IMR-32 and SH-SYS5Y neuroblastoma cell
lines led to significant growth retardation, and TGF-3 dependent growth inhibi-
tion was found in both control and TLX knockdown cells for SH-SY5Y. How-
ever, growth of IMR-32 cells were unaffected by TGF- treatment in control
cells, while stable TLX knockdown led to increased proliferation in response to
TGF-B. These results suggested that high TLX expression might be responsible
for the lack of TGF-3 response in IMR-32 cells.

4.4.2 TLX silencing increased TGF-f dependent promoter activity and
induction of TGF-ptarget genes

To study the effect of TLX on TGF-B signaling we performed luciferase assay
using a TGF-p responsive promoter construct and found that knockdown of
TLX led to increased promoter activity in both IMR-32 and SH-SYS5Y cells.
Furthermore, overexpression of TLX in SH-SYS5Y cells led to reduced promoter
activity. These results were confirmed by quantitative PCR where knockdown of
TLX in SH-SYS5Y and IMR-32 cells led to increased TGF-3 responsive induc-
tion of mRNA levels of well-known TGF-f targets p21 and Smad7. These re-
sults indicated that TLX inhibits TGF-3 response in these neuroblastoma cells.

4.4.3 TLX interacts with Smad3 and prevents Smad2/3 nucelar translo-
cation in IMR-32 cells

We next wanted to study the mechanism by which TLX inhibits TGF-3 signal-
ing. Using coimmunoprecipitation we found that TLX protein binds to Smad3, a
central component of canonical TGF-f3 signaling. We then hypothesized that
TLX might bind to and inhibit phosphorylation of the Smad2/3 complex by
TGF-B receptors, but found no significant effect on phosphorylation when TLX
was knocked down or overexpressed. Instead we studied if TLX binding to
Smad2/3 might prevent TGF-f3 dependent translocation of Smad2/3 to the nu-
cleus. We found that in IMR32 cells with stable knockdown of TLX there was
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increased nuclear localization of Smad2/3 protein compared to control cells
(figure 6). However, in SH-SYSY, which exhibited TGF-3 responsive nuclear
translocation of Smad2/3 in almost all cells, TLX knockdown or overexpression
had no significant effect.
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TB_ -
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Figure 6: IMR-32 cells with silenced TLX (si12) displayed increased Smad2/3
nuclear translocation compared to control cells (c2) when treated with TGF-[3
(blue: nucleus; red: Smad2/3).
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5. Discussion

5.1 Regulation of angiogenesis by TGF-$ in diffuse-type
gastric carcinoma

In paper I and II we studied the function of TGF- in diffuse type gastric carci-
noma, where TGF-3 production was reported to be associated with progression
and decreased survival, but since loss of Smad4 had also been reported in this
cancer type, the role of TGF-f in diffuse-type gastric carcinoma was unclear.

We found that disruption of TGF-f signaling due to overexpression of a domi-
nant-negative mutant form of the TGF-3 type Il receptor (dnTBRII) significantly
induced tumorigenicity of OCUM-2MLN diffuse-type gastric carcinoma cells in
vivo, and that this effect was due to induced angiogenesis. One of the major tu-
mor-promoting properties of TGF-f3 is its stimulation of angiogenesis through
the induction of angiogenesis-promoting factors such as PDGFB, VEGF as well
as the secretion of MMP2 and -9. Concurrent with this, we found through mi-
croarray analysis of gene expression in dnTBRII and control tumors that disrup-
tion of TGF-P signaling led to repressed PDGFB, VEGF and MMP2 mRNA ex-
pression, but that it also led to repression of angiogenesis-inhibitors such as
TSP1 and TIMP2 (Komuro et al., 2009; Paper I). It appeared that in this tumor
model the repression of angiogenesis-inhibitors by dnTPRII expression had
more impact on angiogenesis and tumor growth than the repression of angiogen-
esis-inducing genes.

When we previously coexpressed TSP1 with dnTBRII in OCUM-2MLN cells
we found reduced vessel density as seen by decreased Pecam1 staining of tumor
samples (Komuro et al., 2009). However, when we coexpressed TIMP2 with
dnTBRII there was no significant reduction of vessel density but, similar to GFP
control tumors, the vessels in TIMP2 tumors were shorter and had less pericyte
coverage, resulting in leaky vessels that were unable to efficiently deliver oxy-
gen to the tumor tissue. TIMP2 is a known inhibitor of endothelial cell prolifera-
tion, but its possible effect on pericyte proliferation or recruitment to vessels has
not been reported previously. The mechanism behind this remains to be studied.
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5.2 The role of TGF-f in cancer stem cell regulation

From our in vivo microarray data we found that two genes encoding ABC-
transporters, proteins that are highly expressed in normal and cancer stem cells,
were upregulated in diffuse-type gastric tumors with disrupted TGF-3 signaling.
In paper II, we studied the effect of TGF-3 on the cancer stem cell population
and found that TGF-p reduced the percentage of cancer-initiating cells in this
gastric cancer model, which is contrary to the function of TGF- in glioma-
initiating cells (GICs). In GICs, TGF-3 dependent induction of the leukemia in-
hibitory factor (LIF) and subsequent activation of the JAK-STAT pathway led to
increased self-renewal and tumorigenesis (Pefiuelas et al., 2009). By another
mechanism, TGF-3 was shown to induce SOX4 and subsequently SOX2 gene
expression, which also led to increased stemness and tumor forming ability of
GICs (Ikushima et al., 2009). Similar effects on maintenance of stemness in
cancer-initiating cells have been reported in other cancer types such as chronic
myeloid leukaemia (Naka et al., 2010).

However, similar to our results, TGF-f stimulation of transformed human breast
epithelial cells led to loss of stem cell-like properties and mammosphere for-
mation in one study (Tang et al., 2007), although another study on similar cells
showed that TGF-3 maintained stemness and tumorigenic activity of these cells
through the induction of EMT (Mani et al., 2008). Just as in most aspects of
TGF-B in cancer development, TGF-f3 thus appears to have a dual role in the
control of cancer stem cells, and the mechanisms that regulate this balance needs
to be addressed in the future.

In paper IV, we reported that not only does TLX inhibit TGF-f3 signaling in neu-
roblastoma cells, but TGF-3 also seems to repress TLX promoter activity, sug-
gesting a reciprocal interaction between these two molecules. TLX is a major
regulator of stemness in neural stem cells, and unpublished data from our group
strongly suggests that it also has an important role in maintaining stem like
properties of cancer-initiating cells in neuroblastoma. TGF-J3, on the other hand,
seems to be a negative regulator of neural stem cells. Inhibition of signaling of
the TGF-3 family was shown to commit embryonic stem cells to form embryon-
ic neural stem cells that can differentiate to neurons, astrocytes and oligodendro-
cytes of the central nervous system (Temple, 2001). TGF-3 also negatively
regulates Wnt-induced self-renewal of neural stem cells in the mid brain, where
ablation of the TBRII gene led to midbrain enlargement and increased expres-
sion of components of the Wnt signal pathway (Falk et al., 2008).

It remains to be elucidated if TGF-3 has a similar inhibitory function in the
regulation of cancer-initiating cells in neuroblastoma, and if its interaction with
TLX is important for this regulation.
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5.3 Cancer stem cells and tumor metastasis

There have been reports indicating that cancer stem cells are more prone to me-
tastasize than the main fraction of cells in a tumor. For instance, a distinct sub-
population of metastatic pancreatic cancer stem cells, profiled as CDI133"
CXCR4", exhibited stronger migratory properties than the regular CD133" stem
cell fraction, and removal of this subpopulation from the cancer stem cell pool
almost completely abrogated metastasis but not primary tumor formation in vivo
(Hermann et al., 2007).

In agreement with these reports, we found in paper II that diffuse-type gastric
carcinoma cells isolated from metastases (OCUM-2MLN and OCUM-2MLD3)
from mice xenografted with the parent cell line OCUM-2M expressed higher
levels of ABCG2 and had a larger SP fraction than the parent cell line. When
these cells were implanted into mice, OCUM-2MLN and OCUM-2MD3 cells
gave rise to lymph node and intraperitoneal metastases, respectively, while no
metastases were formed by OCUM-2M (Fujihara et al., 1998; Yashiro et al.,
1996). These data suggest that the 2MLN and 2MD?3 cell lines, which have a
relatively large SP cell fraction, have acquired a higher metastatic ability than
the parent cell line, and that metastasis of diffuse-type gastric carcinoma might
be due to a small subpopulation of metastatic tumor cells.

5.4 Induction of tumor angiogenesis by TLX

Many recent reports suggest that there is a strong association between high
HIF2a expression and the maintenance of cancer-initiating cells in different
types of tumors, including glioma and neuroblastoma, where HIF2a correlates
with high VEGF expression, angiogenesis and poor prognosis (Li et al., 2009;
Holmquist-Mengelbier et al., 2006). Furthermore, HIF2a, unlike HIF1a, acti-
vates the expression of genes associated with stemness, such as OCT4 and
ABCG?2 (Covello et al., 2006; Martin et al., 2008).

TLX was previously shown to be an important oxygen sensor for hypoxia-
regulated angiogenesis in the postnatal retina (Uemura et al., 2006). In paper 111,
we showed that expression of TLX might promote angiogenesis through differ-
ent mechanisms depending on the oxygen levels. In normoxia TLX binds to and
sequesters pVHL, which leads to stabilization of HIF2a and enhanced binding
of HIF2a to the VEGF promoter, while in hypoxia TLX directly binds and acti-
vates the VEGF promoter. It is possible that cancer progression in response to
high levels of HIF2a in neuroblastoma and other malignancies are in part due to
indirect HIF2a stabilization by TLX.
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We found that both B-tubulin and acetylated a-tubulin were present in a com-
plex with TLX-pVHL-HIF2a, and that their binding to the complex appeared to
increase in hypoxia but decrease if TLX was silenced. Furthermore, treatment
with a microtubule-interfering drug reduced the binding of B-tubulin, acetylated
a-tubulin, TLX and HIF2a to pVHL. These findings suggest that TLX is im-
portant for the interaction between microtubules and the TLX-pVHL-HIF2a
complex, and it is possible that binding to microtubule may be needed for the
hypoxia-dependent translocation of TLX and HIF2a into the nucleus.

5.5 The interaction between TLX and TGF-§ signaling in
neuroblastoma cell proliferation

In paper IV, we show that in IMR-32 neuroblastoma cells that normally are re-
fractory to TGF-p stimulation, knockdown of TLX expression make the cells
more responsive to TGF-B stimulus and lead to TGF-f3 dependent induction of
proliferation. We found that upregulation of the cdk inhibitor p21 by TGF-f3,
which is a well-known mechanism for TGF-3 growth repression, is enhanced
when TLX is knocked down, which is in agreement with the report that p21 is
inhibited by TLX (Sun et al., 2007). However, since TGF- treatment led to
growth induction and not repression, it is likely that p21 is not an important reg-
ulator of proliferation in these cells.

Our group previously reported high expression levels of PDGF receptor 3
(PDGFRB) in IMR-32 cells (Wetterskog et al., 2009). We now found that
PDGFR3 mRNA and protein levels are significantly reduced in cells with TLX-
knockdown, but that expression is induced by TGF-f treatment. TGF-3 depend-
ent induction of PDGFA and B, the ligands for PDGFRf, has been found to
promote proliferation in glioma and osteosarcoma cells (Bruna et al., 2007; Ma-
tsuyama et al., 2003), and PDGF signaling could also be important for prolifera-
tion of neuroblastoma cells. The constitutively high levels of PDGFRp, perhaps
partly due to high TLX expression, in wild-type IMR-32 cells might explain the
high proliferation and lack of growth response to TGF-B3 in these cells, while
cells where TLX is silenced have retarded growth due to low basal levels of
PDGFR§.

The proximal promoter of the PDGFRB gene contains putative binding sites
both for TLX and Smad, suggesting competitive or synergistic effects of TLX
and Smad on PDGFRB expression. We are presently studying the interaction
between TLX and Smad in regard to promoter binding and their effect on regu-
lation of potential common target genes such as PDGFRB.
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5.6 The dual role of TGF- in cancer progression

As a general model, it is thought that TGF-3 functions as a tumor suppressor in
the early phases of tumorigenesis, but during cancer progression it can be
switched into a promoter of tumor growth and metastasis (Bierie & Moses,
2006). Many cancers such as glioma, prostate cancer and breast cancer have mu-
tations that disrupt only the tumor suppressive signal pathways induced by TGF-
B while the mitogenic effect remains intact, leading to increased malignancy
(Massague, 2008).

The genetic and epigenetic mechanism behind the switch that turns TGF-f3 from
a tumor suppressor into a tumor promoter is still poorly understood, though the
mutation and activation of several oncogenes might be involved. Aberrant ex-
pression of c-Myc in tumor cells repress the expression of cell cycle regulators
pl5 and p21, thus abolishing the growth suppressive response to TGF-f3 (Pardali
& Moustakas, 2007). Activation of the oncogenic Wnt/B-catenin pathway in
cancers of the colon, breast and liver leads to binding of 3-catenin and LEF-1 to
the c-Myc promoter and induced c-Myc expression, and also prevents TGF-J3
from suppressing c-Myc (Sasaki et al., 2003).

Another major oncogene affecting TGF-f signaling is Ras and its downstream
signaling through the Raf/MAPK pathway. Ras-transformed mammary epitheli-
al cells became resistant to TGF-B dependent growth inhibition but induced
TGF-B secretion leading to increased TGF-B dependent invasive properties of
these cells (Oft et al., 1996). In Panc-1pancreatic carcinoma cells, constitutively
active Ras cooperated with TGF-f3 to specifically induce the expression of Snail,
a transcription factor that promotes EMT, while other known TGF-f3 target
genes were unaffected (Horiguchi et al., 2009).

In the inhibition of early stage tumor cell proliferation the tumor suppressor p53
cooperates with TGF-3 (Adorno et al., 2009). However, when p53 is mutated,
Smad proteins cooperate with mutant p53 to antagonize the ability of p63 to
suppress metastasis through the downregulation of sharp-1 and cyclin G2. Muta-
tion of p53 in non-invasive tumor cells enhances pro-invasive and migratory ef-
fects of TGF-p3 (Adorno et al., 2009).

In a recent paper, downregulation of disabled homolog 2 (DAB2) in squamous
cell carcinoma cells blocked TGF-B-dependent growth inhibition, while it in-
creased TGF-f3 dependent induction of motility, anchorage-independent growth
and in vivo tumor growth, although the mechanism for the dual action of DAB2
1s yet unclear (Hannigan et al., 2010).
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6. Conclusions

II.

I11.

IV.

Disruption of TGF-3 signaling due to introduction of dnTPRII to
OCUM-2MLN cells increases tumor angiogenesis and growth. Ex-
pression of TIMP2 is induced by TGF-B in vitro and repressed in
dnTPRII tumors in vivo. Exogenous expression of TIMP2 abolishes
the accelerated growth of dnTPBRII tumors. TIMP2 expressing tumors
display increased hypoxia and shorter vessels with less pericyte cover-
age compared to dnTBRII tumors.

OCUM-2MLN cells contain an SP cell fraction with increased tumori-
genic properties. TGF- represses expression of ABCG2 through
binding of Smad2/3 to the ABCG2 promoter and diminishes the SP-
cell population in OCUM-2MLN, leading to reduced tumor formation
in vivo.

TLX expression in neuroblastoma inhibits VHL-dependent degrada-
tion of HIF2a, leading to its stabilization and enhancement of binding
of HIF2a to the VEGF promoter. Knockdown of TLX increases VHL
protein levels and reduces hypoxia-dependent stabilization of HIF2a,
leading to cell growth inhibition and apoptosis.

Knockdown of TLX increases growth in response to TGF-f3 in IMR-
32 cells and induces TGF-B-dependent promoter activity and mRNA
expression of TGF-f3 target genes, p21 and Smad7, in IMR-32 and
SH-SYSY cells. TLX physically interacts with Smad3 and prevents
TGF-B induced nuclear translocation of Smad2/3 in IMR-32.
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