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Abstract of the Dissertation

Functional genomic identification of multiple targets for inhibiting tumor-promoting
fibroblasts

by
Megha Rajaram
Doctor of Philosophy
in

Genetics

Stony Brook University

2012

There is increasing evidence that cancers develop as aberrant tissues with co-evolving tumor
and surrounding non-malignant cells rather than from a single aberrant cell that has
undergone multiple genetic alterations. As a result, different cellular components of the tumor
mass are involved in a highly complex molecular crosstalk. However, all of the underlying
molecular mechanisms of these interactions are not fully identified. Here, | have used
genome-wide analysis to identify genes that mediate functional interactions between breast
cancer cells and fibroblasts using a model system that allows for both genomic analysis and
genetic manipulation of epithelial and stromal compartments. 1’ve established through
extensive bioinformatics analysis that this system reflects stromal alterations that occur in
human primary breast cancers. RNAI analyses and a co-injection tumorigenicity assay were
used to functionally validate genes involved in breast epithelial-stromal fibroblast
interactions. | found that the majority of the genes surveyed mediated significant yet diverse
roles in promoting cancer in vivo. Previous functional analyses have emphasized single
genes or single processes as being the key players in tumor-promoting properties of
fibroblasts but did not take a systematic genome-wide approach. Our results indicate there are
instead multiple genes and processes involved in fibroblast promotion of breast cancer,
providing multiple targets for therapeutic inhibition.



Table of Contents

E N 0] 1 - (0! RPN ii
TabIE OF CONTENTS ..ot be e e v
[ TS o) B 1o U] T TSP PPPRT Vi
LIST OF TADIES ... et viii
LiSt Of ADDIeVIAtIONS ..o e IX

ACKNOWIEAgEMENTS. .. ... e e e e e e e e e e e nen e X

Chapter I. Microenvironmental paradigm of cancer progression ...........ccccceevvevveeenne. 1
INEFOAUCTION ...ttt bbb ne e 2
[ 113 (0] Y/ SRS 4
Components of the tumor MICrOENVIFONMENT .........ccveiieieiiereere e 5
Fibroblasts as components of the miCroenvVironmMent...........cccocevvvevveie s 8
Fibroblasts and their role i CANCET ... s 10
Origins of carcinoma-associated fibroblasts ............ccccvveviiiiiicc e 10
Functions of carcinoma-associated fibroblasts ... 13
Breast cancer and the tumor MiCroENVIFONMENT .........ooviiieririnieeeie s 22
Classification Of DIrEASt CANCEIS .......eeiviiiiiieieeie st 24
Microenvironmental regulation of breast CaNCer .........ccovvvieininieii e 25
Molecular mediators of tumor-stromal interactions in breast cancer............c.ccoceeveuene. 25
Genomic analysis of tumor-stromal INteractions ...........cccooceeereeninin s 26
AIMS OF ThIS STUAY ..o et 28

Chapter Il. Identification of candidates for functional analysis ............cccceeeviiiennns 30
INEFOTUCTION .ttt st et b et e e sre et e e nee e 30
RESUIES .. ettt b e b et reene s 33
D 1o T 5] o] o [P URUUR PRSP 62

Chapter I11. Role of fibroblast secreted AREG in breast tumor-stromal fibroblast

(11 =] = Uot £ [0 KPR PR PP 66
INEFOTUCTION ..ottt st e b e bt et esreenbeenee e 66
RESUIES ...ttt ettt b et reene s 70
[ 1T T 1] o] o PR URUUR PRSP 93

Chapter IV. Functional roles of fibroblast secreted CCL2, CCL7and CCLS8 in breast

tuMOr-fibroblast INTEractioNns............ooviiiiiii s 97
INEFOTUCTION ..ottt b et e st e e esre et e enee e 97



RESUIES ..o 102

DT T 1] o] o SRR OPTR 129
Chapter V. Conclusions and future Perspectives..........ccoocveeereereniieneeneeiee e 134
Chapter VI. Materials and Methods..........cccooiiiiiiiiiiee e 140
BIDHOGIaPNY ..o b 150
F N o] 0 1=] 0 To | USROS 173

INEFOAUCTION ...ttt b e bbb 169

RESUITS ..t b ettt bbb ne s 170

DISCUSSION ...ttt ettt bbbt bbbt e st et et st esbenbesbeebeene s 170

RETEIBNCES ...t bbbttt ettt bbb 173



Figure 1.1
Figure 1.2

Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11

Figure 3.12
Figure 3.13

Figure 4.1

Figure 4.2

Figure 4.3

List of Figures

Microenvironment of solid tumors
Cellular components of breast microenvironment

Effect of co-injected fibroblasts on JIMT-1 tumorigenicity
Effect of co-injected fibroblasts on HCC1954 tumorigenicity
Effect of co-injected fibroblasts on Cal51 tumorigenicity
Effect of co-injected fibroblasts on Cal51 tumorigenicity
Incorporation of HFFF2 fibroblasts from Cal51 tumors
Tumor-promoting activities of co-injected fibroblasts
Experimental schema to identify candidate genes

Heatmap of relative expression of the 320 genes in
monocultured and co-cultured fibroblasts

Ligand induction and receptor expression in pro-tumorigenic
fibroblasts and breast cancer cells

320 gene signature distinguishes cancer stroma from normal
stroma; expression of candidate genes in primary human
cancer stroma.

Co-culture tumor supporting fibroblast gene expression in
human breast cancer

Representation of gene and protein domains of human AREG
Amphiregulin is induced in CC-TSF

35
36
37
39
43
44
48

49

54

57

61

68
72

shRNA silencing of amphiregulin expression in HFFF2 fibroblasts 73

RNAI suppression of amphiregulin restricts pro-tumorigenic effect

of tumor-supportive fibroblasts

Amphiregulin does not cause proliferation in vitro or in vivo
Amphiregulin silencing causes necrosis

Amphiregulin silencing in fibroblasts affects phosphorylation
of EGFR

Amphiregulin silencing in fibroblasts does not affect immune
cell recruitment

Amphiregulin silencing in fibroblasts affects recruitment

of host fibroblasts

Amphiregulin upregulates a-SMA expression in tumor-
supportive fibroblasts

Amphiregulin affects migration of fibroblasts (SWHA)
Amphiregulin affects migration of fibroblasts (BMA)

Mode of amphiregulin action

CCL2, CCL7 and CCLS8 are induced in membrane separated
co-cultures of tumor-supportive fibroblasts and breast

cancer cell lines

shRNAs targeting CCL2, CCL7 and CCLS8 efficiently silence
expression and are growth neutral

RNAI suppression of CCL2 restricts protumorigenic ability
of tumor-supportive fibroblasts

Vi

76
78
81
82
84
85
87
89

91
96

103

105

109



Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9
Figure 4.10

Figure 4.11

Figure A.1:

RNAI suppression of CCL7 restricts protumorigenic ability

of tumor-supportive fibroblasts

RNAI suppression of CCL8 has a minor effect on the
protumorigenic ability of tumor-supportive fibroblasts
CCL2.CCL7 and CCLS8 do not affect proliferation of breast
cancer cells in vitro

In vivo effects of silencing fibroblast secreted CCL2

In vivo effects of silencing fibroblast produced CCL7 and CCL8
shRNAs targeting CCR1 efficiently silence expression

in breast cancer cells

CCR1 silencing on breast cancer cells affects tumor growth

in the presence of fibroblasts

Silencing CCR1 on breast cancer cells affects recruitment

of immune cells and proliferation

Fibroblast secreted STC1 does not have a functional role in
tumor-promoting ability of tumor-supportive fibroblasts

vii

111
113
115
117
119

123

125

127
175



Table 1.1
Table 1.2
Table 2.1
Table 2.2
Table 4.1

Table 6.1
Table 6.2

List of Tables

Cell types in the tumor microenvironment

Factors produced by CAFs

Characteristics of breast cancer cell lines

List of upregulated secreted molecules

Modes of action of CCL2,CCL7,CCL8 and CCR1

A list of primary antibodies used in this study
A list of ShRNA targeting sequences used in this study

viii

19
34
52
133

148
149



ACVR2A:
ADAM:
ADAMTS:
motif
AREG

bFGF:
BDNF:
BM-hMSC
BMP:
BRCAL:

CAF:
CC-TSF:
CCL:
CCR:
CDa31:
COX2:
CTGF:
CXa3cC:
CXC:
CXCL:
CXCR:

DCIS:
ECM:

EGF:
EMT:

EMMPRIN:

EnDMT:
ER:
Erb-B2:

FACS
FGF:
FSP:

GEMM:
GFP:
GM-CSF

HB-EGF:
HER2:
HFFF2:
HGF:
hMSC:

List of commonly used abbreviations

Activin A receptor, type I1A
A disintegrin and metalloproteinase domain
A disintegrin and metalloproteinase domain with thrombospondin

Amphiregulin

Fibroblast growth factor, basic; FGF2

Brain derived neurotropic factor

Bone marrow-derived human mesenchymal stem cells
Bone morphogenetic protein

Breast cancer 1, gene

Carcinoma associated fibroblasts
Co-culture tumor supporting fibroblasts
Chemokine, CC motif, ligand
Chemokine, CC motif, receptor

Cluster of differentiation 31; PECAM1
Cyclooxygenase 2; Prostoglandin-endoperoxide synthase 2
Connective tissue growth factor
Chemokine, CX3C motif

Chemokine, CXC motif

Chemokine, CXC motif, ligand
Chemokine, CXC motif, receptor

Ductal carcinoma, in situ

Extracellular matrix

Epidermal growth factor

Epithelial to mesenchyme transition

Extracellular matrix metalloproteinase inducer (CD147)
Endothelial to mesenchymal transition

Estrogen receptor

see HER2

Fluorescence-activated cell sorting
Fibroblast growth factor
Fibroblast specific protein

Genetically engineered mouse models
Green fluorescent protein
Granulocyte-macrophage colony stimulating factor

Heparin binding EGF-like growth factor

v-ERB-B2 avian erythroblastic leukemia viral oncogene homolog 2
Human fetal foreskin fibroblast 2

Hepatocyte growth factor

human mesenchymal stem cells



ICAM: Intercellular cell adhesion molecule

IFN-y: Interferon-gamma

IGF: Insulin-like growth factor

IL-1: Interleukin 1

IL-8: Interleukin 8

KGF: Keratinocyte growth factor

LCM: Laser capture microdissection

Met: Hepatocyte growth factor; Met protooncogene
MCP-1: Monocyte chemotactic protein

MMP: Matrix metalloproteinase

MTT: 3—(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NK: Natural Killer

NRG: Neuregulin

NSF: Non-supportive fibroblasts

p65: see RelA

PAIL: Plasminogen activator inhibitor type 1

PDGF: Platelet derived growth factor

PEGFR: phosphorylated EGF receptor

PECAMLI: Platelet-endothelial cell adhesion molecule 1
PR: Progesterone receptor

ps20: Prostate secreted protein 20

gRT-PCR:  quantitative reverse transcriptase polymerase chain reaction

RANTES: Regulated upon Activation, Normally T-Expressed, and presumably
Secreted; also called CCL5

RelA: v-Rel avian reticuloendotheliosis viral oncogene A; also called p65
RNAI: interfering RNA

ROS: Reactive oxygen species

RSV: Raus Sarcoma Virus

SDC-1: Syndecan 1

SDF-1: Stromal-cell derived factor

SFRP-1: secreted frizzled-related protein
ShAREG: short hairpin; AREG targeted

ShN.T.: short hairpin; Non-targeting

SiRNA: Short interfering RNA

SMA: Smooth muscle actin

SPP1: Secreted phosphoprotein 1; Osteopontin
STC1: Stanniocalcin 1

TGF-a: Transforming growth factor alpha
TGF-B: Transforming growth factor beta

TIMP: Tissue inhibitor of metalloproteinase

X



TNF-a:
TSF:

whnt:

WT-MEF:

VCAM:
VEGF:

Tumor necrosis factor-alpha
Tumor supportive fibroblasts

Wingless-type MMTYV Integration site family
Wild-type mouse embryonic fibroblasts

Vascular cell adhesion molecule
Vascular endothelial growth factor

Xi



Acknowledgements

There are a lot of people who have made my journey through graduate school an excellent
experience and | wish to thank them. My mentor, Scott Powers, is definitely on top of that
list. Finding an advisor whose scientific philosophy closely matches a student’s is rare. When
it does happen, as in my case, learning becomes a truly fun experience. Through the last five
years, | have learned a great deal from him and that has shaped the way | think about science.
I am really grateful for this opportunity afforded to me and want to thank him from the
bottom of my heart.

I also want to thank my committee, including Mikala Egeblad, Howard Crawford, Mike
Wigler and Vivek Mittal. Mikala, the resident microenvironment expert at CSHL, offered
valuable suggestions and advice on critical aspects of experimental design. Howard Crawford
gave guidance and support as the chairperson of the committee. Whereas, Mike Wigler and
Vivek Mittal provided encouragement and helpful comments.

The past five years have been fun in part due to the atmosphere in the Powers Lab. The lab
has been a second family and provided a support network that is more than I could ever ask
for. A special thanks to my lab-sisters Cheryl, Ada and Kate for patiently reading my
dissertation and for the countless happy hours at Nissen Sushi. Additionally, | would also like
to thank Jinyu Li, whose efforts have made most of the genomic analysis in this study
possible, and to former Powers lab members- David Mu and Maia Chanrion.

A large part of this work would not have been possible without the help of the Cold Spring
Harbor shared resources community. This includes Lisa Bianco and her team for mouse
work, Raya Puzis for the immunohistochemistry and Pam Moody for help with the FACS
experiments. | would like to acknowledge the immeasurable support provided by the
Genetics Graduate program administrators and directors at Stony Brook University, including
Kate Bell, Jerry Thomsen and Turhan Canli.

To my parents, Lalitha and Rajaram have been a wonderful resource for support and love.
Without their support | would not be where | am today. They continue to inspire me every
single day. To my darling sister, Misha, a biostatistician, who never refused to make a
heatmap or explain a statistical test to me. To my grandparents, Natarajan and Sundari, who
are full of love and shower me with it. To my aunt and uncle, Uma and Ravi Swami, who
provided me a warm, loving home away from home. My parents-in-law Jim and Cheryl, who
are my biggest admirers. To Sylvia, for teaching me a thing or two about friendship, and life
and to all my friends for making graduate school unforgettable.

Lastly, to my husband Ryan, | couldn’t have done this without his love and support. Our life
together is an amazing journey that has only just begun!

Xii



CHAPTER I
Microenvironmental paradigm of cancer progression

The classical view of tumorigenesis as a cell-autonomous process has been largely
supplanted by a model in which cells of the surrounding non-malignant microenvironment
cooperate with malignant cells to promote tumor growth (Hu and Polyak, 2008a). Fibroblasts
often represent the majority of the stromal cells in carcinomas (Orimo and Weinberg, 2006)
and have been shown to promote tumor progression by inducing proliferation, angiogenesis
and remodeling of the extracellular matrix (ECM). In some cases, fibroblasts can even
mediate resistance to therapy (Allinen et al., 2004; Crawford et al., 2009; Olumi et al., 1999;
Orimo et al., 2005). Although several molecules that mediate pro-tumorigenic interactions
between tumor cells and stromal fibroblasts have been identified, they have been identified
individually in widely different tumor types and model systems. It is still not clear how
many functionally important fibroblast-derived pro-tumorigenic factors there are for a given
human cancer type such as breast cancer, nor is it exactly clear how to best devise strategies
for therapeutic intervention (Ostman and Augsten, 2009).

The three major goals of my thesis project were to (1) develop a model system of
fibroblast-breast cancer cell interactions that mimics what occurs in primary breast cancers,
(2) determine how many secreted factors are induced in fibroblasts by breast cancer cells, and
(3) determine how many of the secreted factors play a role in promoting tumorigenicity. In
this chapter, | review the history and current status of tumor microenvironment with a special
emphasis on carcinoma associated fibroblasts. In addition, I review the literature for known

molecules contributing to breast epithelial-stromal fibroblast interactions focusing on



previous studies that have used genome-wide approaches. Finally, | present the specific aims

of the study and the rationale for the experimental design.

Introduction

Understanding the molecular events that drive cancer progression has been a hotbed
of cancer research for several decades. Since the discovery of the first oncogene over thirty
years ago (Varmus et al., 1975) cancer research has progressed rapidly with significant
advances in several areas including the discovery of causative genetic aberrations in human
cancer, understanding the signaling pathways that are impinged upon by these genetic
aberrations, and in some cases successful development of therapies that target genetic
aberrations. However, there are processes we still don’t fully understand. One of which being
how the surrounding non-malignant cells interact with cancer cells during cancer progression.

Cancer progression was once considered a cell-autonomous process. The prevailing
thought was that it depended solely on activation of oncogenes and deletion of tumor
suppressor genes in cancer cells. However, this ignored the interactions of cancer cells with
their surroundings, which is a feature of any organ or tissue in eukaryotic systems. However
it has become clear that tumors aren’t just a mass of abnormal cancer cells, but instead an
aberrant tissue composed of several different cell types that are in constant communication
with each other. The tumor microenvironment is the term that has come to used most often in
the literature to describe this network of cancer cells, the surrounding normal cells, the extra-
cellular matrix (ECM), blood vessels, and the homo and heterotypic interactions between

them (Figure 1.1)
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Figure 1.1: Schematic representation of the tumor microenvironment at the
primary tumor site of solid cancers such as breast, prostate or lung cancers.
The microenvironment is composed of normal and tumor epithelial cells,
fibroblasts, vascular cells, immune cells and mesenchymal stem cells.
Composition of cell types and proportions varies with a specific cancer
type. Adapted from Joyce and Pollard, 2009.



History

The idea that the microenvironment plays an important role in cancer progression
dates back to when Stephen Paget proposed his famous “seed and soil hypothesis” in 1889
(Paget, 1889). Paget speculated that cancer cells (the seed) receive critical cues from the
microenvironment (the soil) that result in their growth, survival and metastasis.

Pathologists observed the human cancer-associated modification of the stroma
relative to normal stroma that was an apparent reaction to the tumor cells in several different
types of cancer (Debenzon, 1951; Haller, 1951; Le Melletier et al., 1952; Von Numers,
1953). It is for this reason they termed it “reactive”. Later on, in animal model systems,
investigators analyzed the reactive stroma in more detail and found that it had increased
proliferation, thickening and number of immune cells (Todorutiu and Simu, 1965).

Subsequently, Dr. Folkman observed that tumors engage endothelial cells in order to
form blood vessels to support their rapid growth (Folkman et al., 1971). Extensive research
based on this concept has led to the discovery of vascular endothelial growth factor (VEGF)
and therapeutic antibodies that neutralize it are used in the clinic today (Ferrara et al., 2004;
Kim et al., 1993; Leung et al., 1989).

Mintz and Ilimensee in the 1970s demonstrated that the development of tumors can
depend on the tissue structures surrounding the tumor cells. Teratocarcinomas injected
subcutaneously formed tumors, but mouse blastocysts injected with teratocarcinoma cells did
not. Surprisingly, in the latter case the injected blastocysts could result in the birth of
seemingly “normal” mice Moreover, the injected cancer cells even contributed to “normal”
organ structures (Mintz and lllmensee, 1975).This ground-breaking work inspired Dr. Bissell
and her colleagues to perform experiments that conclusively established the role of the

microenvironment in tumor progression.



Dr. Bissell’s group showed that the ability of the Rous Sarcoma Virus (RSV) to
transform cells was context dependent. In these experiments, they injected RSV into 4-day-
old embryos and no tumors were produced despite the expression of active v-src throughout
the embryo. In contrast, the virus was able to transform cells under cell culture conditions
(Dolberg and Bissell, 1984). The development of tumors was clearly context dependent but
what were the conditions that made it possible for the tumors to grow and what were the
circumstances under which tumors were inhibited? Subsequently, it was established that
several microenvironmental processes influenced the development of tumors. For example,
wounding was shown to be important to this process (Dolberg et al., 1985). The identification
of specific genes followed, with TGF-f3 being the first (Sieweke et al., 1990) and soluble
cytokines and extracellular matrix components followed (reviewed in (Bissell and Hines,

2011).

Components of the tumor microenvironment

In order to study the interactions between tumor cells and components of the
microenvironment, it was first necessary to define the composition of the microenvironment.
Most solid epithelial tumors such as breast, pancreatic, prostate and lung have highly
complex microenvironments composed of several types of stromal cells and the ECM.

The ECM consists of a complex network of protein based structures providing a
structural framework for tumor growth. It also provides signals that contribute to its growth
and metastasis. Major components of the ECM are proteoglycans, hyaluronic acid, collagen,
fibronectin and laminin (Egeblad et al., 2010). The basement membrane is an ECM structure
which in normal tissues serves as a barrier between the epithelial cells and the stroma. Cells
of the epithelium and stroma receive structural as well as biochemical cues from the ECM

(Luetal., 2012). Stromal cells include mesenchymal cells, cells of the vasculature and



immune cells. Mesenchymal cells are composed of fibroblasts, myofiboblasts, adipocytes and
mesenchymal stem cells.

The cells of the vasculature are composed of endothelial cells and surrounding
pericytes (Fakhrejahani and Toi, 2012; Folkman et al., 1971). Immune cells of the tumor
microenvironment are the most diverse group of cells and perform both tumor-promoting and
tumor-inhibiting activities. Immune cells include those from the innate immune system such
as myeloid cells as well as lymphocytes from the adaptive immune system. Immune cells of
either type can promote or inhibit tumorigenicity. In general, tumor-promoting cells can
include helper T-cells, regulatory T cells, B cells, myeloid-derived suppressor cells, M2
macrophages, N2 neutrophils, platelets and mast cells. Inhibitory cells include dendritic cells,
N1 neutrophils, M1 macrophages, and cytotoxic T-cells (Egeblad et al., 2010; Hanahan and
Coussens, 2012). Table 1.1 lists the most prominent components of tumor microenvironments

along with their effects on tumor progression.



Table 1.1: Prominent cell types in the tumor microenvironment with effects on tumor

progression (Adapted from Egeblad et al, 2010)

Cell type Tumor Functions affected

promoting?
Non-vascular, non-immune
Normal epithelial cells No growth
Myoepithelial cells No invasion, growth
Fibroblasts Yes growth, invasion,

migration, angiogenesis

Mesenchymal stem cells Yes growth, metastasis
Adipocytes Yes growth, survival, angiogenesis
Vascular
Endothelial cells Yes angiogenesis
Perivascular cells Yes angiogenesis

No metastasis
Bone marrow-derived cells Yes growth, angiogenesis, invasion
Immune
Dendritic cells No antitumor-immunity
Myeloid derived suppressor | Yes metastasis, angiogenesis
and immature myeloid cells reduce antitumor immunity
Macrophages, M1-like No
Macrophages, M2-like Yes invasion, angiogenesis
Mast cells Yes angiogenesis
Neutrophils, N1 No increase antitumor immunity
Neutrophils, N2 Yes angiogenesis,

reduce antitumor immunity

T cells, CD4+, T helper 2 Yes metastasis
T cells, CD8+, cytotoxic No kill tumor cells
T cells, CD4+CD25+ Yes reduce antitumor immunity
T cells, gamma/delta No increase antitumor immunity
T cells, Th17 Yes angiogenesis, growth

No increase antitumor immunity
B cells Yes reduce antitumor immunity
B cells, Immunoglobulins Yes inflammation
Platelets Yes metastasis




Fibroblasts as components of the microenvironment

Fibroblasts are cells of mesenchymal origin and were first described as components of
connective tissues in the late 19" century (Mueller and Fusenig, 2004; Tarin and Croft,
1969). Fibroblasts secrete structural components of the ECM such as collagens, fibronectin
and laminin. Fibroblasts are key players in ECM remodeling through their ability to secrete
matrix-metalloproteinases (MMPs) under normal physiological conditions, and also during
cancer progression (Kalluri and Zeisberg, 2006). Fibroblasts also induce epithelial cell
differentiation in the mammary tissue (Kuperwasser et al., 2004).

The tumor microenvironment resembles wounding. Wounding involves immune cells,
blood vessels, epithelial cells and fibroblasts. Upon wounding, fibroblasts receive molecular
cues from the injured tissue or surrounding immune cells and begin to migrate and secrete
growth factors (Steffensen et al., 2001). Though molecular events leading to this activation of
fibroblasts in this situation are not fully understood, some molecules have been identified.
Fibroblast growth factor-2 (FGF-2) and transforming growth factor-p2 (TGF-B2) are the best
studied stimuli and are thought to originate in the injured epithelium (Kalluri and Zeisberg,
2006). Immune cell derived proteins like cell adhesion molecules ICAM1 and VCAML1 or
reactive oxygen species (ROS) also play roles in fibroblast activation (Sanz-Moreno et al.,
2008; Zeisberg et al., 2000). Activated fibroblasts appear more elongated, more contractile,
have a large nucleus and a prominent Golgi apparatus (Simian et al., 2001) compared to non-
activated fibroblasts.

While all cells of the fibroblastic lineage express vimentin and fibroblast specific
protein-1 (FSP-1), only activated fibroblasts express a-smooth muscle actin (a-SMA)
(Kalluri and Zeisberg, 2006). Activated fibroblasts produce higher levels of growth factors,
cytokines and matrix-metalloproteinases compared to normal resident fibroblasts. For

example, they produce higher levels of hepatocyte growth factor (HGF), insulin-like growth



factor-1 (IGF-1) and epidermal growth factor (EGF) family members, interleukin-1 (I1L-1)
and monocyte chemotactic protein-1 (MCP-1/CCL2) (Bhowmick et al., 2004; Strieter et al.,
1989) and MMP2 , MMP3 and MMP9 (Sternlicht et al., 1999). Growth factors cause
proliferation of epithelial cells (Ankrapp and Bevan, 1993; Panos et al., 1993), cytokines
modulate immune responses by recruiting inflammatory cells (Qian et al., 2011b) and matrix

metalloproteinases mediate invasion and remodeling of the ECM (Sternlicht et al., 1999).



Fibroblasts and their role in cancer

Fibroblasts within tumors have an elongated appearance, produce more collagen and
proliferate faster than their counterparts from normal tissues (Tlsty and Hein, 2001).
Carcinoma associated fibroblasts (CAFs) are largely responsible for the hardening of the
tissue that accompanies cancer progression known as desmoplasia (Tlsty and Hein, 2001).
More direct evidence that stromal fibroblasts play a functional role in cancer comes from
reports that co-injection of human tumor cells with human fibroblasts can accelerate tumor
growth (Camps et al., 1990; Noel et al., 1993). Subsequent reports showed that carcinoma
associated fibroblasts are more potent accelerators than fibroblasts derived from normal

tissue (Olumi et al., 1999; Orimo et al., 2005).

Origins of carcinoma associated fibroblasts

The sources and origin of CAFs is a subject of intense debate. This is partly because
unlike other stromal cells, CAFs don’t have well-defined cellular markers. CAFs are
commonly identified by a-SMA expression (Kalluri and Zeisberg, 2006) but recent studies
have identified subsets of CAFs that don’t express a-SMA (Erez et al., 2010; Rudnick et al.,
2011) making it complicated to identify them accurately. Moreover, studies show that there
may be several parental cells that give rise to CAFs making them heterogeneous in origin.

The most common hypothesis of CAF origin is that they arise through activation of
normal fibroblasts of the resident tissue (Ronnov-Jessen et al., 1992). Mouse models and
other experimental approaches have backed up this hypothesis (Kojima et al., 2010; Mueller
et al., 2007). Subsequent studies have shown that cancer cells “train” the resident fibroblasts
of the host tissue to become CAF-like through the secretion of cytokines like TGF-f and IL-

1B (Erez et al., 2010; Kojima et al., 2010).
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Another hypothesis is that CAFs are generated through cancer cells undergoing
epithelial to mesenchymal Transition (EMT). This is based on the observation that cells
isolated from breast tumors that epithelial markers but otherwise behave like fibroblasts
(Petersen et al., 2003). A related concept, endothelial to mesenchymal transition (EnDMT)
has been described as a source for CAFs in spontaneous models of pancreatic cancer and
melanoma (Zeisberg et al., 2007).

Yet another hypothesis is that CAF-like precursor cells might reside in normal tissues
and predispose the patient to develop invasive lesions (Schor et al., 1994). This is distinct
from cancer cells “training” resident fibroblasts in that cells with CAF-like properties are
present in tissues even before cancers develop. Another speculation is that stroma-specific
mutations arise in fibroblasts to give rise to CAFs (Kurose et al., 2002; Moinfar et al., 2000).
Recent studies have argued against this theory due to lack of mutations in the stromal
compartment (Campbell et al., 2009 ;Hosein et al., 2010). Lastly, differentiation of bone
marrow derived human mesenchymal stem cells (BM-hMSCs) has been suggested as a
source for CAFs. In a study by Mishra and colleagues, conditioned medium from epithelial
carcinoma cells led to the differentiation of hMSCs into CAFs in vitro. CAFs were identified
by increased expression of CAF markers such as SDF-1/CXCL12 (Mishra et al., 2008). In a
mouse model of inflammatory gastric cancer, the authors used lineage tracing to show that
roughly 20% CAFs in the tumor were bone marrow derived (Quante et al., 2011).

It is possible that some or all these theories are true depending on the stage or type of
cancer studied. In the only study that has used lineage tracing to establish the origin of CAFs,
~20% CAFs were bone-marrow derived (Quante et al., 2011). Based on this, in my opinion,
there are likely to be multiple cells of origins for CAFs. Also, it is unlikely that there is a
mutational origin of CAFs since certain studies have identified stromal-specific mutations,

but many others have failed to do so. In fact, groups have shown that mutations detected in
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the stroma can be caused by poor experimental technique (Campbell et al., 2009a). Also it is
becoming increasingly clear that CAFs are modified epigenetically to perform cancer-
associated functions and thus there is no theoretical need to hypothesize mutations (Allinen et
al., 2004; Hu et al., 2005).

Whatever the source and mode of activation, CAFs appear to promote tumor
progression through increased proliferation, angiogenesis, remodeling the ECM, mediating
inflammation, invasion, and migration. Understanding the molecular mediators of these
functions is key to restricting the ability of CAFs to promote tumorigenicity. Roles of some

important CAF secreted mediators are discussed in the following section.
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Functions of carcinoma-associated fibroblasts

CAFs mediate proliferation

CAFs can mediate proliferation of cancer cells in the microenvironment through
direct or indirect routes. In direct stimulation, CAFs secrete growth factors or cytokines that
act through specific receptors expressed on the tumor cells. Alternately, indirect stimulation
is mediated by an intermediate molecule or by affecting the ECM.

The direct route certainly appears to be the case for many growth factors produced by
CAFs. For example, in a model of lung cancer, co-injected fibroblasts secrete the ligand for
the c-Met receptor, HGF (hepatocyte growth factor) and activate Met signaling in the
adjacent carcinoma cells (Cheng et al., 2007). Similarly, EGF and PDGF produced by
stromal fibroblasts stimulate the proliferation of cervical cancer cells in a co-culture model.
When a chemical inhibitor to PDGF is used, this effect is abrogated (Murata et al., 2011).
Another EGF family member, neuregulin (NRG) is secreted by stromal fibroblasts in
pancreatic cancer model and stimulates the proliferation of epithelial cells (Liles et al., 2011).
CAFs that secrete Wnt2 and keratinocyte growth factor (KGF) have pro-proliferative roles in
oral squamous cell carcinomas (Fu et al., 2011; Lin et al., 2011). In prostate cancers, secreted
frizzled-related protein 1 (SFRP1) is often overexpressed in the stroma during tumor
progression. Treatment of prostate cancer cell lines with SFRP1 led to increased proliferation
(Joesting et al., 2005). Similar roles have been attributed to stromal derived factor 1 (SDF-
1/CXCL12) and syndecan-1 (a trans-membrane heparan sulfate proteoglycan) production in
mammary stromal fibroblasts (Maeda et al., 2006; Orimo et al., 2005). Senescent stroma is
associated with cancer progression and the secretion of osteopontin (SPP1; secreted
phosphoprotein 1) by senescent fibroblasts promotes proliferation of squamous carcinoma

cells (Luo et al., 2011).
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Fibroblasts can also promote proliferation of cancer cells through indirect routes.
Stromal fibroblast secreted TGF-f stimulates the growth of the breast epithelium. It appears
to act in an autocrine fashion to induce additional growth hormones and cytokines that have
pro-proliferative properties (Bhowmick et al., 2004; Kuperwasser et al., 2004). Similarly,
PDGF (produced by epithelia or stromal fibroblasts) upregulates FGF7 secretion in stromal
fibroblasts which acts as an epithelial mitogen (Pietras et al., 2008). MMPs secreted by
stromal fibroblasts release growth factors from the ECM indirectly stimulating proliferation

(Egeblad and Werb, 2002).

CAFs promote angiogenesis

Angiogenesis or neo-vascularization is the process by which blood vessels are formed
at the tumor site. Observations that the presence of CAFs in the stroma was accompanied by
heavy vascularization were made as early as 1979 (Seemayer et al., 1979). CAFs mediate
angiogenesis by secreting pro-angiogenic molecules or indirectly through MMPs that have
pro-angiogenic functions (Nyberg et al., 2008).

CAFs directly control the migration and recruitment of endothelial cells and pericytes,
promote their survival and prevent apoptosis by producing growth factors and cytokines
(Schmid et al., 2007; Velazquez et al., 2002). Vascular Endothelial Growth Factor A
(VEGFA), produced by stromal fibroblasts induces vascular permeability and attracts
endothelial cells to the site of the tumor to promote angiogenesis (Fukumura et al., 1998).
Similarly, FGF2 promotes neovascularization in a mouse model of cervical carcinoma
(Pietras et al., 2008). Another molecule, fibroblast specific protein (FSP1/S100A4/mtsl),
promotes angiogenesis by binding to annexin Il on endothelial cells (Nakamura et al., 1997,
Semov et al., 2005). Dr. Weinberg’s group showed that SDF-1a promotes angiogenesis by

recruiting endothelial progenitor cells to the breast tumor site (Orimo et al., 2005).
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Subsequently, several studies made similar observations that SDF-1a. promotes angiogenesis
in oral, pancreatic and prostate cancers by recruiting endothelial cells (Begley et al., 2005;
Daly et al., 2008; Matsuo et al., 2009; Menon et al., 2007).

CAF secreted molecules can mediate angiogenesis indirectly by autocrine
mechanisms. For example, fibroblast secreted IL-13 causes autocrine production of VEGF,
CXCL2 and HGF that promote angiogenesis in the Lewis lung carcinoma mouse model
(Saijo et al., 2002). Similarly, fibroblast secreted TGFf3 causes autocrine production of
chemokines CXCL1, 2 and 5 that are pro-angiogenic (ljichi et al., 2011).

CAFs also control angiogenesis indirectly by secreting matrix-metalloproteinases
(MMPs). MMPs release pro-angiogenic molecules sequestered in the ECM. The
glycosaminoglycans of the ECM are large reservoirs of pro-angiogenic molecules like VEGF,
BFGF and TGFp (Nyberg et al., 2008). MMP13 promotes angiogenesis in mouse models of
melanoma and squamous cell carcinoma (Lederle et al., 2010; Zigrino et al., 2009).

CAF-produced angiogenic molecules are not limited to soluble factors. A cell-surface
bound proteoglycan Syndecanl has proangiogenic activities in xenograft models of breast
cancer cell lines. CAFs produce increased amounts of ECM components like collagens,
fibronectins and laminins compared to normal resident fibroblasts. Each of these components

have direct proangiogenic roles (Sottile, 2004).

CAFs remodel the ECM

The ECM is remodeled extensively throughout cancer progression. One of the main
reasons to remodel the ECM is to release pro-tumor growth factors and pro-angiogenic
molecules sequestered within the ECM. Another important reason is to facilitate the invasion

of the tumor mass into the surrounding tissue, which will increase blood supply, nutrients and
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oxygen. CAFs produce increased amounts of collagens, laminins and fibronectins (Egeblad et
al., 2005).

The most common proteases that remodel the ECM are from three families: matrix-
metalloproteinases (MMPs), A disintegrin and metalloproteinase family members (ADAMS)
and A disintegrin and metalloproteinase with thrombospondin motif family members
ADAMTS (Overall and Kleifeld, 2006). Fibroblasts mostly mediate their roles through
MMPs (Overall and Kleifeld, 2006). CAFs express increased amounts of MMP 1, 2,3,9,11,13
and 14 (Ala-aho and Kahari, 2005; Basset et al., 1990; Bisson et al., 2003; Sternlicht et al.,
1999). Fibroblasts can be stimulated by a variety of growth factors and cytokines to produce
MMPs (Overall and Kleifeld, 2006).These factors are probably produced by the tumor cells
in order to stimulate the neighboring fibroblasts. Fibroblasts that lack the expression of
MMP11 or MMP-14 don’t support tumor progression (Masson et al., 1998; Zhang et al.,
2006). When inhibitors of MMP11 such as TIMP2 are overexpressed, the growth promoting
effects of fibroblasts are abrogated (Noel et al., 1998). However, not all fibroblast produced
MMPs have functional roles: CAF derived MMP13 does not influence tumor progression in a
mouse model of breast carcinoma although it affects fibrillar collagen in the stroma (Nielsen

et al., 2008).

CAFs mediate inflammation

Although the role of inflammation in cancer has long been established (Coussens and
Werb, 2002), it was thought to be mediated by immune cells such as macrophages, Band T
lymphocytes and dendritic cells (Condeelis and Pollard, 2006; de Visser et al., 2005).

It was first suggested that fibroblasts mediate inflammation because they produce vast
amounts of inflammatory chemokines (Smith and Hale, 1997). Chemokines recruit pro-

inflammatory leukocytes to the tumor site. Recently, Erez and colleagues suggested that
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when fibroblasts are activated in a model of squamous cell carcinoma they mediate
inflammation by NF-kb mediated upregulation of several proinflammatory cytokines (Erez et
al., 2010). In another mouse model of breast cancer, selective ablation of TGFf receptor in

fibroblasts results in inflammation mediated by CCL2 (Hembruff et al., 2010).

CAFs promote invasion, migration and metastasis

Invasion and migration are central to tumor growth and metastasis. Invasion occurs by
breaching of the basement membrane and invasion of cells into the surrounding tissue. The
majority of the action is brought about by MMPs produced by the fibroblasts that actively
remodel the ECM and help the tumor cells invade into the surrounding stroma (Shimoda et
al., 2010). Secreted molecules produced by CAFs can also help promote metastasis. For
example, chemokine CCL5 produced by the fibroblast-like mesenchymal stem cells can
promote metastasis of breast cancer cells to the lungs (Karnoub et al., 2007).

Epithelial to Mesenchymal transition (EMT) is a process central to metastasis (Kalluri
and Weinberg, 2009). EMT was thought to be solely mediated by genetic and epigenetic
changes in cancer cells but new evidence suggests that stromal cells also contribute to cancer
cell EMT (Shimoda et al, 2010). Stromal secretion of TGFp induces EMT in cancer cells to
facilitate invasion and metastasis (Bierie and Moses, 2009). Similarly, fibroblast-secreted
Wnt2, COX-2 , brain derived neurotropic factor (BDNF) and HGF are responsible for the
induction of EMT in models of prostate, oral, lingual and squamous cell carcinomas (Fu et
al, 2011(De Wever et al., 2004; Dudas et al., 2011; Grugan et al., 2010; Patel et al., 2012).

In addition to cancer cells, fibroblasts also promote migration of other cell types into
the tumor. For example, fibroblast-secreted CXCL12 recruits endothelial progenitor cells
(Orimo et al, 2005) and fibroblast-secreted CCL2 increases migration of monocytes into

tumor spheroids (Ksiazkiewicz et al., 2010).
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A comprehensive list of factors produced by carcinoma associated fibroblasts and

their associated functions in tumor progression are listed in Table 1.2.
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Table 1.2: List of factors produced by carcinoma-associated fibroblasts and their roles in tumor progression

Function | Gene Symbol Cancer type | Model Reference
Proliferation | Hepatocyte growth factor HGF Breast co-xenograft | Cheng et al, 2007
Heparin binding EGF-like HB-EGF Cervical co-culture Murata et al, 2011
growth factor
Platelet derived growth factor PDGF Cervical co-culture Murata et al, 2011
Cervical transgenic Pietras et al, 2008
Fibroblast growth factor-7 FGF-7 Cervical transgenic Pietras et al, 2008
Neuregulin NRG Pancreatic co-xenograft | Lilesetal, 2011
co-culture
Wingless-type MMTV wnt2 Oral Squamous co-culture Fuetal, 2011
integration site family member 2 cell
Keratinocyte growth factor KGF Oral squamous co-culture Linetal, 2011
cell
Secreted frizzled-related protein 1 | SFRP-1 Prostate co-culture Joesting et al,2005
Stromal-derived factor-1 SDF1/CXCL12 Breast co-xenograft | Orimo et al, 2005
co-culture
Transforming growth factor-beta | TGF-B Breast humanzied Kuperwaser et al,
mouse 2004

19




Table 1.2 (Continued)

Function | Gene name Symbol Cancer type | Model Reference
Angiogenesis | Matrix-metalloproteinase 13 MMP13 Melanoma co-culture Lederle et al, 2010
Squamous cell co-culture Zigrino et al, 2009
Syndecan-1 SDC-1 Breast co-xenograft | Maeda et al, 2006
Vascular endothelial growth VEGFA various transgenic Fukumura et al, 1998
Fibroblast specific protein-1 FSP-1 cell culture Semov et al, 2005
Interleukin -1 beta IL-1B Lung cell culture Saijo et al, 2002
CXC Chemokine 2 CXCL2 Lung cell culture
Hepatocyte growth factor HGF Lung cell culture
Prostate secreted protein 20 ps20 Prostate co-xenograft | McAlhany et al, 2003
Connective tissue growth factor | CTGF Pancreatic transgenic ljichi et al, 2011
Prostate co-xenograft | Yang et al, 2005
Stromal-derived factor-1 SDF-1/CXCL12 Breast co-xenograft | Orimo et al, 2005
co-culture
Oral Squamous co-culture Daly et al, 2008
Pancreatic co-culture Matsuo et al, 2009
Prostate co-culture Begley et al, 2005
Fibroblast growth factor-2 FGF-2 Cervical transgenic Pietras et al, 2008
ECM Matrix-metalloproteinase MMP1,2,3,9,11,13,14 | various various Ala-aho et al, 2005
remodeling Basset et al, 1990

1,2,3,9,11,13,14

Bisson et al, 2003

Masson et al, 1998
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Table 1.2 (Continued)

Function Gene name Symbol Cancer type Model Reference
Inflammation | p65/RelA NF-kB Squamous cell transgenic Erez et al,2010
Monocyte chemotactic factor-1 | MCP-1/CCL2 Breast transgenic Hembruff et al,2010
Cyclooxeganse-2 COX-2 Breast co-xenograft | Hu et al, 2008
Invasion, RANTES CCL5 Breast co-xenograft | Karnoub et al, 2005
migration and Transforming growth factor-beta | TGF-b various various Shimoda et al, 2010
Wingless-type MMTYV integration| Wnt2 Oral Squamous co-culture Fuetal, 2011
metastasis site family member 2 cell
Cyclooxeganse-2 COX-2 Prostate co-culture Giannoni et al,2011
Brain derived neurotropic factor | BDNF Lingual co-culture Dudas et al, 2011
Hepatocyte growth factor HGF Esophageal co-culture Grugan et al, 2010
Colon co-culture De Wever et al, 2004
Stromal derived factor-1 SDF-1/CXCL12 Breast co-xenograft | Orimo et al, 2005
Monocyte chemotactic protein-1 | MCP-1/CCL2 Breast co-culture Ksiazkiewicz et al,
Monocyte chemotactic protein-3 | MCP-3/CCL7 Oral Squamous co-culture Jung et al, 2010
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Breast cancer and the tumor microenvironment

Breast cancer is the second most common form of cancer in women and caused nearly
half a million deaths worldwide in 2011. Despite early detection and the targeted therapies that
block estrogen or Erb-B2/HER2 signaling, it remains the second most lethal form of cancer for
women in the United States (American Cancer Society, 2012). Breast cancer is a heterogeneous
disease with diverse pathologies and clinical outcomes and it is for this reason that it cannot be
regarded as a single disease. This heterogeneity has complicated efforts to design effective
therapies (Simpson et al., 2005).

The mammary gland has an ectodermal origin and is composed of several cell types that
coordinate signaling to ensure normal functioning. The milk ducts are composed of two layers of
cells: the outer basal myoepithelial layer that produces the extracellular matrix and the inner
luminal epithelial layer that produces milk. The surrounding normal tissue is composed of fat
cells, fibroblasts, blood vessels, leukocytes (Polyak and Kalluri, 2010). Figure 1.2.A shows
cellular components in the normal breast.

It is generally agreed that breast cancer arises due to genetic and epigenetic changes in
the normal breast epithelial cells (Polyak and Kalluri, 2010). Breast cancer has been the subject
of intense studies in order to identify oncogenes, tumor suppressor genes and genomic instability

genes that are causal in nature (Hicks et al., 2006).
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Figure 1.2
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Figure 1.2.A: Cellular components of the normal breast comprising of luminal
epithelial cells, myoepithelial cells, fibroblasts and leukocytes. Adapted from
Polyak and Kalluri, 2010

Figure 1.2.B: Microenvironmental changes occurring breast cancer
progression. Cellular composition in normal, ductal carcinoma in-situ, invasive
ductal carcinoma and metastasis. Adapted from Polyak and Kalluri, 2010.
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Classification of breast cancers

Clinical classification of breast cancer is based on age, lymph node status, tumor grade,
estrogen response and ErbB2 oncogene status (Peppercorn et al., 2008). In addition, molecular
profiling is used to classify breast cancers into four major distinct subtypes that correlate with
clinical prognosis (Perou et al., 2000; Sorlie et al., 2001; Sorlie et al., 2003). The first two
groups, Luminal A and B subtypes, are thought to arise from the luminal cells lining mammary
ducts. Luminal A tumors are the most commonly occurring subtype and are usually positive for
estrogen receptor (ER), progesterone receptor (PR) and are negative for the Her2 oncogene.
Luminal A tumors are low grade and usually respond to hormone therapy but are unresponsive to
chemotherapy. Luminal B tumors are often high grade tumors and are more proliferative
compared to Luminal A. They are also ER and PR positive and may have amplified HER2
oncogene. The third group, HER2 tumor group, are high grade and generally ER/PR negative,
and have amplified HER2 oncogene. Tumors of this subtype (~15% of total) are highly
responsive to antibodies that block the HER2 receptor (Slamon et al., 1989). The fourth subtype,
basal-like tumors are so called because they are thought to arise from the basal cells lining the
mammary ducts. A subset of basal tumors are triple negative (ER,PR and Her2) and very
proliferative and of poor grade. Basal-like tumors respond to chemotherapy but have a high rate

of recurrence.
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Microenvironmental regulation of breast cancer

The idea that the microenvionment could influence the development of breast cancer
came from pathologists who noticed dramatic changes in the stroma accompanying tumor
formation (reviewed in Hu and Polyak, 2008b). Early studies showed that normal mammary
microenvironment could revert the tumor phenotype of breast cancer cells (DeCosse et al.,
1975). This suggested that the microenvironment has to be modulated along with the cancer cells
to achieve tumor progression. This view is supported by observations that microenvironmental
composition varies drastically between different stages of cancer. Stromal cells such as
leukocytes, fibroblasts and endothelial cells are dramatically increased in advanced stages
whereas myoepithelial cells are decreased (Polyak and Kalluri, 2010). The tumor promoting
stromal cells modulate initiation, maintenance and metastasis (Hu and Polyak, 2008b; Karnoub
et al., 2007; Trimboli et al., 2009). A schema of the microenvironmental changes that occur

during the various stages of breast cancer is shown in Figure 1.2.B.

Molecular mediators of tumor-stromal interactions in breast cancer

Our understanding of genes and pathways mediating interactions between stromal cells
and breast epithelial cells is far from complete (Polyak and Kalluri, 2010). Early attempts to
characterize the breast microenvironment relied upon analysis of stromal expression patterns of
candidate genes. For example, invasion related MMPs (Bisson et al., 2003) and growth factors
(Vrana et al., 1996) showed elevated expression in the stromal compartment and correlated with
poor prognosis.

Subsequent roles for genes in the breast microenvironment were identified largely based

on their previously known functions. It was found that cell adhesion genes played a crucial role
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in the microenvironmental control of breast cancer (Weaver et al., 1997; Zutter et al., 1995).
Growth factors and cytokines such as TGFp, HGF, CXCL12, CXCL14, and CCL2 modulate the
breast microenvironment by controlling proliferation, migration, invasion and metastasis
(Allinen et al., 2004; Bierie and Moses, 2009; Cheng et al., 2007; Condeelis and Pollard, 2006;
Coussens and Werb, 2002). The role of chemokines in the microenvironment is detailed in
Chapter IV.

Although numerous genes have been implicated in the breast microenvironment, their
characterization has been somewhat ad hoc. It is very important to study the interactions in the
breast microenvionment systematically in order to gain better understanding of the

microenvironmental influence on breast cancer.

Genomic analysis of tumor stromal interactions

A genomic approach provides a broad-based, unbiased and systematic way to address
questions in biological systems. One of the greatest advantages of using a genome-wide system
over candidate-gene based approaches is that we can study how hundreds or thousands
coordinate their functions to achieve biological endpoints.

It is clear that communication between the tumor and the non-malignant stroma dictates
cancer progression. However, there have been only a small number of studies to date identifying
functional interactions between different components of the microenvironment. The first
comprehensive genomic study was done by Kornelia Polyak’s group in 2004 (Allinen et al.,
2004). Components of the breast tumor microenvironment were separated using cell-surface
antigens and analyzed by comparative expression profiling using normal, DCIS and invasive

breast cancer patient samples. This study was systematic in identifying overexpressed genes in
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specific compartments. It identified that stromal secreted chemokines CXCL12 (by
myofibroblasts) and CXCL14 (by myoepithelial cells) mediated proliferation, invasion and

migration of the breast epithelial cells.

Co-culture based genome-wide studies have also provided insights into features of tumor-
stromal interactions. Buess and colleagues observed that fibroblasts co-cultured with breast
cancer cells overexpress interferon related genes. A signature derived from the overexpressed
genes predicted poor survival and metastasis in breast cancer patients (Buess et al., 2007).

Recent studies have made use of laser capture microdissection (LCM) to perform gene
expression profiling of tumor epithelial and stromal compartments separately (Casey et al.,
2009; Finak et al., 2008; Ma et al., 2009). LCM is a technique in which a microscopic region of
interest can be isolated from a tissue sample using a laser to guide dissection. A McGill
University LCM-study identified 163-genes that were most differentially expressed in invasive
breast stroma compared to normal stroma. From this, they derived a 26-gene signature that
predicted poor prognosis in breast cancer patients. It was the first study in which a gene signature
derived from stroma was an independent predictor of poor outcome in breast cancer patients
(Finak et al., 2008). Interestingly, stromal gene signatures were also shown to predict resistance
to adjuvant chemotherapy in breast cancer patients (Farmer et al., 2009).

Gene expression changes in intermediate stages of cancer can provide clues into
underlying processes important in breast cancer progression. Ma and colleagues collected normal
adjacent tissue, ductal carcinoma in situ (DCIS) tissue and invasive breast cancer tissue from the
same patient and profiled the epithelial and stromal compartments from each stage separately.
The authors noted widespread changes between normal and DCIS but not between DCIS and

invasive stages (Ma et al., 2009) in both stromal and epithelial compartments.
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Gene expression profiling of carcinoma associated fibroblasts and normal resident
fibroblasts has provided insights into differentially expressed genes in the fibroblast
compartment of the tumor microenvironment (Bauer et al., 2010; Santos et al., 2011) and has the

potential to identify functionally important stromal genes in breast cancer progression.

Aims of this study

The three major goals of my thesis project were to (1) develop a model system of
fibroblast-breast cancer cell interactions that mimics what occurs in primary breast cancers, (2)
determine how many secreted factors are induced in fibroblasts by breast cancer cells, and (3)
determine how many of the secreted factors play a role in promoting tumorigenicity. A majority
of previous studies conducted that are highly relevant to my project fall into two categories: ones
that use model systems to test individual candidate genes functionally and others that profile
patient stroma using gene expression profiling but make no attempt at characterizing genes
functionally. A crucial strength of my experimental design is the combination of both genomic
and functional approaches to identify genes and pathways relevant to human breast cancer.

The experimental workflow corresponds to my three major goals: development of a
model system; genomic analysis to identify candidates, and functional validation of the candidate
genes. | used a co-culture, co-xenografting based model system composed of breast cancer cell
lines and human fibroblasts. The idea was to approximate interactions of tumor epithelium and
stromal fibroblasts in human breast cancer patients, which | subsequently validated by
comparative genomic analysis. | identified two different classes of fibroblasts based on their
ability to cooperate with breast cancer cells in vivo: fibroblasts that promoted growth (tumor-

supportive) and those that did not (non-supportive). A comparative genomic analysis of the two

28



classes of fibroblasts provided a starting point to identify potential functional mediators. This
was based on the rationale that functionally important mediators are likely to be selectively
induced in interactions of tumor-supportive fibroblasts with breast cancer cells. Importantly, the
candidates | chose for functional analysis were also upregulated in primary human breast stroma.

To fulfill the final major goal, | used RNAI to suppress the expression of candidate genes
in vivo. | assayed tumorigenicity and characterized the tumor microenvironment using
immunohistochemistry to gain insights into the possible functions of these genes.

My results indicate instead of there being a single major mediator which has been the
conclusion of most previous studies, that instead there are multiple genes and processes involved
in fibroblast promotion of breast cancer and based on extrapolation likely to be fifty or more
such genes. In the context of this interaction being similar to tissue or organ development, our
results are consistent with recent genetic analysis that the development of even simple organs

requires over 200 patterning and morphogenesis genes (Ghabrial et al., 2011).
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CHAPTER 11
Identification of molecular mediators of breast cancer-fibroblast
interactions through genome-wide transcriptional analysis

Introduction

The basis for performing gene expression profiling following in vitro co-culture
experiments arose from the observation that fibroblasts in tissue culture can modulate the
properties of breast cancer cells and vice-versa (Ronnov-Jessen et al., 1992). Early studies using
co-culture based experiments noted that fibroblasts induced proliferation and invasion in breast
cancer cell lines (Adam et al., 1994; Himelstein and Muschel, 1996). Subsequent studies focused
on identifying candidate mediators induced by epithelial stromal interactions. Several groups
found that breast cancer cells induce matrix metalloproteinases in fibroblasts upon co-culture
(Himelstein and Muschel, 1996; Ito et al., 1995; Mari et al., 1998; Stuelten et al., 2005; Wang
and Tetu, 2002; Wang et al., 2002). This is not surprising because fibroblasts actively remodel
the ECM through the secretion of MMPs in vivo (Noél et al, 2008).

Recent studies have taken co-culture based genome-wide approaches to identify
molecular mediators of interactions between cancer cells and fibroblasts. The first study to report
a large scale induction of genes following co-culture was purely exploratory and found that
induced or down-regulated genes were involved in diverse processes relevant to cancer
(Fromigue et al., 2003). The second report utilized a transwell cell culture system where
fibroblasts and pancreatic cancer cells were separated by a high-density membrane that allowed

diffusion of soluble factors (Sato et al., 2004). This allowed for separate analysis of the
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transcriptome of both cell types and led to the finding that COX2 was upregulated in the stromal
fibroblast compartment. Treatment with COX2 inhibitors (either small-molecule or sSiRNA) was
able to block the ability of fibroblasts to induce pancreatic cancer cell invasion (Sato et al.,
2004). The third report found that some but not all human breast cancer cell lines could induce a
gene signature of interferon signaling upon co-culture with human fibroblasts (Buess et al.,
2007). Interestingly, this gene signature was associated with poor survival and was validated by
immunohistochemistry analysis of primary human breast cancers (Buess et al., 2007). However,
no attempt was made to determine whether this signature played a functional role or was simply
a secondary consequence. In another study, the authors used genomic analysis of a co-culture
based model to identify altered cellular transport systems in carcinoma-associated fibroblasts
(Rozenchan et al., 2009). Recently, Tyan et al, used a transcriptome-based approach followed by
functional analysis to identify fibroblast secreted HGF as a functionally important growth factor
induced upon co-culture with breast cancer cells (Tyan et al., 2011). In a study using both
functional and genomic approaches, Allinen et al identified overexpression of specific genes in
different compartments of the breast tumor microenvironment. They noted that myoepithelial
cell secreted CXCL14 and myofibroblast secreted CXCL12 had functional roles in promoting
proliferation, migration and angiogenesis (Allinen et al, 2004).

Although a number of functional mediators of tumor-stromal fibroblast interactions have
been identified in in vitro co-culture based systems, very few studies have validated their
findings in vivo (Orimo et al., 2005). In vivo functional analysis is advantageous over cell-based
system due to its close resemblance to events in human cancer.

The majority of studies describing gene functions involved in the interaction between

carcinoma associated fibroblasts and breast epithelium have relied on either genetically
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engineered mouse models (GEMM), co-xenografts of breast cancer cell lines and CAFs, or cell
based co-culture models (Bierie and Moses, 2009; Ksiazkiewicz et al., 2010; Orimo et al., 2005;
Pietras et al., 2008; Trimboli et al., 2009). | chose to use a co-culture and co-xenograft based
model in order to simultaneously perform genomic and functional analyses on human epithelial
cells and fibroblasts.

The first step in developing the model was to identify human fibroblast strains that
behaved like patient-derived CAFs in terms of promoting tumorigenicity in vivo (tumor-
supportive fibroblasts; TSF). Some fibroblast strains have been shown to accelerate tumor
progression in mice (Camps et al., 1990; Noel et al., 1993) and unlike patient derived CAFs,
human fibroblast strains can be passaged for longer lengths of time (Polanska et al., 2011). Other
fibroblast strains behave like patient-derived normal breast fibroblasts and do not promote
tumorigenicity (non-supportive fibroblasts; NSF). | took advantage of this difference in an
attempt to ascertain which genes were responsible for driving tumorigenesis. In this approach,
expression profiles resulting from breast cancer cells co-cultured with TSFs were compared to
expression profiles resulting from breast cancer cells co-cultured with NSFs. Genes that were
altered in common were discarded as functionally irrelevant while genes that were altered
exclusively in expression profiles from breast cancer cells co-cultured with TSFs were

considered potentially important functional mediators of tumorigenesis.
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Results

Identification of tumor-supportive (TSF) and non-supportive (NSF) fibroblasts

A co-injection assay was used to test fibroblasts’ ability to cooperate with admixed breast
cancer cells to enhance tumor formation when injected subcutaneously in nude mice. Only
ER/PR negative breast cancer cell lines were included to avoid confounding variables arising
from subtype variability.

Two Her2 amplified, ER and PR negative cell lines—JIMT-1 and HCC1954 were tested
for their ability to cooperate with HFFF2 (human fetal foreskin) fibroblasts and Wi38 (human
fetal lung) fibroblasts to promote tumor growth in a co-xenografting assay. 1x10"6 JIMT-1 or
HCC1954 cells were injected into flanks of 5-6 week old irradiated, nude female mice with or
without 1.5 x 1076 HFFF2 or Wi38 fibroblasts. Cell line only injections (JIMT-1 and HCC1954)
were used as controls. Tumor volumes for each group were calculated and compared with the
parental cell line only injections each week for six weeks post injections. Interestingly, both
HFFF2 and Wi38 fibroblast strains cooperate with JIMT-1 to increase tumor growth although
HFFF2 fibroblasts confer a significantly higher growth advantage (Figure 2.1.A and 2.1.B)
whereas neither strain cooperates with HCC1954 to promote tumor growth (Figure 2.2 and
2.2.B).

ER, PR, HER2 negative cell lines Cal-51 and MDAMB231. 1x1076 Cal-51 or
MDAMB231 cells were then injected into either flank of 5-6 week old irradiated, nude female
mice with or without 1.5 x 10"6 HFFF2,Wi38, HFF1 (newborn foreskin) or CCD1112Sk (adult
foreskin) fibroblasts. Both cell lines cooperated with HFFF2 and HFF1 fibroblast strains but did
not cooperate with Wi38 and CCD1112Sk to promote tumor growth (Figure 2.3 and 2.4).

Therefore, HFFF2 and HFF1 strains were designated tumor-supportive fibroblasts (TSF)
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whereas Wi38 and CCD1112Sk were designated non-supportive fibroblasts (NSF). These
combinations of cells were used in co-culture assays and subsequent gene expression analysis. A
complete list of the characteristics of breast cancer cell lines and human fibroblasts used in this

study is presented in Table 2.1.

Table 2.1: Characteristics of breast cancer cell lines and human fibroblast strains used to
identify tumor-supportive and non-supportive fibroblasts

Cellline |ERstatus |PR status Her 2 Fibroblast Origin Tumor
amplified supportive?

JIMT-1 Negative | Negative Yes HFFF2 Fetal foreskin Yes
Wi38 Fetal lung Yes

HCC 1954 | Negative | Negative Yes HFFF2 Fetal foreskin No
Wi38 Fetal lung No

Cal-51 Negative | Negative No HFFF2 Fetal foreskin Yes
HFF1 Newborn foreskin Yes

CCD1112SK Newborn foreskin No

Wi38 Fetal lung No

MDAMB231 | Negative | Negative No HFFF2 Fetal foreskin Yes
HFF1 Newborn foreskin Yes

CCD1112SK Newborn foreskin No

Wi38 Fetal lung No
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Figure 2.1
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Figure 2.1: Effect of co-injected fibroblasts on JIMT-1 tumorigenicity

A: Tumor volume measurements of 1x10"6 JIMT-1 breast cancer cells injected
subcutaneously into nude mice with or without 1.5x10"6 HFFF2 fibroblasts weeks 1-6
post injections. n=6 per group. Asterisk indicates significant differences between the two
groups *p<0.05. Error bars represent Mean +/- SEM.

B: Tumor volume measurements of 1x1076 JIMT-1 breast cancer cells injected
subcutaneously into nude mice with or without 1.5x10"6 Wi38 fibroblasts weeks 1-6
post injections. n=6 per group. Asterisk indicates significant differences between the two
groups *p<0.05. Error bars represent Mean +/- SEM.
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Figure 2.2: Effect of co-injected fibroblasts on HCC1954 tumorigenicity

A: Tumor volume measurements of 1x1076 HCC 1954 breast cancer cells injected subcutaneously
into nude mice with or without 1.5x10"6 HFFF2 fibroblasts, weeks 1-6 post-injection. n=6 per
group. Error bars represent mean +/- SEM.

B: Tumor volume measurements of 1x107°6 HCC1954 breast cancer cells injected subcutaneously
into nude mice with or without 1.5x1076 Wi38 fibroblasts weeks 1-6 post-injection. n=6 per group.

Error bars represent mean +/- SEM.
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Figure 2.3
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Figure 2.3: Effect of co-injected fibroblasts on Cal51 tumorigenicity

A: Tumor volume measurements of 1x1076 Cal51 breast cancer cells injected
subcutaneously into nude mice with or without 1.5x10"6 HFFF2 fibroblasts, weeks 1-
6 post injection. Asterisk indicates that the indicated tumor groups are significantly
different. P < 0.05, n >20 per group. Error bars represent mean +/- SEM.

B: Tumor volume measurements of 1x1076 Cal51 breast cancer cells injected
subcutaneously into nude mice with or without 1.5x1076 HFF1 fibroblasts weeks 1-6
post injection. Asterisk indicates that the indicated tumor groups are significantly
different. P < 0.05, n=10 per group. Error bars represent mean +/- SEM.

C: Tumor volume measurements of 1x1076 Cal51 breast cancer cells injected
subcutaneously into nude mice with or without 1.5x1076 CCD1112Sk fibroblast,
weeks 1-6 post injection. n=10 per group. Error bars represent mean +/- SEM.

D: Tumor volume measurements of 1x1076 Cal51 breast cancer cells injected
subcutaneously into nude mice with or without 1.5x1076 Wi38 fibroblasts, weeks 1-6
post injection. n=10 per group. Error bars represent mean +/- SEM.
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Figure 2.4

1000

-o- MDAMB231
-= MDAMB231+HFFF2

500

Tumor volume (mmA*3)

2 3 4 5 6
Weeks post injection

-~ MDAMB231
-= MDAMB231+CCD1112Sk

4004

3 4 5
Weeks post injection

()]

B
800 T VDAMB231
-= MDAMB231+HFF1
400+
0—9 2 3 4 5 6
Weeks post injection
D
800
-»- MDAMB231

400

39

-= MDAMB231+Wi38

1 2 3 4 5 6
Weeks post injection



Figure 2.4: Effect of co-injected fibroblasts on MDAMB231 tumorigenicity

A: Tumor volume measurements of 1x10"6 MDAMB231 breast cancer cells
injected subcutaneously into nude mice with or without 1.5x10"6 HFFF2 fibroblasts
weeks 1-6 post injections. Asterisk indicates that the indicated tumor groups are
significantly different. P < 0.05. n=10 per group. Error bars represent mean +/-
SEM.

.B: Tumor volume measurements of 1x10"6 MDAMB231 breast cancer cells
injected subcutaneously into nude mice with or without 1.5x10"6 HFF1 fibroblasts
weeks 1-6 post injections. Asterisk indicates that the indicated tumor groups are
significantly different. P < 0.05. n=10 per group. Error bars represent mean +/-
SEM.

C: Tumor volume measurements of 1x10"6 MDAMBZ231 breast cancer cells
injected subcutaneously into nude mice with or without 1.5x10"6 CCD1112Sk
fibroblasts weeks 1-6 post injections. n=10 per group. Error bars represent mean +/-
SEM.

D: Tumor volume measurements of 1x10"6 MDAMBZ231 breast cancer cells
injected subcutaneously into nude mice with or without 1.5x10"6 Wi38 fibroblasts
weeks 1-6 post injections. n=10 per group. Error bars represent mean +/- SEM.
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Contributions of co- injected tumor-supportive fibroblasts to tumor progression

To use this model system to functionally assay tumor-fibroblast interactions, it is
essential that injected fibroblasts recapitulate some of the functions of CAFs (Kalluri and
Zeisberg, 2006). The first step was to make sure that the injected HFFF2 fibroblasts were
incorporated in fully formed tumors with Cal-51 cells.

HFFF2 cells stably expressing fluorescent marker protein GFP were engineered. GFP-
labeled HFFF2 fibroblasts were then co-injected with Cal51 breast cancer cells as described
above. Sections from co-injected tumors were taken 3, 4, 6 and 8 weeks post injections and were
immunostained using an antibody specific to GFP in order to identify HFFF2 fibroblasts. Results
indicated that injected GFP positive fibroblasts are incorporated into the mature tumor (Weeks 3-
6 post injections) (Figure 2.5). However, GFP positive cells were almost completely absent from
the population by ~8 weeks post injection, possibly because unlike cancer cells, human
fibroblasts undergo a limited number of divisions. This observation is consistent with previous
reports (Hu et al., 2009).

CAFs promote tumor-supportive functions like proliferation of cancer cells, recruitment
of immune cells and blood vessels (Orimo and Weinberg, 2006). To test whether co-injected
HFFF2 fibroblasts promote proliferation, recruitment of immune cells and blood vessels similar
to CAFs, sections from Cal51 cell line only injections and Cal51+HFFF2 co-injections were
immunostained using antibodies to Ki-67, 7/4 and CD31 respectively. Co-injection of Cal51
cells and HFFF2 fibroblasts leads to an increase in the number of proliferating cells, immune
cells recruited to the tumor and blood vessels compared to tumors resulting from Cal51

injections only (Figure 2.6.A-C and quantified in Chapter 1V).
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Co-injections of Cal51 and HFFF2 cells also have more reactive fibroblasts compared to
tumors resulting from Cal51 only injections. This is evidenced by increased a-SMA staining in
co-injected tumors (Figure 2.6.D and quantified in Chapter V). Since the injected fibroblasts are
no longer apparent by 6-8 weeks post injection, they cannot be attributed to the increased number
of all a-SMA cells. This suggests that injected fibroblasts may affect the migration or

recruitment of host cells that express a-SMA (discussed in Chapter I11).
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Figure 2.5

Figure 2.5: Incorporation of HFFF2 fibroblasts in Cal51 tumors.

Immunostaining of HFFF2-GFP fibroblasts in Cal51 tumors. Week 3 (A), Week 4 (B), Week
6 (C) and Week 8 (D) post injections using an antibody to GFP. Injected fibroblasts almost
completely disappear 8 weeks post injections.
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Figure 2.6
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Figure 2.6: Tumor-promoting activities of co-injected fibroblasts six weeks
post injections.

A: Immunostaining of proliferative cells in sections of Cal51 tumors and Cal51
co-injected with HFFF2 fibroblasts using an antibody to Ki-67. Panels are
representative of multiple fields of tumor sections from three tumors per group.
Scale bars represent 50 pm.

B: Immunostaining of neutrophils and monocytes in sections of Cal51 tumors
(left) and Cal51 co-injected with HFFF2 fibroblasts (right) using an antibody to
antigen 7-4. Panels are representative of multiple fields of tumor sections from
three tumors per group. Scale bars represent 50 pm.

C: Immunostaining of blood vessels in sections of Cal51 tumors (left) co-
injected with HFFF2 fibroblasts (right) using an antibody to CD31. Panels are
representative of multiple fields of tumor sections from three tumors per group.
Scale bars represent 50 pm.

D: Immunostaining of reactive fibroblasts and pericytes in sections of Cal51
tumors (left) and Cal5 co-injected with HFFF2 fibroblasts (right) using an
antibody to a-sma. Panels are representative of multiple fields of tumor sections
from three tumors per group. Scale bars represent 100 pm.
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Separate transcriptional profiling of breast cancer cells and fibroblasts

Based upon observations that mediators of breast cancer-stromal fibroblast interactions
are induced upon co-culture (Fromigue et al., 2003), co-culture experiments were conducted
followed by gene expression profiling in order to identify candidate mediators. Breast cancer cell
lines, Cal51 or MDAMB231, stably expressing red fluorescent protein (DsRed) were generated
via retroviral infection. Similarly, the fibroblasts HFFF2, HFF1, Wi38 and CCD1112Sk were
engineered to stably express green fluorescent protein (GFP). Independent cultures of 1.5x1076
GFP-fibroblasts were plated in 10 cm tissue culture dishes and allowed to adhere overnight.
Subsequently, 1x10"6 DsRed expressing cancer cells were plated on top of the fibroblasts and
were co-cultured for six days. Following this, cells were trypsinized, washed and FACS sorted
into breast epithelial cells and fibroblasts. Monocultures of corresponding cells were used as
controls. RNA was prepared from 3-4 biological replicates for each experimental group and
hybridized on Affymetrix® 1.0 Gene ST array. A schema of the procedure used is shown in

Figure 2.7.A.

Gene Expression Analysis and identification of candidate mediators

Data from microarray experiments was background subtracted, normalized and log2
transformed (AROMA, R package). In the event that there were multiple probes on the
microarray chip for the same gene, the mean intensity value was calculated and used for further
analysis. In the resulting matrix, genes were represented as rows and samples as columns. Jinyu
Li, (a bioinformatician in the Powers lab), calculated fold change induced upon co-culture of all
~20,000 genes assayed. For example, fold change of all genes from HFFF2 co-cultured with

Cal51 was compared to monocultured HFFF2. Since there are two co-cultures (with Cal51 and
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MDAMB231) and one monoculture for each fibroblast and there are four fibroblast groups in
total, each gene has eight fold change values from different comparisons. A t-test was used to
filter out genes in which the fold change was not significant (p<0.1 in at least 5/8 comparisons).
In the next step, a fold change ratio was calculated for each gene using comparison of tumor-
supportive fibroblasts to non-supportive fibroblasts. For example, an average fold change of 1
means that the gene was neither induced nor down regulated in tumor-supportive co-cultures
compared to non-supportive fibroblasts. Using a cut-off of 2 for average fold change ratio, 320
genes were identified. These genes were selectively induced in tumor-supportive fibroblasts
upon co-culture (Figure 2.7.B and Table 2.2). A heatmap showing the induction of these 320
genes in co-cultures of tumor supportive fibroblasts (henceforth, known as CC-TSF) is shown in
Figure 2.8. 1 used the 320 genes for selection of candidates and for establishing the relevance of

the model system to human breast cancer.
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Figure 2.7
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Figure 2.7: Experimental schema to identify candidate genes

A: Determination of genes induced in fibroblasts upon interaction with breast cancer cells.
MDA-MB-231 or Cal51 cancer cells expressing Ds-Red marker were co-cultured for six days
with human fibroblasts expressing GFP. Following flow cytometric sorting, the mRNA
transcriptome of the separated cells was analyzed.

B: Identification of secreted candidate mediators of pro-tumorigenic interactions of fibroblasts
with breast cancer cells. Out of approximately 20,000 mRNAs surveyed, 4,577 were
significantly induced in fibroblasts in five or more of the eight combinations with breast cancer
cells tested. Only 320 of these genes, however, were selectively induced more than 2-fold in
the tumor-supportive fibroblasts. Of these, 67 encoded secreted proteins and 58 of these were
also significantly upregulated in breast cancer stroma. Of these, 5 genes were chosen for
functional analysis.
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Figure 2.8
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Figure 2.8: Heatmap of relative expression of the 320 genes in monocultured and co-
cultured fibroblasts

Heatmap of the relative fibroblast expression of the 320 genes induced by breast cancer cells
selectively in pro-tumorigenic fibroblasts (HFF1, HFFF2). Although for many of these genes the
endogenous expression in mono-cultures is higher in neutral fibroblasts (Wi38, CCD1112Sk),
they are not induced to higher levels upon co-culture with breast cancer cells. MC = mono-
culture; Co = co-culture; for each fibroblast strain, biological replicates (either 3 or 4) of co-
culture with Cal51 on shown the left and with MDA-MB-231 on the right. Red indicates
relatively high expression whereas green indicates relatively low expression.
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Significant enrichment of secreted molecules in primary human breast cancer stroma

67/320 genes from the CC-TSF set are well-annotated secreted molecules. | focused on
secreted proteins because paracrine interactions in the breast microenvironment are thought to be
mediated in large part by secreted proteins (Hu and Polyak, 2008b). Additionally, they are easy
to target therapeutically making them attractive candidates for functional testing.

The analysis was restricted to only those candidate molecules that were also upregulated
in human breast cancer stroma. | used three previously published studies: two that used
expression profiling of breast stroma following laser capture microdissection (Finak et al., 2008;
Ma et al., 2009) and one that profiled carcinoma associated fibroblasts and normal fibroblasts
from patients tumor cell MRNAs (Bauer et al., 2010). | compared the expression of the 67
secreted factors in cancer stroma compared to normal stroma and found that 58/67 secreted
factors were significantly upregulated in cancer stroma of at least 1 out of 3 breast stroma
datasets (p<0.05) (Table 2.2)

Some of these molecules have previously identified roles in the breast cancer
microenvionment. ~40% these proteins (21/58) are cytokines composed mainly of chemokines
and interleukins. Stromal CCL5 promotes metastasis (Karnoub et al., 2007) whereas IL-1
mediates inflammation in the tumor microenvironment by inducing pro-inflammatory
chemokines (Erez et al., 2010). Of the growth factors, stromal fibroblast produced insulin-like
growth factor-2 (IGF2) and neuregulin (NRG) have direct stimulatory roles on carcinoma cells
(Liles et al., 2011; Zhu et al., 2007). Stromal secretion of extracellular glycoprotein versican was
recently shown to promote metastasis (Gao et al., 2012). Stromally produced MMPs-1, 3, 11 and
13 have previously identified tumor-promoting roles (Ala-aho and Kahari, 2005; Sternlicht et al.,

1999).

51



Table 2.2: List of 58 secreted molecules upregulated in co-cultured tumor-supportive fibroblasts
and in primary human breast stroma with their respective average fold change ratios.

Cytokines|avg FC ratiolGrowth Factors|avg FC ratio|Others avg FC ratio
CCL2 2.4|ANGPTL4 3.6|DPT 5.2
CCL20 2.6|AREG 11.9|EGFL6 2.0
CCLS5 4.8|I1GF2 2.1|FMOD 3.8
cCcL7 4.4|NRG1 4.7|FST 2.0
CCL8 4.0 IGFBP5 2.3
CSF3 3.1|ECM ISG15 2.1
CXCL1 9.8]|proteins LAMC2 7.3
CXCL10 8.7|COL7A1 2.9|POSTN 3.6
CXCL2 5.8|DCN 2.6|SERPINB2 7.5
CXCL5 4.9|VCAN 5.4|SERPINE2 2.7
CXCL6 8.4|MMP1 2.2|SPINT1 2.1
IL11 3.9|MMP11 3.6|SPON1 6.3
IL1A 5.7|MMP12 3.1|TFPI2 33
IL1B 4.3|MMP16 3.1|TNFAIP6 8.6
ILIRN 7.2|MMP3 50.7|UCN2 3.2
IL24 10.9 WISP1 3.1
IL6 3.8|Hormone LAMB3 2.4
IL8 15.8|STC1 3.6{SLC39A8 2.4
SPP1 49 SLC43A3 2.7
TNFSF10 5.4 SLC46A3 2.1
TNFSF15 2.3 FAM20C 2.0

FIX1 2.2

52



Induction of ligand-receptor pairs

Reciprocal induction of receptors and ligands in cancer cells and fibroblasts upon co-
culture is indicative of an active molecular crosstalk (Potter et al., 2012). | hypothesized that
functionally important ligand-receptor pairs may be reciprocally induced upon co-culture of
tumor-supportive fibroblasts and breast cancer cells.

As a starting point, | used a database of ligand-receptor pairs (Graeber and Eisenberg,
2001) to calculate reciprocal inductions of ligand-receptor pairs. Two paracrine interactions were
used for comparison: 1.ligands induced in the co-cultured tumor supportive fibroblasts with
induction of corresponding receptors in co-cultured epithelial cells 2.ligands induced in the co-
cultured tumor epithelial cells with induction of corresponding receptors in co-cultured tumor-
supportive fibroblasts (Figure 2.9, A and B).

In the first comparison, induction of chemokines CCL2, CCL5, CCL7 and CCLS8 in the
fibroblasts is significantly correlated with one of the receptors, CCR1, in the epithelial cells.
Fibroblast produced amphiregulin (AREG) and its receptor EGFR are co-induced as well.
Platelet-derived growth factor B (PDGFB) and its receptors PDGFRA and PDGFRB show
coordinated induction as well. Comparing ligands induced in tumor epithelial cells with
receptors in fibroblasts, FGF18-FGFR2, AREG-EGFR, BMP5-ACVR2A and IL1-A and B-

IL1R1 show significantly correlated inductions.
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Figure 2.9
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Figure 2.9: Ligand induction and receptor expression in pro-tumorigenic
fibroblasts and breast cancer cells

A: Scatter plot of the coordinated paracrine induction of ligand expression in pro-
tumorigenic fibroblasts and corresponding receptor expression in co-cultured breast
cancer cells, expressed as the ratio to the values observed in co-culture with neutral
fibroblasts (ratio of 1 = identical induction in both classes). Of the total 456 ligand-
receptor pairs in the database of ligand-receptor partners (DLRP, http://dip.doe-
mbi.ucla.edu/dip/DLRP.cgi) only those that showed a statistically significant correlation
(Pearson; two-tailed P < 0.05) in paracrine expression (ligands in pro-tumorigenic
fibroblasts, receptors in breast cancer cells) are shown. The indicated pairs correspond
to the nearby red circles.

B: Asin A, but here the scatter plot is of the coordinated paracrine induction of ligand
expression in breast cancer cells and corresponding receptor expression in co-cultured
pro-tumorigenic fibroblasts.
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Selection of candidates for functional analysis

Candidates for functional analysis were secreted molecules, selectively upregulated in co-
cultured tumor supportive fibroblasts and in primary human breast cancer stroma. Amphiregulin
(AREG) and its receptor EGFR are significantly co-induced in both breast cancer cells and
fibroblasts. AREG has been implicated in mammary gland development and breast cancer
although a functional role for stromal AREG in breast cancer has not been identified (Busser et
al., 2011). Functional analysis detailing the role of AREG in the breast microenvironment is
described in Chapter I1I.

Chemokines CCL2, CCL7 and CCL8 (Monocyte chemotactic proteins) are members of
the same subfamily of C-C chemokines. One of the C-C receptors, CCR1, is reciprocally induced
in co-cultured breast epithelial cells. CCL2 plays roles in tumor growth, angiogenesis, migration
and metastasis (Balkwill, 2012) but the roles for CCL7 and CCLS8 in the tumor
microenvironment are not clear. Functional analysis of the roles of these chemokines and their

receptor is described in Chapter IV.

Stanniocalcinl (STC1) is a calcium hormone that is overexpressed in several cancers (Liu
et al., 2010; Tamura et al., 2011). A functional role for stromal STC1 is not fully elucidated
making it a potentially novel mediator in breast cancer-stromal fibroblast interactions. Functional
analysis of STC1 is described in the Appendix. Expression of CCL2, CCL7, CCL8, AREG and

STCL1 in stromal compartments of breast cancer is shown in Figure 2.10 A and B.
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Figure 2.10
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Figure 2.10: 320 gene signature distinguishes cancer stroma from normal
stroma; expression of candidate genes in primary human cancer stroma.

A: Ability of the 320-gene signature to classify primary breast stroma. Samples
microdissected from primary breast stroma (Finak et al, 2008) were clustered based
on the 320-gene signature. The colored bar above the sample dendrogram indicates
normal breast stroma (green) and invasive carcinoma (red). All but one normal
sample is correctly classified. The variability of expression of the 5 candidate
mediators is shown in the heatmap underneath.

B: Same as A but results obtained with independent dataset of primary breast
stroma (Ma et al, 2009). The colored bar above the sample dendrogram indicates
normal breast stroma (green), in situ carcinoma (blue), and invasive carcinoma
(red). All but one normal sample is correctly classified. The variability of
expression of the 5 candidate mediators is shown in the heatmap underneath.
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Relevance of model system to human breast cancer

This system is composed of breast cancer cell lines and human fibroblast strains.
Therefore, it is essential to prove that genes used for functional testing are relevant to human
breast cancer. Genes whose expression is inversely correlated with parameters such as time to
death (survival), time to relapse or metastasis are more likely to be clinically relevant targets
(van 't Veer et al., 2002). Similarly, gene signatures with higher expression in cancer epithelium
or stroma compared to normal counterparts are more likely have a functional role in cancer

progression (Allinen et al., 2004)

CC-TSF genes can classify primary human breast stroma

Gene expression profiles of laser-capture microdissected primary breast stroma were
clustered based on the CC-TSF genes in two previously published studies (Finak et al, 2008; Ma
et al, 2009). The CC-TSF genes are able to distinguish cancer stroma from normal stroma nearly
perfectly in both studies. This indicates that the candidates chosen from functional validation are

highly relevant to breast cancer stroma (Figure 2.10.A and B).

High expression of 320 genes is inversely correlated with survival

To establish the relevance of the model system to human breast cancer, | tested if the CC-
TSF genes could predict poor survival in breast cancer patients. The NKI dataset contains gene
expression profiling data for 295 breast cancer patients analyzed on 25000 spot oligonucleotide
arrays. These patients were treated at the Netherlands Cancer Institute (NKI) for early stage
breast cancer between 1984 and 1995. This dataset contains patient specific clinical information

such as time to relapse, metastasis and survival (van de Vijver et al., 2002). The CC-TSF genes
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were mapped on the NKI dataset and the resulting data matrix had 219 unique identifiers. This
matrix was used for unsupervised hierarchical clustering using Ward linkage. A heatmap of the
unsupervised clustering with the dead/live status of the patients is shown in red/green labels. |
assigned CC-TSF-high or CC-TSF-low to clusters expressing relatively high and low levels of
320-genes (Figure 2.11.A). When | plotted Kaplan-Meier survival curves for each group based
on the clinical information available, the patient group expressing the CC-TSF-high signature
had significantly worse overall survival (Figure 2.11.B). This indicates that the genes induced
selectively in co-cultures of tumor-supportive fibroblasts are highly relevant to breast cancer

progression.
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Figure 2.11
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Figure 2.11: Co-culture tumor supporting fibroblast gene expression in human breast
cancer

A: Heatmap showing expression of the CC-TSF genes in 295 cases of breast cancer (van de
Vijver et al., 2002). Red is high expression and green is low. Death is marked by red label
on the top panel. Groups of patients showing relatively high and low expression levels of
CC-TSF genes are indicated by the CC-TSF high and CC-TSF low labels. The dashed line
indicates the samples belonging to CC-TSF high and CC-TSF low respectively.

B: Effect of expression of the CC-TSF-gene signature (genes induced selectively in pro-
tumorigenic fibroblasts by breast cancer cells) in the tumors of breast cancer patients on
their long-term survival (NKI dataset). Patients with high expression (red curve; n=144) of
the signature in their tumors show poorer survival than do patients with lower expression
(black curve; n=151). P < 0.001.
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Discussion

For selecting functional candidates of breast cancer-fibroblast interactions, I’ve
developed a novel model system composed of breast cancer cells and stromal fibroblasts. TSFs
cooperate with breast cancer cells in xenograft assays and behave like CAFs with respect to
increasing proliferation of cancer cells and the number of blood vessels and immune cells. Using
transcriptional profiling, 1’ve presented a method to select and functionally test candidates that
are upregulated in both co-cultured tumor-supportive fibroblasts and primary human breast

stroma.

Pros and cons of the model system

The cell-based model system has two components: tumor cells and fibroblasts. The
fibroblasts are functionally either tumor-supportive or non-supportive. This classification is
based on previous studies that have identified carcinoma-associated fibroblasts as being more
“supportive” compared to normal-adjacent fibroblasts (Erez et al., 2010; Olumi et al., 1999;
Orimo et al., 2005). The rationale behind comparing genomic interactions of two different
functional classes of fibroblasts was that interactions specific to the “supportive” group would be
more functionally relevant.

Subcutaneous injections of breast cancer cells and fibroblasts in nude mice were used to
identify “supportive” and “non-supportive” pairs. Previous studies have used in vitro assays to
identify such pairs (Wadlow et al., 2009) but have focused on fibroblasts’ effect on proliferation
as the only parameter. Fibroblasts mediate proliferation, angiogenesis, inflammation, ECM
remodeling, migration, invasion and metastasis (Chapter I) involving many other components of

the microenvironment. Therefore an in vivo experimental approach using tumor volume as a
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surrogate of tumor growth is more effective in accurately identifying tumor-supportive

fibroblasts.

Existing mouse models of tumor-stromal interactions provide excellent tools to study the
microenvironment but are clearly difficult to manipulate. Testing the role of one gene in a
specific compartment of the microenvironment (e.g. CXCL12 in stromal fibroblasts) requires
transgenic animals with tissue specific promoters. Using this model either or both cellular
compartments can be manipulated genetically with relative ease.

One limitation of this model is the use of immunocompromised (nude) mice. Though
nude mice have almost intact components of the innate immune system, they lack crucial
components of the adaptive system such as reactive B- and T-lymphocytes. Therefore, any study
conducted using this model largely ignores the contributions of the adaptive immune system.
One way this could be overcome is by using mouse carcinoma cells and associated fibroblasts
from already established mouse models (Erez et al., 2010). Alternately, the immune system of
mice can be replaced completely by a humanized immune system prior to transplantation of
xenografts to ensure graft tolerance (Ishikawa et al., 2005a).

Another disadvantage of this system is that injected human fibroblasts fully disappear 6-8
weeks post injections. This limitation prevents the model to be used for fibroblast factors that
have roles in sustained tumor maintenance functions. This drawback can be overcome by
immortalizing the fibroblasts without altering their gene expression profile drastically (Kojima et

al., 2010).
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Expression profiling of epithelial and stromal compartments

In vitro co-cultures of breast cancer cells and fibroblasts have been shown to induce
physiologically relevant molecules previously (Himelstein and Muschel, 1996). Fluorescently
tagged markers were used to achieve complete separation of the two compartments post co-
culture. Often, co-cultures of cancer and stromal cells are not separated resulting in ambiguity
about the source of the induced gene (Buess et al., 2007). In this model, epithelial and fibroblast
compartments are profiled separately leaving no room for such ambiguity.

However, this experimental set-up ignores the interactions of fibroblasts with other cells
in the microenvironment (e.g. endothelial cells). Transcriptional profiling of cells from in vivo
co-cultures (i.e. subcutaneous injections) may provide a more biologically accurate snapshot of

interactions between fibroblasts and other components of the microenvironment.

Relevance to human breast cancer

A system composed of breast cancer cell lines and human fibroblasts from distant
anatomic sites seems rather irrelevant to the study of human breast cancer at first. Therefore, it is
important to establish its relevance to human breast cancer. Selectively upregulated genes in co-
cultured tumor supportive fibroblasts (CC-TSF) can distinguish between cancer and normal
stroma. This indicates that the genes chosen functional validation are highly relevant to breast
cancer stroma. Previous studies have derived gene signatures from co-cultures of fibroblasts and
breast cancer cells that can accurately predict survival, time to relapse and metastasis in breast
cancer patients (Chang et al., 2004). | found that the CC-TSF gene signature can accurately

predict poor survival of breast cancer patients implying the relevance of this model system.
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Candidate genes and functional analysis

| focused on secreted factors for functional analysis using RNAI. A majority of targeted
therapies are based on secreted molecules and their receptors (Sawyers, 2005). Of the secreted
factors upregulated in co-cultured tumor-supportive fibroblasts, ~80% are also upregulated in
primary human breast stroma- and/or cancer-associated fibroblasts. This enrichment provides
confidence that candidates selected for functional testing may have significant relevant roles in
human breast cancer.

In summary, I have developed a model using a combination of in vitro and in vivo
approaches and genomic analysis to establish its relevance to human breast cancer. Furthermore,
the candidates used for functional analysis are upregulated in human breast stroma and relevant

to breast tumor progression (Chapter Il1 and 1V).
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CHAPTER I
Role of fibroblast secreted amphiregulin in
breast cancer-stromal fibroblast interactions

Introduction

Amphiregulin is a member of the epidermal growth factor (EGF) family of ligands. EGF
family members and their corresponding receptors play a central role in human development and
cancer (Navolanic et al., 2003). EGF family of ligands consist of EGF, amphiregulin (AREG),
transforming growth factor-alpha (TGF-a), epigen, heparin-binding epidermal-like growth factor
(HB-EGF), betacellulin, epiregulin and neuregulin (NRG1-4). The ligands bind EGF receptors
EGFR or ErBB1, HER2 or ErBB2, ErBB3 and ErBB4 resulting in activation of downstream
signaling pathways that affect proliferation, migration, survival and inhibition of apoptosis of
cells (Willmarth and Ethier, 2008). The discovery of Amphiregulin (AREG) was based on its
similarity to EGF. Unlike EGF, it has both inhibitory and stimulatory effects on the proliferation,
invasion and migration of cancer cells (Shoyab et al., 1988; Shoyab et al., 1989).

The AREG gene is about 10 Kb long, consists of six exons and is located on
Chromosome 4 at 4q13-g21 (Busser et al., 2011). The resulting 252-amino acid pro-AREG
protein is produced as a transmembrane glycoprotein (Figure 3.1). Proteolytic cleavage of pro-
AREG by tumor necrosis factor-alpha converting enzyme (TACE/ADAM17) releases the mature

protein, approximately ~19 Kd in size (Busser et al., 2011).
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Amphiregulin expression is detectable in ovary, placenta, spleen, skin, breast and the
gastrointestinal tract under normal conditions (Plowman et al., 1990). During embryonic
development AREG is required for blastocyst implantation (Das et al., 1995) and bone growth
(Qin et al., 2005). It plays an essential role in mammary gland development during puberty and
gestation by inducing ductal outgrowths of terminal end buds. Not surprisingly, AREG knockout
mice have severely impaired mammary glands that lack ductal outgrowth (McBryan et al., 2008).

AREG expression is elevated in human cancers compared to normal tissues suggesting a
possible functional role in cancer progression (McBryan et al., 2008). In breast cancer, higher
expression of AREG is correlated with lymph-node metastasis (LeJeune et al., 1993). Similarly,
higher levels of AREG concentration in the serum correlate inversely with survival in lung
cancer patients (Ishikawa et al., 2005b). It was subsequently demonstrated that AREG mediates
resistance to EGFR inhibitors in lung cancers (Busser et al., 2010). In vitro, AREG stimulates
the growth of hepatocellular carcinoma cell lines. Treatment of these cell lines with AREG
neutralizing antibody attenuates their growth (Castillo et al, 2006).

AREG regulates invasion and remodeling of the ECM during cancer progression by
inducing a number of cytokines and proteases. For example, AREG treatment results in
upregulation of proinflammatory cytokines like IL-8, IL-1A, IL-1B, COX-2 and GM-CSF. These
cytokines that mediate invasion, recruitment of immune cells and migration (Blanchet et al.,
2004; Chokki et al., 2006; Coffey et al., 1997; Mahtouk et al., 2005; Streicher et al., 2007; Tsali
et al., 2006). AREG also induces regulates the urokinase plasmin system thereby playing a role
in invasion and remodeling the ECM during development and cancer (Giusti et al., 2003; Silvy et

al., 2001).
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Figure 3.1
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Figure 3.1: Representation of gene and protein domains of human
amphiregulin (AREG)

Exon and intron domains are indicated by red and white boxes, respectively.
Corresponding mRNA and protein domains are shown in grey. Pro-amphiregulin
protein is cleaved by ADAM17/TACE to produce mature and soluble AREG.
AREG elicits cellular functions such as proliferation, invasion, migration and
survival by binding its receptor EGFR. UTR: untranslated region. Adapted from
Busser et al, 2011.
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AREG expression is elevated in cancer associated stroma compared to normal adjacent
stroma. The first report analyzed sections co-stained for AREG and EGFR and found ~60%
invasive stroma was positive for AREG compared to 31% positive for EGFR. This suggests that
AREG produced by the invasive stroma acts on the tumor epithelium in a paracrine manner (Ma
et al., 2001). The second study noted stromal staining of AREG in breast cancer patients is

significantly correlated with survival (Visscher et al., 1997).

In the present study, AREG is induced in both co-cultured, tumor-supportive fibroblasts
(TSFs) as well as co-cultured breast cancer cells. Moreover, AREG and its receptor EGFR are
induced reciprocally in both breast cancer cells and fibroblasts. In addition, its expression is
upregulated in primary cancer stroma from breast cancer patients (Finak et al., 2008). Therefore,
I decided to test whether fibroblast produced AREG promoted tumorigenicity and the

mechanisms by which it mediates its effects in the tumor microenvironment..

I demonstrate that RNAI mediated silencing of amphiregulin in the fibroblasts causes a
significant reduction in the tumor growth when co-injected with human breast cancer cells. This

effect is mediated in part by a reduction on EGFR phosphorylation and fibroblast migration.
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Results

Amphiregulin is induced in membrane-separated co-cultures of tumor-supportive fibroblasts

| performed qRT-PCR analysis of AREG expression in membrane-separated co-cultures
of Cal51 or MDAMB231 cells with either tumor-supportive fibroblasts (HFF1 and HFFF2) or
non-supportive fibroblasts (Wi38 and CCD1112Sk). Following six days of co-culture, AREG
was strongly induced in both HFF1 (9.9 and 11.6 fold) and HFFF2 (8.7 and 10.6 fold) co-
cultured with Cal51 and MDAMB231 and weakly in Wi38 (0.19 and 0.39 fold) and CCD1112Sk

(2.7 and 1.2 fold) fibroblasts (Figure 3.2).

RNAI suppression of amphiregulin restricts ability of tumor-supportive fibroblasts to promote
tumorigenicity

To determine the effects of AREG silencing on the tumor-promoting ability of the
HFFF2 fibroblasts, | generated HFFF2 cells stably expressing sShRNAs targeting AREG by
lentiviral infection. HFFF2 cells stably expressing a non-targeting shRNA (shN.T.) sequence was
used as control. | tested four different ShRNA constructs for their ability to silence AREG
expression in HFFF2 fibroblasts. To determine knockdown efficiency, I performed qRT-PCR
and western blot analysis. Three of four short hairpin constructs (ShAREG-1, 2 and 3) effectively
silence AREG expression below 20% of control (Figure 3.3, A & C). To ensure that AREG
silencing did not result in effects on cell viability and proliferation, | performed MTT assays in
fibroblasts and selected the two most growth neutral ShRNA constructs for functional testing

(Figure 3.3 B). To rule out non-specific effects of viral infections and shRNA targeting, HFFF2

70



cells expressing sShRNAs targeting AREG were generated three times and knockdown efficiency

was verified by qRT-PCR each time.
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Figure 3.2
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Figure 3.2: Amphiregulin is induced in co-cultured tumor-supportive fibroblasts

gRT-PCR analysis of Amphiregulin expression in non-supportive fibroblasts (NSFs)-
Wi38 (yellow bars) or 1112Sk (orange bars) and tumor supportive fibroblasts (TSFs)-
HFF1 (pink bars) or HFFF2 (red bars) using membrane separated co-cultures (CC)
with breast cancer cells or monocultures. “+” CC Cal51 and “+” CC 231 indicate co-
culture over six days with Cal51 and MDAMB231 cell lines respectively. Fold
induction is represented as fold change of co-culture over monoculture in the same
fibroblast line. Experiments were conducted from 3-4 independent co-cultures in
triplicate wells. Error bars denote mean +/- SD.
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Figure 3.3
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Figure 3.3: sShRNA mediated silencing of amphiregulin expression in HFFF2
fibroblasts

A: qRT-PCR analysis of amphiregulin knockdown in HFFF2 fibroblasts. Ratio of
Amphiregulin to GAPDH was used to quantify knockdown in HFFF2 fibroblasts
expressing ShRNA towards amphiregulin (ShAREG-1, 2, 3 or 4) compared to HFFF2 cells
expressing non-target ShRNA (shN.T). n=4; bars represent the mean +/- SD. Asterisks
indicate that the expression of amphiregulin in significantly different between the control
(shN.T.) and the indicated group (ShAREG-1, sShAREG-2 or ShAREG-3). * P < 0.01.

B: Relative viability of HFFF2 fibroblasts expressing shRNA towards amphiregulin
(ShAREG-1, 2, 3 or 4) compared to HFFF2 cells expressing non-target ShRNA (shN.T.)
was quantified using a 72-hour MTT assay. n=6; bars represent the mean +/- SD.
Asterisks indicate that the expression of Amphiregulin in significantly different between
the control (shN.T.) and the indicated group (ShAREG-3 or ShAREG-4). * P < 0.01.

C: Western blot analysis of amphiregulin knockdown in HFFF2 fibroblasts expressing
shRNA towards amphiregulin (ShAREG-1 and 2) compared to HFFF2 cells expressing
non-target ShRNA (shN.T.) using an antibody towards amphiregulin. B-actin was used as a
loading control.
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HFFF2 cells (1.5x 1076) expressing either non-target ShRNA (shN.T.) or shRNA
targeting amphiregulin (ShAREG-1 and shAREG-2) were co-injected along with 1x 10" 6 Cal51
or MDAMB231 cells subcutaneously into 5-6 week old irradiated female nude mice. Tumor
volumes are significantly smaller 3, 4, 5 and 6 weeks post injection with Cal51 cells and 5 and 6
weeks post injection with MDAMB231 cells compared to respective control groups. Growth

kinetics of the subcutaneous injections are shown in Figure 3.4.A and 3.4.B.

Effects of amphiregulin silencing in vitro and in vivo

Since AREG is an EGF ligand and induces proliferation in some cancer cells, (Shoyab et
al., 1988), | tested if addition of recombinant AREG could increase the proliferation of Cal51
and MDAMB231 cell lines in vitro. Doses from 10 to 100 ng/ml did not affect cell viability or
proliferation 72 hours after treatment (Figure 3.5.A). In addition, recombinant amphiregulin
caused a very small increase in proliferation of HFFF2 fibroblasts (Figure 3.5.B). To check of
AREG played a role in proliferation of cancer cells in vivo, | analyzed tumors resulting from
injection of Cal51 cells with HFFF2 cells expressing either non-targeting ShRNA (shN.T.) or
shRNA targeting AREG (shAREG-2) for the expression of Ki-67, a marker of proliferating cells
(Figure 3.5 C). Silencing AREG in fibroblasts had a small effect on the proliferation of Cal51

cells in vivo, but this effect was not statistically significant (P = 0.057; Figure 3.5 D).
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Figure 3.4: RNAI suppression of amphiregulin restricts pro-tumorigenic effect of
tumor-supportive fibroblasts

A: Subcutaneous growth of Cal51 breast cancer cells co-injected with HFFF2 cells
stably expressing either control sShRNA (shN.T.; black triangles), sShRNA targeting
amphiregulin (ShAREG-1; blue squares or ShAREG-2; red circles). Tumor volumes
were determined 1-6 weeks after injection. Tumor take rate/total injections for each
group are indicated in parenthesis. Asterisks denote that the mean tumor group volume
(ShAREG-1 or shAREG-2) is significantly different than the control (ShN.T). * P <
0.05. Error bars denote the mean + SEM.

B: Subcutaneous growth of MDAMB231 breast cancer cells co-injected with HFFF2
cells stably expressing either control shRNA (shN.T.; black triangles), ShRNA
targeting amphiregulin (ShAREG-1; blue squares or ShAREG-2; red circles). Tumor
volumes were determined 1-6 weeks after injection. Tumor take rate/total injections
for each group are indicated in parenthesis. Asterisks denote that the mean tumor
group volume (shAREG-1 or sShAREG-2) is significantly different than the control
(shN.T). * P < 0.05. Error bars denote the mean £SEM.
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Figure 3.5
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Figure 3.5: Amphiregulin does not cause proliferation in vitro or in vivo

A: Relative viability of Cal51 and MDAMB231 breast cancer cells treated with indicated
dose of recombinant Amphiregulin (AREG-0, 10 or 100 ng/ml) was calculated using MTT
assay 72-hour post treatment. Relative viability is expressed as a percentage of the
untreated group (0 ng/ml) for each breast cancer cell line. n=6; Error bars denote the mean
+/- SD.

B: Relative viability of HFFF2 and Wi38 fibroblasts treated with indicated dose of
recombinant amphiregulin (AREG- 0, 10, 50 or 100 ng/ml) was calculated using MTT
assay 72-hour post treatment. Relative viability is expressed as a percentage of the
untreated group (0 ng/ml) for each fibroblast cell line. n=6; Error bars denote the mean +/-
SD.

C: Immunostaining of proliferative cells in Cal51+HFFF2 tumors with control ShRNA
(shN.T.) or with shRNA targeting amphiregulin (ShAREG-2) using an antibody to Ki-67.
Panels are representative of multiple fields of tumor sections from five tumors per group.

D: Quantification of Ki-67 positive cells in Cal51+HFFF2 tumors with control ShRNA
(shN.T.) or with shRNA targeting Amphiregulin (ShAREG-2). The number of Ki-67
positive cells were calculated as a percentage of total number of cells from five different
fields of five different tumors per group. Error bars denote the mean+/- SD
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However, tumors in which fibroblast secreted had been silenced (Cal51+
HFFF2shAREG-2) showed a drastic increase in necrosis when compared to the control group
(Cal51+shN.T.) (Figure 3.6, A and B). Necrosis is dead tissue. AREG has been shown to have a
role in both cell survival and death (Busser et al, 2011) indicating that silencing it in the

fibroblast might affect survival signaling as well as vascularization (discussed below).

Since AREG binds and activates the EGF receptor, | hypothesized that silencing AREG
might reduce the levels of phosphorylation of EGF on the epithelial cells. Indeed, when |
compared phospho-EGFR levels (Tyr 1068) in tumor sections of Cal51 cells co-injected with
HFFF2 fibroblasts expressing either non-targeting ShRNA (shN.T.; control) or sShRNA targeting
AREG (shAREG-2), by immunostaining, phospho-EGFR was significantly lower in the AREG

silenced tumors compared to the control (Figure 3.7, A and B).
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Figure 3.6
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Figure 3.6: Amphiregulin silencing causes necrosis

A: Necrosis in Cal51+HFFF2 tumors with control sShRNA (Cal51+HFFF2 shN.T.; left) or with
shRNA targeting amphiregulin (ShAREG-2; right) as visualized by H & E staining. Panels are
representative of multiple fields of tumor sections from five tumors per group.

B: Quantification of necrosis in Cal51+HFFF2 tumors with control ShRNA (shN.T.) or with
shRNA targeting Amphiregulin (ShAREG-2). Necrotic area was calculated from five different
tumors per group. Asterisk indicates that the tumor group (ShAREG-2) is significantly different
than the control (shN.T). *P < 0.05. Bars denote mean +/- SD.
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Figure 3.7
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Figure 3.7: Amphiregulin silencing in fibroblasts affects phosphorylation of EGFR

A: Immunostaining of EGFR phosphorylation in Cal51+HFFF2 tumors with control ShRNA
(shN.T.) or with shRNA targeting amphiregulin (ShAREG-2) using an antibody to phospho-
EGFR (pEGFR; Tyr1068) . Panels are representative of multiple fields of tumor sections from

five tumors per group.

B: Quantification of phospho-EGFR positive cells in Cal51+HFFF2 tumors with control
SshRNA (shN.T.) or with shRNA targeting amphiregulin (ShAREG-2). Area positive for
pEGFR was calculated from five different fields of five different tumors per group. Asterisk
indicates that the tumor group (ShAREG-2) is significantly different than the control (shN.T.).
*P < 0.05. Bars denote mean +/- SD.
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Fibroblasts within tumors are often involved in recruitment of tumor-promoting immune
cells as a mechanism to promote tumorigenicity (Mishra et al., 2011). AREG has previously
been shown to attract immune cells (Hirota et al., 2012), so | wanted to determine if silencing
AREG affects recruitment of monocytes and neutrophils by using an antibody to the marker 7-4
(Rosas et al., 2010). There was no difference in the recruitment of 7-4 positive cells to the tumors

between the ShAREG-2 and shN.T. groups (Figure 3.8, A and B).

In this system, injected HFFF2 fibroblasts increased the recruitment of a-SMA positive
cells to the tumor (Chapter 2). Therefore, | tested if silencing AREG had an effect on number of
a-SMA within the tumors. Indeed, a-SMA positive staining in the ShAREG-2 tumor group was
dramatically reduced compared to the control group (Figure 3.9, A and B). a-SMA is also
marker of pericytes of blood vessels, but there was no difference in the pericyte coverage of
blood vessels (data not shown). Additionally, there was no statistically significant difference in
blood vessels between the two tumor groups (counting CD31 positive blood vessels in non-
necrotic areas only) (Figure 3.9, C and D) indicating that the reduction was indeed in the reactive

fibroblasts themselves.

To explain the effect of AREG silencing on the reduction in a-SMA positive cells in
AREG silenced tumors, | explored two different mechanisms. In the first hypothesis, | tested if
a-SMA expression was induced upon treatment with recombinant AREG. If this was true, then
the reduction in a-SMA positive cells in AREG silenced tumors could be partially explained.
Indeed, when HFFF2 cells were treated with different doses of AREG, a-SMA was significantly
upregulated in HFFF2 fibroblasts. This induction was less striking in Wi38 fibroblasts (Figure

3.10)
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Figure 3.8
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Figure 3.8: Amphiregulin silencing in fibroblasts does not affect immune cell recruitment

A: Immunostaining of neutrophils and monocytes in Cal51+HFFF2 tumors with control ShRNA
(shN.T.) or with shRNA targeting amphiregulin (ShAREG-2) using an antibody to antigen 7-4 .
Panels are representative of multiple fields of tumor sections from five tumors per group.

B: Quantification of 7/4 positive cells in Cal51+HFFF2 tumors with control sShRNA (shN.T.) or
with shRNA targeting amphiregulin (ShAREG-2). 7/4 positive cells calculated from five different
fields of five different tumors per group. Asterisk indicates that the tumor group (ShAREG-2) is
significantly different than the control (shN.T.).* P < 0.05. Bars represent mean +/- SD.
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Figure 3.9
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Figure 3.9: Amphiregulin silencing in fibroblasts affects recruitment of host
fibroblasts

A: o-SMA immunostaining in Cal51+HFFF2 tumors with control shRNA (Cal51+HFFF2
shN.T.) or with shRNA targeting Amphiregulin (ShAREG-2) using an antibody to a-
SMA. Panels are representative of multiple fields of tumor sections from five tumors per

group.

B: Quantification of a-SMA staining in Cal51+HFFF2 tumors with control sShRNA
(shN.T.) or with shRNA targeting amphiregulin (ShAREG-2). a-SMA positive area was
calculated from five different fields of five different tumors per group. Asterisk indicates
that the tumor group (ShAREG-2) is significantly different than the control (shN.T.).* P <
0.05. Bars represent mean +/- SD.

C: Immunostaining of blood vessels in Cal51+HFFF2 tumors with tumors with control
shRNA (shN.T.) or with shRNA targeting Amphiregulin (ShAREG-2) using an antibody
to antigen CD3L1. Panels are representative of multiple fields of tumor sections from five
tumors per group.

D: Quantification of blood vessels in Cal51+HFFF2 with control ShRNA (shN.T.) or with
shRNA targeting amphiregulin (ShAREG-2) using an antibody to CD31. Number of
blood vessels was calculated from five different fields of five different tumors per group.
Bars represent mean +/- SD.
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Figure 3.10
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Figure 3.10: Amphiregulin upregulates a-SMA expression in tumor-supportive
fibroblasts

A: gRT-PCR analysis of a-SMA expression in HFFF2 (red bars) and Wi38 (orange bars)
fibroblasts treated with 10, 50 or 100 ng/ml of recombinant amphiregulin. a-SMA
expression is represented as a ratio of a-SMA to GAPDH. Three independent treatments
were used to quantify a-SMA and GAPDH expression. Asterisks indicate a significant
difference in expression between untreated HFFF2 fibroblasts and recombinant AREG
treated fibroblasts at 50 and 100ng/ml. * P < 0.05. Bars denote the mean +/- SD.
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In the second hypothesis, | wanted to test a role for AREG in fibroblast migration. If
AREG affected the migration (thereby recruitment) of host fibroblasts to the tumor site, it could
explain, in part, the reduction of a-SMA positive fibroblasts in AREG silenced tumors. | assayed
the role of AREG in fibroblast migration using wild-type mouse embryonic fibroblasts (WT-
MEFs) in two independent in vitro migration assays. In the first assay, | tested the ability of WT-
MEFs to migrate in a wound-healing assay using conditioned medium from HFFF2shN.T.
(control) or HFFF2-shAREG-2 fibroblasts. Wound healing migration of WT-MEFS in
conditioned medium from HFFF2-shAREG-2 fibroblasts was severely compromised (Figure
3.11, A and B). In the second assay, | used a Boyden chamber to assess if the migration of WT-
MEFs towards HFFF2 AREG silenced fibroblasts was affected. Indeed, WT-MEF migration
towards HFFF2-shN.T. (control) was significantly higher than towards HFFF2-shAREG-2

silenced fibroblasts (Figure 3.12, A and B).
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Figure 3.11
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Figure 3.11: Amphiregulin affects migration of fibroblasts (SWHA)

A: Migration of wild-type Mouse Embryonic Fibroblasts in a scratch wound
healing assay (SWHA) using DMEM (left), 24 hour-conditioned medium (CM)
from HFFF2 fibroblasts expressing non-target ShRNA (HFFF2shN.T.; center) or
shRNA towards amphiregulin HFFF2shAREG-2; right). Migration was assessed at
0 and 16 hours post-scratch. Panels are representative of multiple fields from three
independent experiments.

B: Quantification of migration (wound healing) in a scratch wound healing assay
using DMEM (white bar), 24 hour-conditioned medium (CM) from HFFF2
fibroblasts expressing non-target ShRNA (HFFF2shN.T.; red bar) or shRNA
towards amphiregulin HFFF2shAREG-2; orange bar). Relative migration was
quantified using migration in DMEM as 100%. n=9; Bars denote the mean +/- SD.
Asterisk indicates a significant difference in mean migration between
HFFF2shN.T. or HFFF2shAREG-2. * P <0.05.
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Figure 3.12
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Figure 3.12: Amphiregulin affects migration of fibroblasts (BMA)

A: Migration of wild-type MEFs in a Boyden migration assay (BMA). DMEM,
HFFF2 fibroblasts expressing control ShRNA (HFFF2shN.T) or shRNA towards
amphiregulin (HFFF2shAREG-2) were used as attractants in the lower chamber of
the Boyden apparatus. Migration was calculated 5 hours post-plating. Panels are
representative of multiple fields of view in three independent experiments.

B: Quantification of chemotaxis of wild-type MEFs in a boyden migration assay.
DMEM (white bar), HFFF2 fibroblast non-target ShRNA (HFFF2shN.T.; red bar)
or shRNA towards Amphiregulin HFFF2shAREG-2; orange bar) were used as
attractants in the lower chamber of the Boyden apparatus. Migration was
calculated 5 hours post plating from five fields of triplicate experiments. Bars
denote the mean +/- SD.
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Discussion

The role of epithelial AREG in mammary development and cancer suggests that stromal
AREG may play a functional role in breast cancer progression (Busser et al., 2011; McBryan et
al., 2008; Willmarth and Ethier, 2008). Moreover, stromal AREG expression correlates with
poor prognosis in breast cancer patients (Ma et al., 2001). Despite these indications, the

functional role of stromally secreted AREG not been well characterized.

I demonstrate that RNAI mediated knockdown of fibroblast secreted AREG can
significantly decrease tumor growth in xenograft tumors. This is distinct from the identification
of an autocrine, functional role for AREG in breast cancer cells wherein silencing AREG in the
breast epithelial cells affects tumor growth (Ma et al., 1999). This is consistent with previous
studies identifying paracrine mechanisms of AREG action (Yasumoto et al., 2011). Despite
affecting tumor growth, recombinant AREG does not induce proliferation of Cal51 and
MDAMB231 cells in vitro cells.In addition, silencing AREG in fibroblasts does not affect
proliferation of Cal51 in vivo. Basal breast cancer cell lines like Cal51 and MDAMB231 are
known to be unresponsive to EGF (Lu et al., 2009). Hence, the lack of a proliferative response in
relation to AREG is not surprising. Phosphorylation of the EGF-receptor can activate several
other signaling cascades that regulate migration, invasion, survival and regulation of apoptosis
(McBryan et al., 2008). | demonstrate that fibroblast produced AREG phosphorylates the EGF
receptor on Cal51 in vivo, While this could partly explain why silencing fibroblast produced
AREG restricts tumor growth, cellular mechanisms downstream of EGFR activation that are
mediated by AREG are not fully clear. Further investigation would provide insight into the

specific pathways stromal AREG regulates in breast cancer cells.
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Areas of necrosis are composed of dead or dying cells and usually indicate poor
vasculature (Paris et al., 1982). Tumors resulting from co-injections of Cal51 cells and ShAREG-
2 fibroblasts are highly necrotic. While there is no difference in the number of blood vessels in
regions of live cells, I cannot preclude the possibility that silencing AREG causes a reduction in
vasculature. This may be an additional mechanism through which fibroblast produced AREG

affects tumor growth.

AREG upregulates the production of several cytokines that attract immune cells (Busser
et al., 2011). However, in this system, silencing AREG does not affect the recruitment of antigen
7-4 expressing immune cells to the tumor site. Antigen 7-4 is expressed on neutrophils and a
subset of monocytes. AREG may not recruit these cells, but could possibly have a role in
recruitment of many other types of immune cells (Hirota et al., 2012). Immunostaining of tumor
sections with markers of other types of immune cells will provide provide clues into the role of

possible roles of AREG in immune cell recruitment.

Co-injected HFFF2 fibroblasts usually disappear within six-eight weeks post-injections
(Chapter 2). However, the number of a-SMA positive cells in co-injected tumors remain
significantly higher compared to the cell only injections even six weeks post injections (Chapter
2). Since Cal51+HFFF2-shAREG-2 tumors have significantly lower levels of a-SMA positive
cells, I hypothesized that AREG may be involved in migration of fibroblasts to the tumor site.
My results indicate that AREG plays a role in the migration of fibroblasts. This is quite likely
because AREG has been shown to recruit granulocytes (Nakagome and Nagata, 2011) and
epithelial cells (Fernandes et al., 1999). Moreover, other EGF family members like HB-EGF

have roles in fibroblast migration (Yasumoto et al., 2011).
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Induction of a-SMA is indicative of a reactive-fibroblast phenotype (Kojima et al.,
2010). Recombinant AREG induces the expression of a-SMA in TSFs and NSFs. Further

investigation could reveal if AREG is involved in generation of a reactive fibroblast phenotype

during breast cancer progression.

In conclusion, | have identified three potentially different mechanisms through which
stromal fibroblast secreted AREG may exert its actions. AREG regulates phosphorylation of
EGFR on epithelial cells, migration or fibroblasts and a-sma expression in fibroblasts. A

proposed model of amphiregulin action is shown in Figure 3.13.
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Figure 3.13
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Figure 3.13: Modes of Amphiregulin action

Proposed modes of amphiregulin action. Autocrine or paracrine action of
carcinoma-associated fibroblast (CAF; red shaded cells) induction of amphiregulin
(black dots) causes proliferation, invasion and migration of breast cancer cells (blue
shaded cells), migration of host fibroblasts (yellow shaded cells) and upregulation of
a-SMA. Modes of action observed in this study are indicated in red text.
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CHAPTER IV
Functional roles of fibroblast secreted CCL2, CCL7
and CCLS8 in breast tumor-fibroblast interactions

Introduction

Chemokines (chemotactic cytokines) are a family of about 40 small, secreted proteins,
~8-14 Kd in size (Barbieri et al., 2010). They were first discovered for their ability to induce
chemotaxis during tissue injury and wound healing (Fernandez and Lolis, 2002). Chemokines
and their receptors play crucial roles in development, immune responses to infections and cancer
(Balkwill, 2004).

A common structural feature of chemokines is the presence of four conserved cysteine
residues that form disulphide bonds (Laing and Secombes, 2004). Depending on how many
amino acids intervene the cysteine bonds, chemokines belong to one of four different classes:

o chemokines (CXC- one amino acid); Bchemokines (CC- no amino acid); y chemokines
(CX3C- three amino acids) and dchemokines (only one cysteine).

Functionally, chemokines are either homeostatic or inflammatory based on their roles in
normal tissues. Homeostatic chemokines modulate processes during embryonic development and
under physiological conditions. For example, CXCL12 and its receptor CXCR4 are involved in
blastocyst implantation (Ashley et al., 2011) and migration of neural crest cells (Rezzoug et al.,
2011). Similarly, CCL19, CCL21 and their receptor CCR7 induce dendritic cell migration and

lymph node development (Zlotnik et al., 2011). Inflammatory chemokines, on the other hand, are
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induced upon tissue injury. CCLs 1- 21 and CXCLs 1-11 mediate wound healing by attracting
innate immune cells, B and T lymphocytes, dendritic cells, natural killer cells and fibroblasts to
sites of damaged tissue (Laing and Secombes, 2004; Thelen, 2001).

Chemokine signaling associated with wound healing is often coopted by tumors. One of
their major functions is mediating inflammation (Balkwill, 2004). Proinflammatory, tumor-
associated chemokines recruit endothelial cells and tumor promoting leukocytes. For example,
CCL2 and CCL5 (Balkwill, 2004; Barbieri et al., 2010) recruit monocytes that undergo
differentiation to become tumor-associated macrophages (TAMs). TAMs mediate a variety of
functions in the microenvironment including ECM remodeling, angiogenesis and proliferation
(Lin and Pollard, 2004). CCL17 recruits tumor-promoting T-lymphocytes (Faget et al., 2011)
whereas CXCL12 and CXCLS8 stimulate angiogenesis by recruiting endothelial cells to the tumor
site (Mishra et al., 2011; Orimo et al., 2005). Chemokines can directly act on the cancer cells
themselves: by inducing proliferation (Goede et al., 1999; Mishra et al., 2011), invasion (Jung et
al., 2010) or migration (Lin et al., 2012).

Chemokines bind to G-protein coupled receptors resulting in their activation (Murdoch
and Finn, 2000). Each class of chemokines binds to class-specific receptors. Though cross-
reactivity between chemokines and receptors is common, inter-class cross-reactions are rare
(Rossi and Zlotnik, 2000). The number of chemokines exceeds the number of receptors. Yet,
chemokines bind multiple receptors. One of the main reasons for this crisscross pattern of ligand-
receptor binding is to counteract the effects of viral proteins that inhibit host responses (Balkwill,

2012).
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Chemokines CCL 2, 7 and 8 (Monocyte Chemotactic Proteins 1,2 and 3)

C-C Chemokines 2, 7 and 8 (Monocyte chemotactic proteins- MCP 1, 3 and 2) are
closely related chemokines belonging to the B chemokine class. Their corresponding genes are
located in a cluster on chromosome 17qg11.2-12 suggesting that individual genes arose as a result
of gene duplication events (Noso et al., 1994). The resulting proteins have a ~60% identity in
amino acid sequences (Proost et al., 1996).

Of the three, CCL2 is best characterized in terms of its structure and functions (Rollins et
al., 1988). CCL7 and 8 were identified as CCL2-related molecules (Alam et al., 1994; Decock et
al., 1990; Van Damme et al., 1992). CCL2 is induced by the cytokines IL-1, TNF-a and IFN-y
(Larsen et al., 1989; Sica et al., 1990; Strieter et al., 1989) in endothelial cells, fibroblasts and
monocytes (Vandamme et al., 1994). It mediates chemotaxis of monocytes, basophils, T-cells
and NK cells (Noso et al., 1994; Taub et al., 1995), increases cellular calcium concentration,
releases leukotreines (Dahinden et al., 1994), arachidonic acid (Locati et al., 1994), histamines
(Alam et al., 1992) and hydrogen peroxide (Rollins et al., 1991) from basophils and monocytes.
CCL2 primarily binds to CCR2 (Neote et al., 1993) and may bind CCR1 at higher concentrations
although this has been disputed by many groups.

CCL7 and CCLS can also enhance chemotactic activities monocytes, NK cells, T-cells
and basophils though they are less effective than CCL2 (Noso et al., 1994). In addition, they
regulate the migration of eosinophils and dendritic cells (Alam et al., 1994; Noso et al., 1994).
Both CCL7 and CCLS8 induce histamine release from basophils (Uguccioni et al., 1995) whereas
only CCLY7 increases cellular calcium levels causing the release of leukotrienes (Sozzani et al.,

1995). CCL7 and CCLS8 bind CCR1, CCR2 and CCR5 (Proost et al., 1996).
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CCL2, CCL7 and CCL8 in tumor progression

CCL2 immunostaining in invasive breast carcinoma samples is correlated with poorly
differentiated tumor grade (Valkovic et al., 1998), increased neovascularization (Saji et al., 2001)
and macrophage infiltration (Ueno et al., 2000). However, serum CCL2 levels are not prognostic
(Lebrecht et al., 2004). Functionally, CCL2 regulates migration of leukocytes and mesenchymal
stem cells to the tumor site and increases angiogenesis (Dwyer et al., 2007; Mishra et al., 2011).
It also induces proliferation of cancer cells (Soria et al., 2011). CCL2 is a pro-metastatic
molecule promoting breast cancer metastasis to the lungs (Nam et al., 2006) (Lu and Kang,
2009) by recruiting inflammatory monocytes (Qian et al., 2011).

Though CCLY7 has been associated with recruitment of monocytes and inflammatory
macrophages to the tumor site, functional roles for CCL7 in the tumor microenvironment have
not been fully characterized (Okada et al., 2009). It was recently demonstrated that CAF secreted
CCL7 promotes migration and invasion of oral squamous carcinoma cells in a co-culture model
(Jung et al., 2010). Similarly, stromal CCL8 has been associated with inflammation but a
functional role has not been well studied (Bianchi-Frias et al., 2010).

CCR1 is one of the receptors for CCL7 and CCL8 and may be a receptor for CCL2 at
higher concentrations although this claim has been disputed (Noete et al, 1993). It is expressed
on hepatoma, colon, oral squamous, non-small cell lung and breast carcinoma cells (Dagouassat
etal., 2010; Jung et al., 2010; Kitamura et al., 2010; Robinson et al., 2003; Wang et al., 2009)
and shown to have a role in migration of immature myeloid cells, proliferation and metastasis
(Jung et al., 2010; Kitamura et al., 2010; Robinson et al., 2003).

In this experimental system, CCL2, 7 and 8 are selectively induced in co-cultures of

tumor-supportive fibroblasts with breast cancer cells. They are also upregulated in primary
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human breast stroma compared to normal stroma (Bauer et al., 2010; Finak et al., 2008; Ma et
al., 2009). Interestingly, CCRL1 is reciprocally upregulated in co-cultured breast epithelial cells.
This reciprocal induction is an attractive model for testing direct and indirect effects of fibroblast
produced chemokines in the tumor microenvironment.

I used shRNAs targeting either CCL2, 7 or 8 to silence their expression in tumor-
supportive HFFF2 fibroblasts. In parallel, I silenced the expression of CCR1 in Cal51 and
MDAMB231 breast cancer cells. | used co-injection assays to investigate the effect of silencing
these genes on tumor growth and their ability to modulate the microenvironment. | demonstrate
that silencing CCL2, 7 and 8 affect tumor growth significantly. These chemokines play diverse,
non-redundant roles in tumor progression. CCL2 affects recruitment of neutrophils,
inflammatory monocytes and blood vessels with no effects on tumor cell proliferation. CCL7
affects proliferation of tumor cells with no effect on recruitment of neutrophils and inflammatory
monocytes and blood vessels. Silencing CCL8 does not affect tumor proliferation, yet has a
minor but significant impact on recruitment of neutrophils and inflammatory monocytes.

Silencing CCR1 in breast cancer cells leads to a significant reduction in tumor growth in
the presence of co-injected tumor-supportive fibroblasts. It affects cancer cell proliferation and

recruitment of neutrophils and inflammatory monocytes.
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Results

CCL2, CCL7 and CCLS8 are induced in membrane-separated co-cultures of tumor-supportive
fibroblasts

I measured transcript levels of fibroblast CCL2, CCL7 and CCL8 in membrane-separated
co-cultures of Cal51 or MDAMB231 cells with tumor-supportive and non-supportive fibroblasts
following six days of co-culture. All three chemokines were strongly induced in TSFs- HFF1 and
HFFF2 co-cultured with Cal51 and MDAMB231 cells compared to NSFs-Wi38 and

CCD1112Sk. Interestingly, CCL8 is not expressed in Wi38 fibroblasts (Figure 4.1).

RNAI suppression of CCL2, CCL7 and CCLS8 restricts ability of tumor-supportive fibroblasts to
promote tumorigenicity

To determine the effects of silencing CCL2, CCL7 and CCL8 on the tumor-promoting
ability of the HFFF2 fibroblasts, | generated HFFF2 cells stably expressing ShRNAs to target
either CCL2, CCL7 or CCLS8 by lentiviral transduction. HFFF2 cells stably expressing a non-
targeting ShRNA sequence was used as control. The ability of the ShRNA to silence gene
expression was evaluated by gRT-PCR or western blot by comparing HFFF2 cells expressing
either control shRNA (shN.T.) or shRNAs targeting CCL2, CCL7 or CCL8. For each gene, two
independent shRNA sequences effectively silenced expression (Figure 4.2, A-C). To make sure
that ShRNA targeting did not affect the growth of the fibroblasts negatively, | performed MTT
assays to determine the relative viability of the sShRNA transfectants and compared them to the

control (shN.T.) (Figure 4.2, D-F).
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Figure 4.1: CCL2, CCL7 and CCLS8 are induced in membrane-separated co-cultures of
tumor-supportive fibroblasts and breast cancer cell lines

A: gRT-PCR analysis of CCL2 expression in non-supportive fibroblasts (NSFs)- Wi38
(yellow bars) or CCD1112Sk (orange bars) and tumor supportive fibroblasts (TSFs)- HFF1
(pink bars) or HFFF2 (red bars) using membrane separated co-cultures with breast cancer
cells or monocultures. “+” Cal51 and “+” MDAMB231 indicate co-culture over six days with
Cal51 and MDAMB231 cell lines respectively. Fold induction is represented as fold change
of co-culture over monoculture in the same fibroblast line. n=6; Error bars represent mean +/-
SD.

B: gRT-PCR analysis of CCL7 expression in non-supportive fibroblasts (NSFs)- Wi38
(yellow bars) or CCD1112Sk (orange bars) and tumor supportive fibroblasts (TSFs)- HFF1
(pink bars) or HFFF2 (red bars) using membrane separated co-cultures with breast cancer
cells or monocultures. “+” Cal51 and “+” MDAMBZ231 indicate co-culture over six days with
Cal51 and MDAMB231 cell lines respectively. Fold induction is represented as fold change
of co-culture over monoculture in the same fibroblast line. n=6; Error bars represent mean +/-
SD.

C: gRT-PCR analysis of CCL8 expression in non-supportive fibroblasts (NSFs)-
CCD1112Sk (orange bars) and tumor supportive fibroblasts (TSFs)- HFF1 (pink bars) or
HFFF2 (red bars) using membrane separated co-cultures with breast cancer cells or
monocultures. “+” Cal51 and “+” MDAMB231 indicate co-culture over six days with Cal51
and MDAMB231 cell lines respectively. Wi38 fibroblasts do not express CCL8. Fold
induction is represented as fold change of co-culture over monoculture in the same fibroblast
line. n=6; Error bars represent mean +/- SD.
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Figure 4.2
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Figure 4.2: shRNAs targeting CCL2, CCL7 and CCLS8 efficiently silence
expression and are growth neutral

A: Western blot analysis of CCL2 knockdown in HFFF2 fibroblasts expressing
shRNA towards CCL2 (shCCL2-1 and 2) compared to HFFF2 cells expressing
non-target ShRNA using an antibody towards CCL2. B-actin was used as a loading
control.

B: Western blot analysis of CCL7 knockdown in HFFF2 fibroblasts expressing
shRNA towards CCL7 (shCCL7-1 and 2) compared to HFFF2 cells expressing
non-target ShRNA using an antibody towards CCL2. B-actin was used as a loading
control.

C: gRT-PCR analysis of CCL8 knockdown in HFFF2 fibroblasts. CCL8 expression
in HFFF2 cells expressing either non-target ShRNA (shN.T.) or CCL8 (shCCL8-1
or shCCL8-2) was calculated as a ratio of CCL8/GAPDH and expressed as a
percentage of shN.T. n=6, Error bars= +/- SD. Asterisks indicate that the
expression of CCLS8 in significantly different between the control (shN.T.) and the
indicated group (shCCL8-1 and shCCL8-2). *P < 0.01.

D: Relative viability of HFFF2 fibroblasts expressing sShRNA towards CCL2
(shCCL2-1and shCCL2-2) compared to HFFF2 cells expressing non-target ShRNA
(shN.T) was quantified using a 72-hour MTT assay. n=6; Bars represent mean +/-
SD.

E: As in D, but with HFFF2 fibroblasts expressing shRNA towards CCL7
(shCCL7-1 and shCCL7-2)

F: As in D, but with HFFF2 fibroblasts expressing shRNA towards CCL8
(shCCL8-1 and shCCL8-2)
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HFFF2 cells (1.5x 10"6) expressing either non-target ShRNA (shN.T.) or shRNA
targeting chemokines CCL2, CCL7 and CCLS8 (shCCL2-1, 2; shCCL7-1, 2 and shCCL8-1, 2,
respectively) were admixed with 1x 10" 6 Cal51 or MDAMB231 cells and injected
subcutaneously into 5-6 week old irradiated female nude mice. Growth kinetics of these
injections are shown in Figure 4.3 (CCL2), Figure 4.4 (CCL7) and Figure 4.5 (CCLB8)
respectively. Silencing CCL2 and CCL7 have significant reductions in tumor volume whereas

the effect is less pronounced with silencing CCLS8.

In vitro effects of CCL2, CCL7 and CCL8

Since shRNA mediated silencing of CCL2, CCL7 and CCLS8 affected the protumorigenic
ability of co-injected fibroblasts, | wanted to test if they had a direct effect on the proliferation of
the breast cancer cell lines. Addition of recombinant CCL2, CCL7 or CCLS8 to either Cal51 or
MDAMB231 cells failed to cause a significant increase in proliferation (Figure 4.6). This
indicates that some or all of their roles in tumor progression are mediated by interactions with

other components of the tumor microenvironment.

Effects of silencing fibroblast-secreted CCL2, CCL7 and CCL8 on the tumor microenvironment
Chemokines modulate the tumor microenvironment by stimulating cancer cells to

proliferate, promote angiogenesis and recruit pro-tumorigenic immune cells (Mishra et al.,

2011). CCL2 has previously described roles in immune cell recruitment (Qian et al., 2011) and

angiogenesis (Soria et al., 2011) so | wanted to test if silencing CCL2 in the HFFF2 fibroblasts

had an effect on these processes. When sections resulting from co-injections of Cal51 tumor cells

with HFFF2 fibroblasts expressing non-targeting ShRNA (shN.T.) were compared with those
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expressing ShRNA targeting CCL2 (shCCL2-1), there was a significant decrease in the number
of neutrophils and inflammatory monocytes (as evidenced by immunostaining using an antibody
to 7-4) and the number of blood vessels (as evidenced by immunostaining using an antibody to
CD31 (Figure 4.7 A, B and E-F). However, tumor cell proliferation and the number of reactive
fibroblasts between the two tumor groups remained unchanged (Figure 4.7 C-D and G-H).
Functional roles of chemokines CCL7 and CCL8 in modulating the tumor
microenvironment have not been well defined. As a starting point, | decided to test if silencing
CCLY7 or CCLS8 expression had effects on tumor cell proliferation, neutrophil recruitment,
number of blood vessels and reactive fibroblasts. Silencing CCL7 in the fibroblasts resulted in a
significant reduction in tumor cell proliferation (Figure 4.8 A, E) compared to the control group,
whereas it had no effect on recruitment of neutrophils and inflammatory monocytes, blood
vessels and reactive fibroblasts (Figure 4.8 B-D, F-G). Silencing CCL8, on the other hand,
caused a reduction in the recruitment of neutrophils and monocytes (Figure 4.8 B, F) and
reactive fibroblasts (Figure 4.8 D, H), but did not affect tumor cell proliferation and number of

blood vessels (Figure 4.8 A, C, E and G).
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Figure 4.3
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Figure 4.3: RNAI suppression of CCL2 restricts protumorigenic ability of
tumor-supportive fibroblasts

A: Subcutaneous growth of Cal51 breast cancer cells co-injected with HFFF2 cells
stably expressing either control ShRNA (shN.T; black triangles), ShRNA targeting
CCL2 (shCCL2-1; blue squares or shCCL2-2; red circles). Tumor volumes were
determined 1-6 weeks after injection. Tumor-take rate/total injections for each
group are indicated in parenthesis. Asterisks denote that the tumor group (shCCL2-
1 or shCCL2-2) is significantly different than the control (shN.T). "P < 0.05. Error
bars represent the mean + SEM.

B: Subcutaneous growth of MDAMB231 breast cancer cells co-injected with
HFFF2 cells stably expressing either control sShRNA (shN.T; black triangles),
SshRNA targeting CCL2 (shCCL2-1; blue squares or shCCL2-2; red circles).
Tumor volumes were determined 1-6 weeks after injection. Tumor take rate/total
injections for each group are indicated. Asterisks denote that the tumor group
(shCCL2-1 or shCCL2-2) is significantly different than the control (shN.T.). "P <
0.05. Error bars represent the mean £ SEM.
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Figure 4.4
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Figure 4.4: RNAI suppression of CCL7 restricts protumorigenic ability of
tumor-supportive fibroblasts

A: Subcutaneous growth of Cal51 breast cancer cells co-injected with HFFF2
cells stably expressing either control ShRNA (shN.T; black triangles), ShRNA
targeting CCL7 (shCCL7-1; blue squares or shCCL7-2; red circles). Tumor
volumes were determined 1-6 weeks after injection. Tumor take rate/total
injections for each group are indicated. Asterisks denote that the tumor group
(shCCL7-1 or shCCL7-2) is significantly different than the control (shN.T). “P <
0.05. Error bars represent the mean £ SEM.

B: Subcutaneous growth of MDAMB231 breast cancer cells co-injected with
HFFF2 cells stably expressing either with control sShRNA (shN.T; black
triangles), ShRNA targeting CCL7 (shCCL7-1; blue squares or shCCL7-2; red
circles). Tumor volumes were determined 1-6 weeks after injection. Tumor take
rate/total injections for each group are indicated. Asterisks denote that the tumor
group (shCCL7-1 or shCCL7-2) is significantly different than the control (shN.T).
“P < 0.05. Error bars represent the mean + SEM.
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Figure 4.5
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Figure 4.5: RNAI suppression of CCL8 has a minor effect on the protumorigenic
ability of tumor-supportive fibroblasts

A: Subcutaneous growth of Cal51 breast cancer cells co-injected with HFFF2 cells stably
expressing either control sShRNA (shN.T.; black triangles), shRNA targeting CCL8
(shCCL8-1; blue squares or shCCL8-2; red circles). Tumor volumes were determined 1-6
weeks after injection. Tumor take rate/total injections for each group are indicated.
Asterisks denote that the tumor group (shCCL8-1 or shCCL8-2) is significantly different
than the control (shN.T). P < 0.05. Error bars represent the mean + SEM.

B: Subcutaneous growth of MDAMB231 breast cancer cells co-injected with HFFF2 cells
stably expressing either control ShRNA (shN.T.; black triangles), shRNA targeting CCL8
(shCCL8-1; blue squares or shCCL8-2; red circles). Tumor volumes were determined 1-6
weeks after injection. Tumor take rate/total injections for each group are indicated.
Asterisks denote that the tumor group (shCCL8-1) is significantly different than the control
(shN.T). “P < 0.05. Error bars represent the mean + SEM.
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Figure 4.6
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Figure 4.6: CCL2, CCL7 and CCL8 do not affect proliferation of
breast cancer cells in vitro

A: Relative viability of Cal51 and MDAMB231 breast cancer cells treated
with indicated dose of recombinant CCL2 (CCL2-0, 10, 100 or 1000
ng/ml) was calculated using MTT assay 72-hour post treatment. Relative
viability is expressed as a percentage of the untreated group (0 ng/ml) for
each cell line. n=6; Error bars represent the mean +/- SD.

B:Relative viability of Cal51 and MDAMB231 breast cancer cells treated
with indicated dose of recombinant CCL7 (CCL7-0, 10, 100 or 1000
ng/ml) was calculated using MTT assay 72-hour post treatment. Relative
viability is expressed as a percentage of the untreated group (0 ng/ml) for
each cell line. n=6; Error bars represent the mean +/- SD.

C: Relative viability of Cal51 and MDAMB231 breast cancer cells treated
with indicated dose of recombinant CCL8 (CCLS8-0, 10, 100 or 1000
ng/ml) was calculated using MTT assay 72-hour post treatment. Relative
viability is expressed as a percentage of the untreated group (0 ng/ml) for
each cell line. n=6; Error bars represent the mean +/- SD.

116



Figure 4.7

b
_I...*!

‘Mv
o

-

shN.T.
1‘-':\:\'21\»' :

Cal51+HE

A

LB 2@
Piay/s|@ssan poolq #
*
wi & ©
plaw/siie0 anmisod /. #

-1

shRNA: N.T. CCL2

CCL21

shRNA:  N.T.

3 8 3 °

T BuuIEls VINS D %

o 2 Q E
(%) xeput 2g-M

1

VINS-eydie

117



Figure 4.7: In vivo effects of silencing fibroblast secreted CCL2

A: Immunostaining of neutrophils and a monocytes in Cal51+HFFF2 tumors
with control shRNA (shN.T.) or with shRNA targeting CCL2 (shCCL2-1)
using an antibody to antigen 7-4. Panels are representative of multiple fields of
tumor sections from five tumors per group.

B: Immunostaining blood vessels in Cal51+HFFF2 tumors with control
SshRNA (shN.T.) or with shRNA targeting CCL2 (shCCL2-1) using an
antibody to CD31. Panels are representative of multiple fields of tumor
sections from five tumors per group.

C: Immunostaining of proliferative cells in Cal51+HFFF2 tumors with control
SshRNA (shN.T.) or with shRNA targeting CCL2 (shCCL2-1) using an
antibody to Ki-67. Panels are representative of multiple fields of tumor
sections from five tumors per group.

D: Immunostaining of reactive fibroblasts in Cal51+HFFF2 tumors with
control shRNA (shN.T.) or with shRNA targeting CCL2 (shCCL2-1) using an
antibody to a-SMA. Panels are representative of multiple fields of tumor
sections from five tumors per group.

E: Quantification of neutrophils and monocytes in Cal51+HFFF2 tumors with
control ShRNA (shN.T.) or with shRNA targeting CCL2 (CCL2-1) using an
antibody to antigen 7/4. Number of 7/4 positive cells were calculated from
five different fields of five different tumors per group. Error bars represent
mean+/- SD. Asterisk indicates a significant difference between HFFF2shN.T
and HFFF2shCCL2-1. *P < 0.05.

F: As in E, but quantification of blood vessels using an antibody to CD31.
G: As in E, but quantification of proliferative cells using an antibody to Ki-67.

H: As in E, but quantification of reactive fibroblasts using an antibody to a-
SMA
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Figure 4.8
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Figure 4.8: In vivo effects of silencing fibroblast produced CCL7 and
CCLS8

A: Immunostaining of proliferative cells in Cal51+HFFF2 tumors with
control ShRNA (shN.T.; left) or with shRNA targeting CCL7 (shCCL7-1;
center) or CCL8 (shCCL8-1; right) using an antibody to Ki-67. Panels are
representative of multiple fields of tumor sections from three tumors per

group.

B: Immunostaining of neutrophils and monocytes in Cal51+HFFF2 tumors
with control sShRNA (shN.T.; left) or with shRNA targeting CCL7 (shCCL7-
1; center) or CCL8 (shCCLS8-1,; right) using an antibody 7/4. Panels are
representative of multiple fields of tumor sections from three tumors per

group.

C: Asin A, but immunostaining of reactive fibroblasts using an antibody to
o-sma.

D: As in A, but immunostaining of blood vessels using an antibody to CD31.

E: Quantification of Ki-67 positive cells in Cal51+HFFF2 tumors with
control ShRNA (shN.T.) or with shRNA targeting CCL7-1 (shCCL7-1) or
CCL8 (shCCL8-1). The number of Ki-67 positive cells was calculated as a
percentage of total number of cells from five different fields of three
different tumors per group. Bars represent the mean +/- SD. Asterisk
indicates a significant difference between control (shN.T) and experimental
groups (shCCL7-1) *P < 0.05.

F: Quantification of neutrophils and monocytes in Cal51+HFFF2 tumors
with control shRNA (shN.T.) or with shRNA targeting CCL7 (CCL7-1) or
CCL8 (shCCL8-1) using an antibody to antigen 7/4. Number of 7/4 positive
cells were calculated from five different fields of three different tumors per
group. Bars represent the mean +/- SD. Asterisk indicates a significant
difference between control (shN.T) and experimental groups (shCCL8-1) *P
< 0.05.

G: As in E, but quantification of blood vessels.

H: As in E, but quantification of reactive fibroblast.
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RNAI suppression of CCR1 on tumor cells restricts tumor promotion in the presence of stromal
fibroblasts

CCRL1 is a receptor for CCL2, CCL7 and CCL8 and is concomitantly upregulated in co-
cultures of breast cancer with TSFs. To test if silencing CCR1 on the tumor-cells restricts the
ability of fibroblast secreted chemokines to promote tumor growth, I generated Cal51 and
MDAMB231 cells stably expressing sShRNAs targeting CCRL1 by lentiviral infection. Parental
cells stably expressing a non-targeting ShRNA (shN.T.) sequence were used as control.
Knockdown efficiency was quantified by comparing CCR1 expression in sShRNA transfectants
compared to control using gRT-PCR and western blot (Cal51: Figure 4.9 A, B and MDAMB231:
Figure 4.9 D, E). | performed MTT assays to determine the relative viability of the transfectants
compared to the control (shN.T.) (Figure 4.9 C and F, respectively).

For co-injection assays, | injected 1x 10" 6 Cal51 or MDAMB231 cells expressing either
non-target ShRNA (shN.T.) or shRNA targeting CCR1 (shCCR1-1 and shCCR1-2) with 1.5x
106 HFFF2 fibroblasts subcutaneously into 5-6 week old irradiated female nude mice. Growth
kinetics of these injections are shown in Figure 4.10 A and C. In parallel, I injected Cal51 and
MDAMB231 cells expressing non-targeting ShRNA or shRNA targeting CCR1 (shCCR1-1 and
shCCR1-2) and monitored tumor growth (Figure 4.10 B, D). Interestingly, silencing CCRL1 in the
breast cancer cells did not significantly affect tumor volume when the cells were injected alone.
However, when these cells were co-injected with HFFF2 fibroblasts, there was a significant
reduction in tumor growth (Figure 4.10). It is instructive to note that silencing CCRL1 in tumor
cells reduces the tumor-take rates significantly in both cell line only and co-injected

experimental groups.
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I tested if silencing CCR1 on breast cancer cells had affected tumor cell proliferation,
recruitment of neutrophils and inflammatory monocytes, blood vessels and reactive fibroblasts.
Comparing tumors in which CCR1 was silenced (Cal51shCCR1-1+HFFF2) to the control group
(Cal51shN.T.+ HFFF2 tumors), | found that silencing CCR1 significantly reduces the
proliferation of Cal51 breast cancer cells as evidenced by Ki-67 immunostaining (Figure 4.11 A,
E). It further restricts the recruitment of neutrophils and inflammatory monocytes to the tumor
(Figure 4.11 B, F) with no effect on the number of blood vessels and reactive fibroblasts (Figure
4.11, D, Hand C, G, respectively). In the absence of co-injected fibroblasts, there is no
difference in tumor cell proliferation, recruitment of neutrophils and monocytes, number of
blood vessels and reactive fibroblasts between the control and experimental groups (Cal51shN.T

and Cal51shCCR1-1; Figure 4.11 A-H).
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Figure 4.9
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Figure 4.9: shRNAs targeting CCRL1 efficiently silence expression in
breast cancer cells

A: gRT-PCR analysis of CCR1 knockdown in Cal51 breast cancer cells.
CCRL1 expression in Cal51 cells expressing either non-target ShRNA
(shN.T.) or CCR1 (shCCR1-1 or shCCR1-2) was calculated as a ratio of
CCR1/GAPDH and expressed as a percentage of shN.T. n= 3, Bars
represent the mean +/- SD.

B: Western blot analysis of CCR1 knockdown in Cal51 breast cancer
expressing sShRNA towards CCR1 (shCCR-1 and 2) compared to Cal51
cells expressing non-target ShRNA (shN.T.) using an antibody towards
CCRL. B-actin was used as a loading control

C: Relative viability of Cal51 cells expressing ShRNA towards CCR1
(shCCR1-1and shCCR1-2) compared to Cal51 cells expressing non-target
SshRNA (shN.T) was quantified using a 72-hour MTT assay. n=6; Bars
represent the mean +/- SD.

D: As in A but using MDAMB231 cells.
E: As in B, but using MDAMB231 cells.

F: As in C, but using MDAMB231 cells.
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Figure 4.10
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Figure 4.10: CCRL1 silencing on breast cancer cells affects tumor growth in the
presence of fibroblasts

A: Subcutaneous growth of Cal51 breast cancer cells stably expressing either
control ShRNA (shN.T.; black triangles), shRNA targeting CCR1 (shCCR1-1; blue
squares or ShCCR1-2; red circles) coinjected with admixed with HFFF2
fibroblasts. Tumor volumes were determined 1-6 weeks after injection. Tumor take
rate/total injections for each group are indicated. Asterisks denote that the tumor
group (shCCR1-1 or shCCR1-2) is significantly different than the control (shN.T).
*P < 0.05. Error bars represent the mean = SEM.

B: Subcutaneous growth of Cal51 breast cancer cells stably expressing either
control ShRNA (shN.T.; black triangles), shRNA targeting CCR1 (shCCR1-1; blue
squares or ShCCR1-2; red circles). Tumor volumes were determined 1-6 weeks
after injection. Tumor take rate/total injections for each group are indicated.
Asterisks denote that the tumor group (ShCCR1-1 or shCCR1-2) is significantly
different than the control (shN.T). *P < 0.05. Error bars represent the mean +
SEM.

C: Subcutaneous growth of MDAMB231 breast cancer cells stably expressing
either control shRNA (shN.T.; black triangles), sShRNA targeting CCR1 (shCCR1-
1; blue squares or shCCR1-2; red circles) admixed with HFFF2 fibroblasts. Tumor
volumes were determined 1-6 weeks after injection. Tumor take rate/total
injections for each group are indicated. Asterisks denote that the tumor group
(shCCR1-1 or shCCR1-2) is significantly different than the control (ShN.T). *P <
0.05. Error bars represent the mean = SEM.

D: Subcutaneous growth of MDAMB231 breast cancer cells stably expressing
either control shRNA (shN.T.; black triangles), ShRNA targeting CCR1 (shCCR1-
1; blue squares or shCCR1-2; red circles). Tumor volumes were determined 1-6
weeks after injection. Tumor take rate/total injections for each group are indicated.
Asterisks denote that the tumor group (ShCCR1-1 or shCCR1-2) is significantly
different than the control (shN.T). *P < 0.05. Error bars represent the mean +
SEM.
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Figure 4.11
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Figure 4.11: Silencing CCR1 on breast cancer cells affects recruitment of
immune cells and proliferation

A: Immunostaining of proliferative cells in (from left to right) Cal51shN.T+HFFF2
(control), Cal51shCCR1-1+HFFF2; Cal51shN.T.(control) and Cal51shCCR-1 using
an antibody to Ki-67.Panels are representative of multiple fields of tumor sections
from three tumors per group.

B: Immunostaining as in A, but of neutrophils and inflammatory monocytes using
an antibody 7-4. Panels are representative of multiple fields of tumor sections from
three tumors per group.

C: Immunostaining as in A, but of reactive fibroblasts and pericytes using an
antibody to a-SMA. Panels are representative of multiple fields of tumor sections
from three tumors per group.

D: Immunostaining as in A, but of blood vessels using an antibody to CD31. Panels
are representative of multiple fields of tumor sections from three tumors per group.

E: Quantification of Ki-67 positive cells in Cal51 cells stably expressing either
control shRNA (shN.T.) or shRNA targeting CCR1 (shCCR1-1) in tumors with
(+HFFF2) or without HFFF2 fibroblasts. The number of Ki-67 positive cells was
calculated as a percentage of total number of cells from five different fields of three
different tumors per group. Bars represent the mean +/- SD. Asterisk indicates a
significant difference between control (shN.T.) and experimental groups (ShCCR-1)
*P < 0.05.

F: Quantification as in E, but of 7/4 positive cells. Bars represent the mean +/- SD.
Asterisk indicates a significant difference between control (shN.T.) and
experimental groups (ShCCR-1) *P < 0.05.

G: Quantification as in E, but of a-SMA staining

H: Quantification as in E, but of blood vessels
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Discussion

Chemokines actively recruit immune cells and induce tumor cell proliferation,
angiogenesis and metastasis (Qian et al., 2011; Robinson et al., 2003; Soria et al., 2011).
Carcinoma associated fibroblasts are potent secretors of chemokines thereby contributing to
tumor promotion (Erez et al., 2010; Mishra et al., 2011). Actions of chemokines result in cancer
associated inflammation. Non-resolving, chronic inflammation is a vital feature of premalignant
and malignant microenvironments thereby emphasizing the role of proinflammatory chemokines
in tumor progression (Balkwill and Mantovani, 2011).

In this study, | show that stromal fibroblast produced CCL2, 7 and 8 have non-redundant
roles in tumor progression. Silencing the expression of either one restricts the ability of the
protumorigenic fibroblasts to cooperate with breast cancer cells. RNAI mediated silencing of
CCL2 negatively affects growth in vivo, and is accompanied by a significant reduction in the
recruitment of neutrophils and inflammatory monocytes. This is consistent with previous studies
reporting the effects of silencing CCL2 on tumor growth (Granot et al., 2011). Silencing CCL2
also reduces the number of blood vessels in tumors. At this point, it is not clear if this effect is
mediated through a direct action of CCL2 on endothelial cells or indirectly through recruitment
other pro angiogenic immune cells. For example, CCL2 actively recruits tumor associated
macrophages that promote angiogenesis (Mishra et al., 2011). It remains to be seen if RNAI
suppression of CCL2 in this system can abrogate the tumor-promoting effects of TAMSs by
blocking their recruitment to the tumor site.

Functional roles for CCL7 in the tumor microenvironment are not well characterized. |
demonstrate that silencing CCL7 expression in the fibroblasts results in a significant reduction in

tumor growth. Silencing of fibroblast produced CCL7 reduces tumor cell proliferation in vivo.
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However, there was no effect on the proliferation of breast cancer cells in vitro upon the addition
of recombinant CCL7. This suggests that the pro-proliferative effect of CCL7 is tumor-
microenvironment dependent requiring the presence of additional factors. In addition, CCL7 is
shown to induce migration and invasion in oral squamous carcinoma cells (Jung et al., 2010). It
IS interesting to speculate that CCL7 mediates invasion in breast cancer cells as well. Further
investigation will clarify this point. Even though CCL7 is known to recruit monocytes to the
tumor site upon injury (Coussens and Werb, 2002), there was no difference in 7-4 positive cells
recruited to the tumor site between the control and CCL7 silenced groups. This does not preclude
the possibility that silencing CCL7 affects the recruitment of different types of immune cells to
the tumor site or that the effect is at a different stage in tumor progression (Dahinden et al.,
1994). Extensive characterization of recruited immune cells in CCL7 silenced tumors is likely to
provide clues into the specific actions of CCL7 in immune cell recruitment. Even though the
effect of silencing fibroblast secreted CCL8 on tumor growth is minor compared to CCL2 and
CCL7, it has an effect on the recruitment of neutrophils and monocytes. At this point, it is not
clear if silencing CCL8 affects recruitment of other immune cells. For example, CCL8 was
shown to a potent attractor of eosinophils and Th, T-cells (Islam et al., 2011; Weber et al., 1995)
and the effects of CCLS8 silencing could be mediated in part by aberrant recruitment of these
tumor-promoting cells (Balkwill and Mantovani, 2012; Coussens and Pollard, 2011).

Since there coordinated upregulation of CCR1 receptor expression on breast cancer cells
upon co-culture with TSFs, | hypothesized that silencing CCR1 would abrogate some of the
effects of the stromal fibroblasts as well. Moreover, one of the chemokine candidates CCL7 has
a direct pro-proliferative effect that may be mediated by CCL7 binding to CCRL1 on the breast

cancer cells. Indeed silencing CCRL1 on breast cancer cells resulted in the loss of tumor growth in

130



the presence of co-injected fibroblasts. Though there were no differences in tumor growth of
CCR1 silenced breast cancer cells in the absence of co-injected fibroblasts, tumor-take rates were

significantly reduced.

Tumor proliferation and recruitment of neutrophils are reduced in tumors resulting from
CCR1 silenced breast cancer cells and TSFs. Previous studies have demonstrated a role for
cancer-cell expressed CCRL1 in proliferation and recruitment of monocytes (Robinson et al.,
2003). Other studies have also suggested a role for CCR1 in invasion and it remains to be seen
whether silencing CCRL1 in this system contributes to the invasiveness of the breast cancer cells
(Wang et al., 2009).

Taking the actions of all the genes tested together, | found that while some of these
effects are directly on the tumor cells, others are mediated indirectly affecting other components
of the microenvironment like blood vessels and immune cells instead. Blocking the receptor
CCR1 on the cancer cells results in immune cell blockade (indirect effect) and tumor cell
proliferation (direct effect). The induction of CCR1 in co-cultured cancer cells occurs
concomitantly with the upregulation of two ligands of CCR1: CCL7 and CCLS8 in the tumor
supportive fibroblasts. The ligands are then able to act tumor cells affecting proliferation (CCL7;
direct effect) or affecting the recruitment of immune cells (CCL8; indirect effect). Finally,
although CCL2 is not a major ligand for CCRL, it is induced in co-cultured tumor-supportive
fibroblasts. It acts on blood vessels and immune cells (indirect) thereby contributing to tumor
progression. One might speculate that CCL2 is coinduced along with CCL7 and CCL8 but may
not act through CCR1 on the cancer cells acting instead on immune cells that express its primary
receptor, CCR2. Both direct and indirect effects act together to contribute to tumor progression.

A table summarizing the effects of silencing these genes is shown in Table 4.1.
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Inhibitors of chemokines and their receptors are currently being tested as potential drug
targets. For example, anti-CCL2 antibodies have been tested in pre-clinical models of prostate
cancer (Zhang et al., 2010). Blockade of CCL2 signaling results in reduced metastasis and
increased survival in mouse models of breast cancer (Qian et al., 2011). Similarly, abrogating
CXCR4/CXCL12 signaling reduces metastasis in mouse models of lung cancer (Kim et al.,
2008). Targeting chemokine receptor CCR1 results in blockade of immune cell recruitment and
invasion in pre-clinical mouse models of breast, colon and lung cancer (Kitamura et al., 2010;
Robinson et al., 2003; Wang et al., 2009). Based on this, clinical trials of CCR1 antagonists are
underway for treatment for rheumatoid arthritis and may hold promise for the cancer therapy as
well (Gladue et al., 2010).

Chemokines and their receptors are highly attractive drug targets (Balkwill and
Mantovani, 2012). However, targeting specific chemokines still remains a challenge because of
the diverse roles they mediate. Moreover, chemokine signaling is highly stage- and type-specific
in cancer development (Balkwill, 2012). Therefore, systematic in-depth analysis of chemokines
will contribute greatly to our understanding of their functions and present targets for therapeutic

intervention.
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Table 4.1: Effects of silencing CCL2, CCL7, CCL8 and CCRL1 on the tumor

microenvironment

ShRNA | Process | Proliferation| Immune cells | Blood vessels| Fibroblasts
targeting | Marker | KI-67 14 CD31 | o-Sma

CCL2 No Yes Yes No
CCL7 Yes No No No
CCL8 No Yes No No

CCR1 Yes Yes No No
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Chapter V
Future Perspectives and Conclusions

Future Perspectives

The interaction between tumor cells and carcinoma associated fibroblasts is vital to the
tumor progression (Orimo and Weinberg, 2006). Although some molecules mediating this
molecular crosstalk have been identified, the scope of all relevant interactions still remains
unclear (Polyak and Kalluri, 2010). One of the major goals of this study was to identify a more
complete catalog of these mediators and to determine how many of the interactions were
functionally important to mediate tumor progression in a co-xenograft based model. Functional
analyses of cancer cells and tumor-supportive fibroblasts combined with extensive bioinformic
analysis has identified potentially important genes mediating diverse processes in the tumor
microenvironment. In addition, this study has provided an excellent opportunity for the
development of a model system relevant to human cancer and concepts that can be readily
extended to future studies.

Firstly, tumor supportive and non-supportive fibroblasts were identified exclusively in
relation to basal breast cancer cell lines. However, the composition and features of tumor
microenvironments of different cancer types are likely to be distinct from one another. The co-
xenograft, co-culture method developed here could be easily applied to identify specific factors
that mediate functionally relevant interactions in the different types of tumor microenvironments.

Secondly, the system of cells composed of cancer cells and fibroblasts could be easily expanded
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to include other cell types. For example, the modified co-culture and co-xenografting system
could include endothelial cells in addition to cancer cells and fibroblasts. This system can be
used for studying the interactions of three cell types in relation to each other, reflecting the
complexity of the in vivo tumor microenvironment more accurately. Thirdly, the genomic
analyses were focused on identifying secreted factors whose expression was upregulated in co-
cultured tumor supportive fibroblasts. However, different criteria could be applied to identify
genes important in mediating other aspects of tumor-stromal interactions. For example, one
could focus their efforts exclusively on identifying transport proteins, structural proteins,
proteases or phosphorylated proteins instead of secreted factors.

The experimental workflow used in this study identifies 58 secreted factors that are
induced in co-cultured, tumor-supportive fibroblasts. These genes are also upregulated in
primary human breast stroma, making them attractive candidates for functional analysis. The
functional analysis for each of the candidates tested was performed using co-xenografting assays
of cancer cells and tumor supportive fibroblasts in which candidate genes had been silenced
using RNA.. This was followed by extensive characterization of the tumor microenvironment
using immunohistochemistry. As a result of the time consuming nature of these analyses, only
five of the 58 genes were selected for further validation. However, it would be extremely
interesting to systematically analyze the functional roles of the remaining 53 candidates in
mediating breast-stromal fibroblast interactions and modulating the tumor microenvironment.

Furthermore, my results indicate that several genes play non-redundant, important roles
in mediating interactions between tumor cells and stromal fibroblasts. Therefore, | would like to
test the hypothesis that silencing two or more of these genes at the same time would lead to

additional tumor suppressive effects. For example, silencing AREG in the fibroblasts causes a
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reduction in EGFR phosphorylation and a-sma positive cells whereas CCL2 silencing affects
recruitment of blood vessels and 7/4 positive immune cells. Silencing AREG and CCL2
simultaneously may further restrict the ability of HFFF2 fibroblasts to cooperate with breast
cancer cells than silencing either AREG or CCL2 alone. If this is indeed the case, then this
would support the idea that targeting many points in the stromal microenvironment along with
conventional chemotherapy would provide survival benefit to patients.

I used immunohistochemistry to evaluate if silencing candidate mediators affected
processes like proliferation (using Ki-67), number of blood vessels (using CD31), number of
reactive fibroblasts and pericytes (using a-sma) and neutrophils and monocytes (using 7/4).
Although this analysis is quantitative, it is not comprehensive as it doesn’t include all
components of the microenvironment. Moving forward, |1 would like to perform more analysis
using a larger set of markers. Alternatively, | would like to use single-cell RNA sequencing of
individual cells from the tumors in which the candidate mediators have been silenced to identify
both qualitative and quantitative changes in the composition of the tumor microenvironment.

A majority of breast cancer patients die of metastases to the bone, brain and lungs.
Metastasis is the systematic dissemination of tumor sites distinct from the primary lesion. It is
becoming clear that the stromal microenvironment plays a crucial role in engaging the tumor
cells and causing them to metastasize. Previous studies have shown that stromally secreted
factors are involved in promoting breast cancer metastasis (Karnoub et al, 2007). Similarly, one
of the candidate mediators tested in this study, CCL2, has previously been reported to promote
breast cancer metastasis to the lungs (Qian et al, 2011). | would like to test the effects of

silencing the candidate genes on breast cancer metastasis. To perform these experiments, | would
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like to use a spontaneously metastasizing model of breast cancer since in addition to the co-

culture, co-xenografting model to validate my findings.

Clinical implications

Tumor promoting activities of the microenvironment include proliferative signals,
evading growth suppression, resisting cell death, inducing angiogenesis, creating a
proinflammatory milieu and promoting metastasis (Hanahan and Coussens, 2012). Because of
the multitude of functions mediated by the microenvironment, agents inhibiting collaborative
interactions between tumor cells and components of the stroma are actively being pursued as
potential cancer treatments (Anton and Glod, 2009).

Blocking angiogenesis cuts off the blood supply to the tumor, thereby severely restricting
tumor growth. Anti-angiogenic drugs were the first class of drugs targeting cellular components
other than cancer cells. An anti-VEGFA antibody, Bevacicumab (Avastin ®) is FDA approved
for use in colorectal, lung, breast and brain cancer in combination with conventional
chemotherapy (Verheul and Pinedo, 2003). A number of antiangiogenic drugs like sorafenib

(Nexavar®), sunitinib (Sutent®), pazopanib (Votrient®) and everolimus (Afinitor®) targeting

receptor tyrosine kinases have been approved subsequently (Shojaei, 2012).

Based on their tumor promoting and inhibiting roles, immune cells can be targeted
effectively to achieve tumor suppression. For example, the blockade of a molecule CTLA-4
expressed on the surface of T-cells stimulates anti-tumor immunity. An antibody targeting
CTLA-4 (Ipilumumab; Yervoy ®) was recently approved for use in melanoma (Hodi et al.,

2010). Similarly, blockade of Colony Stimulating Factor-1 Receptor (CSF-1R) increases anti-
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tumor immunity and response to chemotherapy in preclinical models of breast cancer by
abrogation of macrophage recruitment (Denardo et al., 2011).

Carcinoma associated fibroblasts are a potent source of CXCL12 in the tumor
microenvironment (Orimo et al., 2005). CXCL12 promotes angiogenesis, tumor cell proliferation
and confers resistance to chemotherapy. Inhibitors of CXCL12 are currently being tested for
their ability to sensitize patients to chemotherapy (Duda et al., 2011).

Although targeting the microenvironment is an attractive strategy to restrict the growth
of the tumors, development of resistance to therapy presents a truly challenging obstacle
(Casanovas, 2011). In one example, the lack of recruited macrophages was fully compensated by
neutrophils to promote tumor growth (Pahler et al., 2008). This underscores the complex nature
of interactions in the tumor microenvironment (Hanahan and Coussens, 2012). But at the same
time, it presents multiple opportunities for therapeutic intervention. Through this study, it is
evident that several fibroblast secreted proteins have non-redundant functional roles in tumor
promotion that could be potentially targeted for treatment. However, it is important to note that
stromal gene expression patterns of individual patients are strikingly diverse (Finak et al., 2008;
Ma et al., 2009) and may consequently affect the patient’s response to microenvironment based

therapy.

Conclusion

It is important to elucidate and functionally characterize the contributions of specific
components of the tumor microenvironment in order to envisage effective therapies that prolong
patient survival. Most stromal cell based treatments are currently used in combination with

conventional chemotherapy regimens (De Palma and Hanahan, 2012). Identifying combinations
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that target multiple stromal components in addition to the cancer cells may vastly improve
patient survival. The rapid improvements in imaging and sequencing technology give us a unique
opportunity to personalize these treatments so that they provide the maximum benefit to patients

(De Palma and Hanahan, 2012).
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CHAPTER VI
Materials and methods

Cell lines and tissue culture

Breast carcinoma cell lines Cal51, MDAMB231, JIMT-1 and HCC1954 were obtained
from American Type Culture Collection (ATCC; Manassas, VA). The cell lines were
maintained in Dulbecco’s Modified Eagle Medium (DMEM) + 10% Fetal Bovine Serum (FBS).
Human fetal foreskin fibroblast strain HFFF2 was obtained from Sigma Aldrich (St. Louis, MO).
Human newborn foreskin fibroblasts HFF1 and CCD1112Sk and human fetal lung fibroblasts
Wi38 were obtained from ATCC. All fibroblasts were maintained in DMEM+10%FBS. Bing
cells and 293T cells were obtained from ATCC and used as packaging cells for retroviral and
lentiviral infections, respectively. The cell lines were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) + 10% Fetal Bovine Serum (FBS). All cancer cell lines, fibroblasts and
packaging cell lines were maintained under standard tissue culture conditions at 37°C and 5%

CO..

Subcutaneous injections in nude mice

All studies utilizing human xenograft experiments in nude mice were approved by Cold
Spring Harbor's Institutional Animal Care and Use Committee. Five-six week old female nude
mice (NCR nu/nu) were purchased from Charles River Inc. (Wilmington, MA) and were
irradiated at 400cGy 24-36 hours prior to injections. For cell line only injections, one million

breast cancer cells were trypsinized, washed, counted and resuspended in 100ul of DMEM
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without serum. Cells were placed on ice until they were injected in nude mice. For cell line and
fibroblast admixing experiments, one million breast cancer cells and one and half million human
fibroblasts were trypsinized, washed, counted separately and admixed in 100ul of DMEM
without serum just before injections and injected subcutaneously into left and right flanks of
nude mice. Tumor were measured weekly by calipers and volume (TV) was calculated as TV=

0.523xXxY? where X=larger diameter and Y=smaller diameter.

Tumor extraction, immunohistochemistry and microscopy

Tumors were excised at indicated time points post injections or when one of the
measurements reached 2cm. The animals were sacrificed using CO2 following which tumors
were removed and washed in saline before storage in 10% buffered Formalin solution. The
formalin fixed tumors were embedded in paraffin and cut into 10 micron thick sections for
histology and immunohistochemistry. The tumors for immunofluorescence were excised and
cryoembedded in Tissue-tek O.C.T. embedding compound (Electron Microscopy Sciences).

Immunohistochemistry was performed as follows: Tissue sections were de-parafinized in
xylene, followed by rehydration using series of alcohol dilutions from 100% to 50%. Antigen
retrieval was done using 1% Sodium citrate 10 mM, pH 6.0 solution in a pressure cooker for 20
minutes. DNAse digestion was used in the case of nuclear antigens. Following quenching of
endogenous peroxidase activity and blocking using 10% normal goat serum (NGS), the sections
were incubated in the primary antibody at 4°C overnight. HRP conjugated secondary antibodies
(Vector Labs) were used for paraffin sections and were developed using a DAB substrate (\VVector
Labs, CA). The nuclei were stained with hematoxylin (Sigma Aldrich, MO). The sections were

dehydrated and mounted using H1000 hardset medium (Vector Labs). For immunofluorescence,
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the same sequence was followed except deparafinization and rehydration were omitted; instead
the sections were fixed in acetone for 20 minutes. There was no step to quench endogenous
peroxidase. The secondary antibodies used were AlexaFluor488 and AlexaFluor568 (Invitrogen).
A list of primary antibodies used for immunohistochemistry and their respective dilutions is

shown in Table 6.1

Retrovirus production and transduction

For DsRed and GFP tagging of breast cancer cells and fibroblasts respectively, retroviral
vector expressing DsRed (Clonetech) or GFP was used (MLP-GFP were provided by Dr.S.Lowe,
MSKCC). Plasmid DNA was amplified using Endofree Maxiprep kit (Qiagen). 1 million Bing
cells were plated for 24 hours in a 10cm dish to achieve approximately 30% confluence at the
time of transfection. They were transfected with 12ug of the target plasmid DNA and 8ug of
amphotrophic helper DNA plasmid (provided by Dr. D. Mu, Penn State) using the calcium
phosphate transfection (Promega). Precipitates were allowed to form overnight and culture
medium was replaced the following morning. About 16 hours after transfection, efficiency was
measured using fluorescence microscopy. Plates with >50% efficiency were discarded. Plates
with successful transfections were allowed to incubate for ~48 hours post transfections. Viral
particles were collected by harvesting supernatants from the packagers and filtered through a
0.45 uM membrane (Millipore). Unconcentrated virus with polybrene (5ug/ml; Millipore) was
used to infect 500,000 breast cancer cells or fibroblasts overnight. The medium was replaced the
following morning and cells were monitored for DsRed or GFP expression ~48 hours post viral
infection through fluorescence microscopy. The cells were selected in Puromycin

(3ug/ml;Sigma) for a period of 72 hours.
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Co-culture of breast cancer cells and fibroblasts

One and a half million GFP tagged human fibroblasts (HFFF2, HFF1, CCD1112Sk or
Wi38) were plated in 10 cm dishes and allowed to attach overnight. The following morning, one
million DsRed tagged Cal51 or MDAMB231 were plated on top of the fibroblasts. the co-culture
was allowed to incubate for six days following which the cells were washed, trypsinized,
collected and resuspended in PBS+1% FBS for FACS sorting. Monocultures of breast cancer

cells or fibroblasts were also plated at the same time as co-cultures to be used as controls.

Flow Cytometry

Cell suspensions were sorted into DsRed” Cal51 or MDAMB231 cells or GFP*
fibroblasts using the ARIA 11 cell sorter (Beckton Dickenson). Compensation for two-color
experiments was performed with FACS Diva software (Becton Dickinson Immunocytometry
Systems, Franklin Lakes, New Jersey, USA). Flow cytometry analysis was performed with
controls: unstained samples, single color controls and double-color admixed mock co-cultures
for determining appropriate gates, voltages and compensations. Monocultures of DsRed” Cal51
or MDAMB231 cells or GFP™ fibroblasts were also passed through the ARIA 11 cell sorter to

reduce experimental variation.

RNA isolation, transcriptional profiling and data analysis

Cells sorted from flow cytometry were immediately processed for RNA isolation. Total
RNA was isolated using RNeasy kit (Qiagen). RNA was quantified using Nanodrop (Thermo
Scientific) and 1ug RNA was used for Microarray Analysis. Microrrays were performed by on

Affymetrix Gene 1.0 ST array. This array contains 1 million 25-mer probes covering ~29000
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genes in the human genome. Data was extracted and used for background correction,

normalization and summarization of the probes using the AROMA package.

shRNA targeting and lentiviral transduction

shRNAs targeting candidate genes were obtained from The RNAi Consortium of the
Broad Institute library (Sigma Aldrich). The shRNAs were obtained as lentiviral contructs in the
pLKO.1 vector and were obtained as bacterial stocks. The stocks were streaked on LB-Amp
plates and incubated overnight at 37°C. Individual bacterial colonies were amplified and plasmid
DNA was prepared using Endofree Maxiprep kit (Qiagen).

293T packaging cells were plated at a density of 1x1076 cells/10 cm dish. 24 hours post
plating, the medium was replaced with OptiMEM (low serum) medium. 18l of transfection
agent Fugene6 (Roche) was mixed with OptiMEM, 12 ug of plasmid DNA (from shRNAs) and
20ul of Lentiviral mix (Sigma). The cells were incubated with the mix overnight following
which the medium was replaced. Viral supernatants were harvested 36 hours and 72 hours post
transfection. Viral supernatants with Polybrene (5ug/ml; Millipore) were used to infect 1x10"6
recipient cells for 12 hours. Cells were selected in 3ug/ml puromycin (Sigma) for 72 hours.
Knockdown efficiency was quantified using qRT-PCR analysis and/or Western blot. A list of

shRNA sequences used for targeting candidate genes can be found in Table 6.2.

cDNA synthesis quantitative RT-PCR

1ug of total RNA was used to make cDNA using the gScript cDNA SuperMix (Quanta

Biosciences). Briefly, the RNA was mixed with Supermix consisting of randomers and oligo

(dT) primers, buffers and RNaseH enzyme and nuclease free water for a reaction volume of
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20pl. The mix was incubated at 25°C for 5 minutes followed by 30 minutes at 42°C and 15
minutes at 85°C. The resultant cDNA was stored at -20°C and used for gRT-PCR. 0.5ul (of
20ul) of the cDNA was used for each reaction of a gqRT-PCR. Each 20ul reaction was made up
as follows: 10ul PerfeCTa® SYBR® Green FastMix, ROX™ (Quanta Biosciences), 1ul each of
forward and reverse primer (50nM final concentration), 0.5ul cDNA template and 7.5ul nuclease
free water. The reactions were set up in 384 well-plates (Applied Biosystems) and run on the
Applied Biosystems 7900HT (Applied Biosystems) Real Time-PCR system. Data were
processed and analyzed using 7900HT Software (Applied Biosystems). Primer sequences used
are as follows: AREG 5-TGGAAGCAGTAACATGCAAATGTC-3’and 5’-
GGCTGCTAATGCAATTTTTGATAA-3’; CCL2 5’-GATCTCAGTGCAGAGGCTCG-3’ and
5-TGCTTGTCCAGGTGGTCCA-3’; CCL7 5’-TGATTCATCCTCTCTGCTTCC-3’and5’-

GATTGGTCCAGGATAACCCA-3’.

Western blotting

Cells were grown in 10 cm plates until they reached confluency. For generating protein
lysates, cells were washed and incubated in RIPA buffer (Sigma Aldrich) containing protease
inhibitor cocktail (Roche) for 10 minutes on ice. Subsequently, cells were scraped using a sterile
scraper and protein fraction was isolated by centrifugation at 14000 rpm for 30 minutes at 4
degrees celcius. Protein was quantified using Bradford assay (Biorad) following which it was
denatured by boiling in 6X Lamelli buffer (Biorad) containing 5% -mercaptoethanol for 5
minutes at 95 degree celcius. Equal amounts of protein were loaded in 4-20% Tris-Glycine
gradient gels (Invitrogen) and run in Tris-Glycine buffer (Biorad) at 90V for 2 hours. Proteins

were transferred to a nitrocellulose membrane using Tris-Glycine buffer containing 20%
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methanol. Membranes were blocked with 5% bovine serum albumin (Sigma) for 1 hour and
incubated with primary antibodies overnight at 4 degree celcius. Fluorescent secondary
antibodies (IR700 or IR800; Licor Biosciences) were used to detect the primary antibody signal
and membranes were scanned using the Odyssey scanner (Licor Biosciences). A list of

antibodies can be found in Table 6.1

Cell viability assays (MTT assays)
Relative viability was quantified by using the Cell Proliferation kit (Roche). 1000 cells
were plated in 96 well plated and allowed to grow for 72 hours. Then they were incubated with

the MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution for 4 hours.

The viable cells reduce the MTT to formazan. This is followed by solubilization of the formazan
dye overnight. The absorbance was read at 595nm in a spectrophotometer and quantified. The

experiments were performed in triplicate.

Boyden Migration assay

Subconfluent WT-MEFs were incubated in DMEM+1% FBS overnight. 50,000 Wi38,
CCD1112Sk, HFF1, HFFF2 fibroblasts or HFFF2 fibroblasts expressing control ShRNA
(shN.T.) or shRNA targeting amphiregulin (ShAREG) were plated in triplicate in 24-well plates
and allowed to incubate in DMEM+1% FBS overnight. The next morning, WT-MEFs were
washed with PBS, trypsinized, counted and resuspended at a concentration of 500,000 cells/ml in
DMEM. Medium was replaced 24-well plate with the fibroblasts. Chemotactic agents were
added to the wells in 0.5mlI DMEM at desired concentrations. Triplicate wells with DMEM and

DMEM +10% were included as controls. Each 24-well plate was then fitted with Boyden
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migration plate (Cytoselect, Cell Biolabs Inc.) and 300ul of DMEM containing WT-MEFs was
added on the upper chamber (150,000 cells). The plates were incubated at 37°C for 5 hours. Post
incubation, the upper chamber was transferred to an empty 24-well plate. The wells were washed
in PBS and the non-migratory on the membrane were wiped off with a Q-tip several times. The
migratory cells on the underside of the membrane were fixed with 100% methanol for 10
minutes after which they were stained using 0.5% crystal violet solution for 15 minutes. The
membranes were washed in distilled water for 10 minutes, dried and examined under a
microscope. Membranes were examined under high power objective on the Olympus 1X70
microscope. Migratory cells from five different fields from each well were counted and averaged
over three independent experiments. The results were presented as number of migratory

cells/high power field.

Wound healing scratch migration assay

50,000 HFFF2 fibroblasts expressing control ShRNA (shN.T.) or sShRNA targeting
amphiregulin (ShAREG) were plated in triplicate in 24-well plates and allowed to incubate in
DMEM+1% FBS overnight. Conditioned medium was collected 24 hours later and spun at
1000rpm for 5 minutes to remove any cells. 100,000 Wild type-MEFs were plated in 24-well
plates in DMEM+1%FBS and allowed to adhere overnight. The following morning, medium was
aspirated and cells were washed with PBS. A scratch wound was made using a clean, sterile
plastic pipette tip in each well. Conditioned medium, DMEM or DMEM+10% FBS was added to
the wells in triplicate. The plate was then imaged using low magnification (4X and 10X) on an
Olympus microscope Ohr and 16 hours post scratch. The plate was incubated at 37

degrees/5%CO2 during the course of the assay. Images collected from 0 and 16 hour timepoints
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were imported into ImageJ software (NIH). Area of the scratch was calculated using the free-
hand area tool. The difference in the area between 0 or 16 hours was calculated for each well and

averaged over replicates. The area was normalized to DMEM and expressed as a percentage.

Table 6.1: List of antibodies used in this study

Antibody Source Purpose Dilution
o-SMA Sigma (A2547) Immunohistochemistry | 1:5000
7-4 Cedarlane ( CL8993AP)| Immunohistochemistry | 1:200
Ki-67 Dako (MIB5) Immunohistochemistry | 1:4000
CD31 Abcam (ab28364) Immunohistochemistry | 1:200
PEGFR Epitomics (EP774Y) | Immunohistochemistry | 1:400
CCR1 Abcam (ab89257) Western blot 1:1000
Amphiregulin Abcam (ab89119) Western blot 1:500
CCL2 Abcam (ab9669) Western blot 1:500
CCL7 Abcam (ab18694) Western blot 1:200
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Appendix
Role of Stanniocalcin-1 (STC-1) in breast
tumor-stromal fibroblast interaction

Introduction

Stanniocalcin-1 (STC1) is a glycoprotein hormone functioning as a regulator of
calcium homeostasis (Nelson et al., 1996). Mammalian STC1 maps to Chromosome 8p and
described has 247 amino acids producing a ~50Kd glycoptrotein (Chang et al., 1995; Paciga
et al., 2005). STC1 is expressed in kKidneys, prostate, ovaries and bones (Chang et al., 2003)
mediating functions like wound healing, chemotaxis, angiogenesis and protection from
apoptosis (Filvaroff et al., 2002; Kahn et al., 2000; Kanellis et al., 2004; McCudden et al.,
2002; Yoshiko and Aubin, 2004; Zhang et al., 2000).

STC1 was implicated in cancer progression because of elevated levels of STC1 in
hepatocellular, breast, ovarian , prostate and colorectal cancers (Chang et al., 2003; Tamura et
al., 2011). Liu and colleagues conducted the first detailed study into the functional roles of
STCL1 in ovarian carcinoma. The authors concluded that STC1 transformed immortalized
ovarian surface cells resulting in the formation of tumors in mice and played a role in the cell
(Liu et al., 2010). Other studies have identified as STC1 expression being regulated positively
by BRCAL and negatively by hypoxia, Spl and PKCa (Chang et al., 2003; Cornmark et al.,
2011; Law et al., 2011). STC-1 binds receptors on the plasma membrane though the
expression, distribution, identity and mechanism of action of these receptors is debated (Luo
et al., 2004; Yeung et al., 2012). STC1 is overexpressed in cancer associated fibroblasts of
prostate cancers compared to normal adjacent fibroblasts (Orr et al., 2012). However, it is not
clear if STC1 overexpression in CAFs has functional consequences to tumor progression.

I selected STC1 for functional characterization because it is selectively induced in co-
cultured, tumor-supportive fibroblasts and also upregulated in primary human stroma. |
silenced STC1 expression in HFFF2 tumor-supportive fibroblasts using ShRNAs targeting
STC1 and used them in co-injection assays with Cal51 breast cancer cell line. Additionally, I
treated Cal51 and MDAMB231 cell lines with recombinant STC1 to test its effect on
proliferation.
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Results

RNAI suppression of STC1 does not restrict the ability of tumor-supportive fibroblasts to
promote tumorigenicity

I generated HFFF2 cells stably expressing shRNA targeting STC1 by lentiviral
infections. sShRNA containing a non-targeting sequence was used as the control. Of the five
shRNAs tested, four efficiently reduced STC1 expression below 70% of control (Figure
A.1.A). However, 2/4 shRNAs also had adverse effects on HFFF2 cell viability (Figure
A.1.B). l used 1.5 x1076 HFFF2 cells stably expressing shRNAs towards STC1 (shSTC1-2
and shSTC1-4) or non-targeting sequence (shN.T) in a co-injection assay with 1x106 Cal51
cells in 5-6 week old irradiated female nude mice. Tumor volumes were not significantly
different between the experimental and control groups 6 weeks post injections (Figure
A.1.C).

Effects of recombinant STC1 on proliferation

STC1 has been shown to increase proliferation in ovarian carcinoma cells (Liu et al.,
2010). So I wanted to test if STC1 could promote proliferation or viability in Cal51 and
MDAMB231 cells. Doses of up to 500ng/ml did not increase proliferation and viability 72
hours post treatment. In fact, Cal51 cells are significantly less viable in the presence of
25,50,100 and 500ng/ml of STC1 compared to the control (0O ng/ml) (Figure A.1.D)

Discussion

The functional role of STC1 in breast cancer progression is not clear. In this model,
silencing STC1 in co-injected tumor-supportive fibroblasts had no effect on tumor volume six
weeks post injections. Recombinant STC1 did not increase proliferation of breast cancer cell
lines Cal51 and MDAMB231 in agreement with studies (Nguyen et al., 2009). The lack of a
functional role for STC1 despite being induced in co-cultured tumor-supportive fibroblasts
and in breast cancer stroma is not surprising. A number of molecules are often upregulated
during cancer progression without effects on tumor volume (Nielsen et al., 2008). These
molecules nevertheless serve as spatial and temporal molecular markers. It is possible that
STCL1 is in fact functionally important but this particular model system is not suited for its
characterization. For example, HFFF2 cells may express STC1 at low basal levels making the
relatively robust induction ineffective. Another possibility is that STC1 causes changes to
tumor architecture which has no outcome on tumor volume but is important nonetheless.
Studies have ranged from detailing crucial roles for STC-1 to showing that it has no
functional consequences (Chang et al., 2008; Liu et al., 2010). Using the most appropriate
model and physiological context is the key to include or exclude STC-1 as a functional player
in breast tumor-fibroblast interactions.
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Figure A.1
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Figure A.1: Fibroblast secreted STC1 does not have a functional role in
tumor promoting ability of tumor-supportive fibroblasts

A: gRT-PCR analysis of STC1 knockdown in HFFF2 fibroblasts. STC1
expression in HFFF2 cells expressing either non-target ShRNA (shN.T.) or
shRNA targeting STC1 (shSTC1-5)) was calculated as a ratio of STC1/GAPDH
and expressed as a percentage of shN.T. n= 3, Error bars= +/- SD. Asterisks
indicate that the expression of STCL1 in significantly different between the control
(shN.T.) and the indicated group (shCCL8-1 and shCCL8-2). * p<0.01.

B: Relative viability of HFFF2 fibroblasts expressing sShRNA towards STC1
(shSTC1-5) compared to HFFF2 cells expressing non-target ShRNA (shN.T) was
quantified using a 72-hour MTT assay. n=4; Error bars represent mean +/-SD.

C: Subcutaneous growth of Cal51 breast cancer cells co-injected with HFFF2
cells stably expressing either with control shRNA (shN.T.; black triangles),
shRNA targeting STC1 (shSTC1-2; blue squares or shSTC1-4; red circles).
Tumor volumes were determined 1-6 weeks after injection. Error represent
denote mean £SEM.

D: Relative viability of Cal51 and MDAMB231 breast cancer cells treated with
indicated dose of recombinant STC1 (STC1-0,50,100 or 500 ng/ml) was
calculated using MTT assay 72-hour post treatment. Relative viability is
expressed as a percentage of the untreated group (0 ng/ml) for each cell line. n=4;
Error bars represent mean +/- SD.
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