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ABSTRACT

Breast cancer (BC) metastasis is the leading cause of death in breast cancer patients. Interactions
between breast cancer tumors and stromal cells allow the microenvironment surrounding the tumor
to co-evolve into an activated state leading to tumor progression and metastasis. The 4T1 breast
cancer mouse model which consists of five cell lines with different metastatic propensities was
used to identify mechanisms of tumor-stroma communication that might facilitate metastasis. It
was hypothesized that the breast cancer cell lines which can leave the primary tumor (168FARN,
4T07, 66¢l4 and 4T1) are better equipped to attract and communicate with fibroblasts than the
non- metastasizing 67NR cell line. Transcriptome analysis found some fibroblast associated genes
and markers as well as the TGF-3 family member Bmp4 and its antagonist Grem1 to be upregulated
in 66cl4 as compared to 67NR. Immunoblotting and ELISA showed that the micrometastatic cell
line 168FARN, had the highest GREML1 protein levels. BMP4 was expressed only by the
metastatic 66c¢l4 at protein level. Meta-analysis identified correlation between high GREM1
expression levels and poor prognosis in BC patients in KM plot and BreastMark. The paracrine
crosstalk between the tumor cell lines and fibroblasts was further analyzed in vitro. Treatment of
Mouse Embryonic Fibroblasts (MEFs) with condition medium (CM) from the tumor cells showed
that, 67NR CM, 168FARN CM and 66¢cl4 CM increased SMAD 1/5/9 phosphorylation on MEFs,
indicating activation of BMP4 signaling. Interestingly, the tumor cells ability to stimulate
migration of fibroblasts was in line with the degree of expression of GREML1. In conclusion, this
study indicates that, the metastatic cell lines in the 4T1 model have a higher propensity to recruit
fibroblasts. Moreover, GREM1 expression might aid the recruitment of fibroblasts that facilitates
metastasis. These findings can be further researched into to aid in improving BC therapy.
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Introduction

1.INTRODUCTION

Worldwide, breast cancer is a major public health issue as it is the second most commonly
diagnosed cancer in women with about 1.67 million new cases and the fifth cause of death from
all cancer (522,000 deaths) as of 2012 (1). Breast cancer is a heterogeneous disease with regards
to its responses to treatment and prognosis and biological behavior with poor early diagnosis, high
incidence rates, ineffective therapeutic approaches and aggressive metastasis (2,3). Amongst these,
metastasis is known to be a complicated pathological process and the single greatest cause of
mortality in cancer patients (4,5). This is reflected in the five year survival rate of 24-25% among
patients with metastatic breast cancer as compared to the 100% survival of patients with localized
tumor (6,7). Thus, diving into the concepts of metastasis and fully understanding it is a critical step

for us to tackle this major public health issue.

1.1BREAST CANCER

1.1.1 Stages of Breast Cancer

The mammary gland is a highly organized organ comprising of milk-producing glands called the
lobules, the ducts that convey the milk from the lobules to the nipple and the stroma (Figure 1.1A).
The stroma consist of the adipose tissue and connective tissue (8,9). The initiation of breast cancer
begins in cells of the duct, the lobules and other tissues. Breast cancer initiation in the duct is
however the most common form of breast cancer with ductal carcinoma in situ (DCIS) making up
90% of the forms of breast cancer that are not invasive (9-11). The duct is lined with both
myoepithelial and luminal epithelial surrounded by basement membrane (Figure 1.1B) and
initiation of breast cancer in the duct begins with the normal epithelial cells in the duct becoming
atypical hyperplasia, a stage of the epithelial cell proliferating (10). This then evolves to In-Situ
carcinoma, invasive carcinomas and then metastatic cancer (Figure 1.1C) (9-11).

Among the stages, metastasis is the major determinant of mortality in breast cancer patient. It
involves few critical steps yet is one of the most complex pathological process that exit (4,5,12).
These step includes: 1) the primary cancer first developing and/or extending blood vessels
(angiogenesis) 2) detachment of the primary cancer cells 3) migration and invasion of the cells to
adjacent tissues 4) penetrating the extracellular matrix (ECM) and blood vessels (intravasation) 5)
penetrating out of the vessels (extravasation) and finally 6) settling and proliferating in a secondary
site (13,14).
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Figurel.1l: The anatomy of mammary gland and breast cancer progression in the duct.

A) The mammary gland consists of adipose tissue, muscles, alveolus and duct that are branched out from
lobes. Each mammary gland contains about 15- 20 lobes. B) The ducts which is responsible for milk
production are lined with both myoepithelial and luminal epithelial surrounded by basement membrane.
C) The normal duct epithelial structure breaks down when cancer is initiated and this begins as ductal in-
situ that is associated with proliferation luminal epithelial cells. The myoepithelial layer is degraded during
invasive ductal carcinoma which is the next stage. The final stage which is the metastasis involves in the
complete loss of the epithelial cells of the duct and basement membrane that leads to the invasion to other
organs (9-11).

1.1.2 Breast Cancer Histology
Breast cancer with its heterogeneous complexity has a spectrum of subtypes with distinct
biological behavior and features which attribute to different forms of clinical outcomes (7,15).

Initially, breast cancer was traditionally classified based on hormone receptor positive and
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hormone receptor-negative types which involved expression of hormone receptors such as
estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor
2 (HER2) among other factors (16,17). Development of microarray techniques such as gene
expression profiling studies has however characterized further subtypes beyond the hormone
receptor positive and hormone receptor-negative types (15,17-19). For instance, a study showed
that luminal epithelial/estrogen receptor positive group based on distinct gene expression profile
could be divided into subgroups (19). Currently, the molecular subtypes of breast cancer are
luminal (luminal A and luminal B), HER2-enriched, basal-like, normal breast-like, claudin-low
and molecular apocrine based on the expression of specific biomarker (Table 1.1) (17). The
metastatic potential and aggressiveness of the breast is based on its hormone receptor status with
less aggressiveness being attributed to hormone receptor positive subtypes. Basal like tumors on
the other hand is usually triple negative and are highly metastatic hence are usually life threatening
due to its difficulty to detect and poor prognosis (7).

Table 1.1: Molecular subtype of Breast cancer and their major biomarker expressed.
Where, ER = estrogen receptor. PR = progesterone receptor and HER2 = human epidermal growth

factor receptor 2. “+” = positive. “-” = negative. Adapted and modified from (17).
Subtype Immunohistochemistry markers
Luminal A ER+:91-100% PR+:70-74% HER2+:8-11%
Ki67:low Basal markers: —
Luminal B ER+:91-100% PR+:41-53% HER2+:15-24%
Ki67:high Basal markers:-
Basal-like ER+: 0-19% PR+: 6-13% HER2+: 9-13%
Ki67: high Basal markers: +
HER2-enriched | ER+:29-59% PR+:25-30% HER2+:66-71%
Ki67:high Basal markers: —/+
Normal breast-like | ER+:44-100% PR+:22-63% HER2+:0-13%
Ki67:low/intermediate Basal markers: —/+
Claudin-low ER+:12-33% PR+:22-23% HER2+:6-22%
Ki67:intermediate Basal markers: +/
Molecular ER- PR- HER2+/—
apocrine Ki67:high Basal markers: —/+

1.1.3 Tumor Heterogeneity of Breast Cancer
The various histology showing heterogeneity above has been associated with diverse clinical
outcomes, survival rates, responses to treatment and metastasis potential (20,21). There are two

forms of the breast cancer heterogeneity that is; the intra-tumor heterogeneity and the inter-tumor
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heterogeneity (Figure 1.2 A-C). Inter- tumor heterogeneity is when there is variation between
patients with regards to morphological different, expression of subtypes, among other differences
(21) (Figure 1.2 A). Inter- tumor heterogeneity occurrence has been linked to two proposed
models The first model is the genetic model which results from tumor originating from the same
cell but have different initiation events that lead to different molecular subtype (10,21).The second
proposed model involves tumor originating from different cells leading to diversified molecular

subtype. Combination of the two models has also been acknowledged (10,21)

Intra-tumor heterogeneity on the other hand is the variation within a tumor characterized by genetic
differences observed among tumor subpopulation, as well as difference in morphology and
staining behavior of the different sections of the same tumor (Figure 1.2 B) (21). Intra-tumor
heterogeneity occurrence is importantly explained based on tumor progression. Proposed Intra-
tumor heterogeneity occurrence models include clonal evolution, cancer stem cell and mutator
phenotype models (Figure 1.2 D) (21). Clonal evolution involves tumor evolving by expansion of
monoclonal or polyclonal subpopulation of tumors to form the total tumor mass. Cancer stem cell
model on the other hand suggest precursor cells giving rise to different subpopulation in a tumor.
The last model which is the mutator phenotype suggest evolution of tumors by gradual and random

accumulation of mutation as tumor progression (21).
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Figure 1.2: Tumor heterogeneity and proposed models explaining heterogeneity

A) Inter-tumor heterogeneity showing patients with similar histology but differences in genetic mutation
status and other molecular characteristics. B) Intra-tumor heterogeneity exhibiting variation within
primary tumors occurring as a result of genetic difference (red clone — genomic alteration) and/or lose of
alteration (yellow clone) occurring in metastatic tumor site. C)Intra-tumor spatial heterogeneity have
common initiation genomic events in all the tumor cells but have spatially heterogeneity due to copy number
changes or somatic mutation (green, red and blue clones). D)Proposed models explaining intra-tumor
heterogeneity — clonal evolution, cancer stem cell and mutator phenotype models results in spatial
distributions of subpopulations. Adapted and modified from (21,22).

These heterogeneity mention above has posed many challenges with regards to diagnosis and
treatment which lead to the concepts of personalized cancer therapy. Personalized cancer therapy
takes the persons cellular and metabolic products as well as the molecular characteristics of the

tumor into paly during the diagnostic phase (22,23). This is because it is believed that people

5
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respond differently to a particular medicine as a result of their genetic makeup and their
metabolism ability. Due to this, making medicine or structuring therapies for the general
population will result in different outcomes (Figure 1.3). Breast cancer is one of the few cancers
in which the molecular classification of the tumor has been used to designed personalized therapy
that lead to improved effects (24) . It is therefore important to understand the role of heterogeneity
in treatment response, tumor evolution and the microenvironment surrounding the tumor as it is

critical for the survival of each cancer patient.

Medicine of the present: one treatment fits all Medicine of the future: more personalized diagnostics

%] ® .
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Figure 1.3: Tailored treatment — Personalized medicine

Individuals respond differently to the same therapy: whiles it might yield the desired result for one
individual, it can lead to adverse effects in another individual or no effects at all (left). The differences in
effect is because of the tumor heterogeneity and also the differences in the genetic makeup and metabolic
profile of patient. Personalized medicine (right) takes into account all this different factors to establish
therapy that will give the best effect in the individual being treated. Adapted and modified from (23).

1.1.4 Tumor Microenvironment of Breast Cancer
Tumor microenvironment (TME) includes the non- cancerous cells present in the tumor and it’s
an attributing factor for increase in heterogeneity in tumor cells (25). The TME which consists of

cancer associated fibroblasts (CAFs), extracellular matrix , inflammatory cells, blood vessel cells
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and immune cells has been associated with initiation, progression and metastasis of cancer (26—
28). In breast, the normal mammary duct environment (Figure 1.4) is composed of the luminal
epithelial cells (inner layer), myoepithelial cells (outer layers) and normal fibroblast that is
enclosed by a continuous basement membrane/ECM (10,29). In comparison with the tumor
mammary duct microenvironment, one can find in addition to the composition stated for the
normal mammary, the tumor itself, lymphocyte/white blood cells, CAFs as well as bone marrow-
derived cells (BMDC) such as macrophages (Figure 1.4) (29). However, the integrity of the
normal organized structure cannot be seen in the tumor mammary microenvironment as it is
distorted when tumorigenesis leading to invasion occurs in the mammary. This is as a result of
transformation of cells due to genetic/epigenetic changes the leads to the loss of epithelial polarity,
reduction in the myoepithelial cells as well as the degradation of the basal membrane /ECM (29).
Thus, the interaction between the tumor cells and stroma cells creates a crosstalk that results in the
production of cytokines and growth factors that modifies ECM and other factors secretion that

support survival, proliferation and invasion of tumor cells (5).

NORMAL INVASIVE

¢ Epitheliall
@ CAF @ e %myoopmnlm o BMDC \Ec“
cell
. g Lymphocyte o
fibroblast \ cell White cell i)

Figure 1.4: Normal environment of breast versus tumor microenvironment of breast cancer.

Normal mammary duct of the breast is made of luminal epithelial cells (inner layer) and myoepithelial cells
(outer later) that is surrounded by a basement membrane. In a tumor related mammary duct, there exist
both the tumor and the stroma cells which includes fibroblast, pericytes and immune cells. They also consist
of non-cellular components such as the extracellular matrix and growth factors. \ When the mammary duct
becomes over burden after tumorigenesis, the myoepithelial becomes alters and distorts the normal frame
organization of the duct leading to tumor cells escaping and invading other sites other than their primary
site. Adapted and modified from (29).
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1.1.5 Tumor —Stroma Interaction in Breast Cancer

Tumor cells and its microenvironment exist in an interrelation network that aid in the various
stages of cancer (30). Tumor cells are known to produce stroma - modulating growth factors and
proteases that disrupt normal tissue homeostasis in an attempt to generate a conduction
microenvironment. This growth factors includes transforming growth factor -p ( TGF B), vascular
endothelia growth factors (VEGF), platelet- derived growth factors (PDGF), basic fibroblast
growth factor (bFGF) among other (31,32). These factors allow the microenvironment surrounding
the tumor to co-evolve into activated state via continuous autocrine and paracrine communication

that forms a complex signaling network as cancer progresses (Figure 1.5) (33-35).

The activated microenvironment made up of the stroma cells causes the cells to further produce
additional growth factors and protease. For instance, stroma cells such as the CAF are activated to
secret proteolytic enzymes such as MMP that initiates the degradation of extracellular matrixes
leading to tumor invasion (Figure 1.5). The growth factors produced also leads to the proliferation
of the tumor cells and eventually the induction of angiogenesis factor (29,31). Thus, the hallmark
of cancer such as inducing angiogenesis and activation of invasion and metastasis as stated by
Hanahan and Weinberg (36) are attributed to various stromal components including extracellular
matrix, endothelial cells , pericytes, various leukocytes, macrophages and fibroblast (33). The
various stroma cells has individual function they perform and it’s been shown that during tumor

progression the number of cancer associated fibroblast (CAF) is increased (29).
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Figure 1.5 Tumor-stromal crosstalk in Breast cancer.

Tumor-stromal crosstalk is initiated when tumor cells produce growth factors and proteases that activate
the stroma cells in an autocrine and paracrine fashion. Concurrently, they produce specific pro-migratory
ad invasive extracellular- matrix components together with their receptors whiles suppressing the protease
inhibitor expression. This leads to the stroma cells such as the CAF secreting proteolytic enzymes such as
MMP that initiates the degradation of extracellular matrixes leading to tumor invasion. The degradation
of the ECM leads to the release of matrix- bound growth factor. The total growth factors produced leads
to the proliferation of the tumor cell, recruitments of inflammatory cells and eventually the induction of
angiogenesis factors. All these factors facilitate tumor cell invasion and metastasis. Adapted and modified
from (29,31)

1.2 CANCER ASSOCIATED FIBROBLAST (CAF)

Fibroblast is the most prominent cells in the stroma and is usually in a normal inactive quiescent
state until activated by activities that require tissue remodeling such as wound healing (35,37,38).
Fibroblast are usually elongated cells with a spindle-like shape morphology but have
heterogeneous morphology with different forms of appearance based on their location and
activity(39). Studies have showed that human fibroblast cultures isolated from different sites
exhibit gene expression patterns distinct from the different anatomical sited it was isolated form.
The differences are evident in the different growth factors, differentiation factors and different

extracellular matrix constituent they secrete (39,40) .
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Normal fibroblast are associated with maintaining the structural integrity of extracellular matrix
through secreting precursors of the extracellular matrix which includes collagen, vimentin,
proteoglycan, glycoproteins and actin (38,41). Normal fibroblasts also play a role in wound healing
process by recruiting endothelia precursors cells and aiding in angiogenesis healing (42). In the
tumor stroma environment, fibroblast is activated by tumor cells into CAF. CAF is a subpopulation
of fibroblast that is of most interest to researchers because CAF in comparison to normal stromal
fibroblast are more effective in promoting cell survival, growth and progression of tumor cells
(37,42). However, due to CAFs poor lack of specific markers and their high heterogeneity, they
remain poorly defined by researchers (42). The activation of normal fibroblast into CAF is as a
result of tumor cells interacting with its microenvironment thereby creating a conductive

environment to serve their benefits by activation of various signals (33).

1.2.1 Signaling Pathway Associated with CAF Activation in Tumor Environment

The microenvironment surrounding the tumor co-evolves into activated state through continuous
autocrine and paracrine communication that forms a complex signaling network as cancer
progresses (33-35). CAF is not an exception as it is activated in the presence of breast cancer cells
in order to be able to affect or interact with breast cancer cells through various molecular signaling
pathways.

CAFs are activated by tumor cell-derived factors such as transforming growth factor beta (TGF-
B) and stromal cell-derived factor 1 (SDF-1) also known as C-X-C motif chemokine 12 (CXCL12)
in an autocrine signaling loop as demonstrated by Kojima and colleagues (37,41,43). TGF-B is
however the major mediator of activation of CAF. TGF-f is a pleotropic cytokine stored as a
reservoir in ECM which is usually secreted by various cells types including fibroblast (44). The
TGF- B family is a broad family and per sequence similarities they are divided into two ligand
subfamilies: the BMP family and the TGFp-Activin—Nodal subfamily. Their receptors are
transmembrane receptors in all cell types with for example TGF-B1 binding to its receptor
TGFBRII on fibroblast membrane. Upon binding, they form heterodimeric activated receptor
complex with a second receptor a factor important for their activation since these ligands are
disulphide-linked dimers (45). This complex leads to SMAD dependent and independent signal
activation which ends up in the transcription of factors of genes in the nucleus that encode factors
such as PDGF, VEGF, MMPs and other factors involved in CAF activation (42,44). Also, TGF-p
triggers the activation of SMAD independent signaling cascades including TRAF6, TAKL, PI3K,
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MAP3K1, ShcA, RAC/CDC42, RAS, and RhoA pathways (42,44). These signals interplay with
CAFs are attributing factors leading to CAFs association to tumorigenesis and tumor progression
(30). Thus, CAF are involved from initiation through progression to metastasis as a result of direct
or indirect association with activities such as angiogenesis, enhancing epithelial cell growth,

epithelial to mesenchymal transaction and suppression of antitumor immune responses (4,30).

1.2.2 Role of CAF in Breast cancer tumorigenesis and progression of breast cancer

CAF involvement in the initiation of cancer involving resident fibroblast has been seen in studies
where CAF co-injected with tumor cells in mouse models has led to more efficient tumor formation
(39). To compliment this, prostatic epithelial cells grown with CAF lead to growth stimulation as
compared to the prostatic epithelia cells grown on its own or together with normal human fibroblast
(46). The sensitivity of Human mammary epithelial adenocarcinoma cells MCF7 to tumor stroma
derived factors was observed when the tumorigenicity of MCF7 was improved when cultured with
fibroblast than it standing alone (47). These influences of fibroblast in tumorigenesis was proven
when numerous protein extracted from normal fibroblast was seen to be involved with breast
tumorigenesis (48). An example was also seen with CAF association with breast cancer cells
stimulating the production of Hepatocyte growth factor (HGF) known to be associated to
tumorigenesis (49). These indicate that fibroblast supports the initial phase of tumor development
through by their production of various cytokines and proteins to support processes such as

angiogenesis and immune suppression (Figure 1.6) (48).

CAF is involve in creating the niche for cancer cells where they proliferate and sustain their
dissemination. Cancer metastasis invovling multistep is said to be regulated intrinsically by tumor
cells and extrinsically by stromal cells surrounding it (42). It has been demonstrated that CAF
association with metastasis is based both on their release of soluble factors and physical attributes
(42,50). An example was seen when myofibroblast was observed to create tunnels in extracellular
matrix to pave way for cancer cells to follow suite (51). CAF manage to pave the way by the
release of extracellular proteases such as matrix metalloprotineases (MMP) that remodels the ECM
(42,52). Matrix metalloprotineases production by CAF includes MMP1, MMP3 and plasmongen
acitvator (PLAU) which converts plasminogen to plasmin, a ECM degrader. Cancer incidence
increment with age might be attributed to the fact that senescence fibroblast is associated with
upregulation of MMPs among other factors(31).

11



Introduction

A
7]
HER
LEIIO
c g 2
EEIST
O 8|Fu
Tl 4
Immune cells = 9 O
Fibroblast
TGF-B U —

i —— et e
Suppression
\O™ carcinoma-associated
52 fibroblast (CAF)

Malignant
epithelial cells

Extracellular
matrix (ECM)

; B IONS
2l ~7: A l/e/
22° CAF 5
; m—b of Influen“ (%

© 2011 American Association for Cancer Research
Molecular Cancer Therapeutics Reviews AR

Figure 1.6: Overview of CAF involvement in tumorigenesis and tumor progression through multiple
mechanisms.

Normal fibroblast in the tumor environment become stimulated into CAFs through an autocrine/paracrine
means by TGF-$ and CXCL12. Upon activation, CAF mediate direct and indirect tumorigenesis and tumor
progression effects through secretion and expression of several growth factors (e.g.IGF-2, HGF, FGF-2,
PDGF), proteases (e.g. MMPs), extracellular matrix proteins (e.g. COL), cytokines (eg.IL-6, IL-4) and
other mediators (e.g. CCL-2, IL-4, CXCL9, CXCL10, CXCL12) that cause the recruitment and influence
on other cells such as immune and inflammatory cells. Paracrine signals derived from these cells recruited
cells (examples listed around the perimeter of the web) promote in a feedback loop. Adapted from (30)

CAF in comparison to normal stromal fibroblast is more efficient in promoting tumor progression
by secretion of growth factors which is known to regulate EMT in cancer cells (37). A study
showed that CAF generated from invasive human mammary carcinomas secreted eminent levels
of proangiongenic chemokine SDF-1/CXCL12 (53). SDF-1/CXCL12 is known to aid in the
proliferartion, invasion and survival of malignant epithelial cells and also promote angiogenisis by
signalling through its associated receptor CXCR4 which are normally expressed on tumor cells
(53,54). SDF-1/CXCL12 contribute to cancer progression by up-regulation of protease such as
MMPs being modulated by CXCL12 — CXCR4 interaction (27). CAF also promote progression
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of tumor by secreting pro- migratory ECM elements such as tenascin(31).With regards to tumor
invasion, CAF aid in the production of Vascular endothelial growth factor which is a precursor for
angiogenesis and invasion (30). Furthermore, it has been shown that CAF is involve in metastasis
by a study that reported the presence of CAF of brain metastasis from primary tumors of breast
and lung (55).

1.4 TRANSFORMING GROWTH FACTOR B (TGF- ) SUPERFAMILY

The transforming growth factor-B (TGF-B) superfamily includes about 33 cytokines that are
structurally related. The major members of the family are the TGF-p, activins (Acts)/inhibins
(Inhs), Nodal proteins (Noldals), bone morphogenic protein (BMP), Millerian inhibiting
substance (MIS), and the growth differentiation factors (GDFs) (56,57) These family is present
in both vertebrate and invertebrate and regulate a large number of biological functions such as
inflammation, tissue repair, proliferation, apoptosis, cell differentiation as well as organism

development.. Their dysregulation leads to several pathological outcomes including cancer(56,57).

1.4.1. Bone Morphogenic Protein (BMP) family

BMP which belongs to the TGF- superfamily are cytokine that plays a role in bone and cartilage
formation and morphogenetic activity hence its name origin (58-61). BMP has however been
associated with diverse body morphogenesis function and it is the largest subfamily of the TGF-
Bs superfamily (60,62). Cancer has also been associated with impairment and/or abnormalities of
BMP signaling pathways (58) with BMP playing a dual role by activation and suppression of cell
proliferation associated with tumor (59). BMPs has also been established as an exogenous stimuli
that control EMT of tumor cells which is a determinant in tumor invasion and progression (39).

Among the member of BMP family, BMP4 has been well studied.

1.4.2 Bone Morphogenic Protein 4 (BMP4) and its Signaling

BMP4 at the protein level can be seen in two forms: the inactive form that has a molecular weight
of 50-kDa which is found within the cells and the active carboxyl-terminal mature BMP4 protein
dimer with 25kDa for each monomer which is secreted as the growth factor and found outside the
cells (63). BMP4 plays several roles in adult tissue such as embryogenesis, hematopoiesis , skeletal
formation, neurogenesis as well as controlling cellular behaviors that includes apoptosis,
differentiation, proliferation and motility(64). BMP4 is also involved in developmental processes

which is dependent on the concentration of the active form secreted. Thus, it can be said that the
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regulation of the activation and how much matured BMP4 is secreted determines the cell fate
decision that are mediated by BMP4 (63). The developmental role in relation to cell fate decision
was for instant seen when a study showed that Bmp4™! homozygous null mutant mouse embryos
lacked lens formation in the eye an indication that BMP4 together with other factors play a

significant role in eye lens formation (65).

Like most BMPs, BMP4 also play a dual role of suppression and proliferation of tumor cells as it
has been associated with reduction of prostate and breast cancer cells as well as increase in
migration and invasion of ovarian, melanoma, pancreatic and breast cancer (66). The importance
of BMP4 in breast cancer was captured when a survey of seven BMPs showed it as one of the
ligands with the highest expression among 39 primary tumor samples and 22 cell lines (62). A
similar outcome was seen in another study that had 66% of breast cancer tissue from 486 patient

expressing BMP4 expression (66).

The BMP4 signaling pathway (Figure 1.7) is activated when extracellular BMP4 ligand is cleaved
and processed by proprotein peptidases to form its active dimers that binds two copies of the type
| and type Il BMP receptors (67,68). The type 1 receptors for bmp4 includes ALK3 (BMPR1A)
and ALK6 (BMPR1B) whiles that of type Il receptors includes ACTRII, ACTRIIB and BMPR2.
(69,70).This forms a hexameric receptor—agonist complex leading to the typel receptor
phosphorylation initiated by type 11 receptor on the GS domain. The type 1 receptor which is now
activated phosphorylates cytoplasmic signal transduction proteins such as R-SMAD, which
dimerize with Co-SMAD 4 and then translocated to the nucleus where they promote transcription
of BMP target genes (61,67,71,72). It is important to note that BMP4 can have a downstream
signaling that is SMAD independent which includes NF-kB, ERK, JNK and Mitogen Activated
Protein Kinases (MAPK) (72,73) .
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Figure 1.7 BMP4 Signal Transduction.

The BMP4 signaling pathway is activated when extracellular BMP4 ligand is cleaved and processed by
proprotein peptidases to form its active dimers that binds two copies of the type | and type 1| BMP receptors.
This forms a hexameric receptor—agonist complex leading to the typel receptor phosphorylation initiated
by type Il receptor on the GS domain. The type 1 receptor which is now activated phosphorylates
cytoplasmic signal transduction proteins such as R-SMAD, which dimerize with Co-SMAD 4 and then
translocated to the nucleus where they promote transcription of BMP target genes. The pathway can be
regulated both intracellular and extracellularly. An example of an extracellular regulation is the binding
of extracellular antagonist such as Grem1. Abbreviations: BMP, bone morphogenetic protein; BMPR, bone
morphogenetic protein receptor; Co-SMAD, common-mediator SMAD; GS domain, glycine—serine
domain; R-SMAD, receptor-regulated SMAD. Grem1, Gremlin. Adapted and modified from (67,68)

1.4.3 BMP4 Signaling Regulation

The BMP4 signaling can be regulated at various stages in their pathway. They can be
extracellularly regulated by the BMP4 ligand being inhibited by a number of BMP antagonist such
as the Noggin, DAN family members, the chordin family members, Twisted gastrulation (TSG)
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and Follistatin (69,74,75). These extracellular BMP antagonists such as Gremlin-1(GREM1)
function by preventing ligand-receptor interaction by binding to the BMP receptor or to the BMP
ligand itself. Another stage by which regulation can occur is via the distortion of BMP4 signaling
by plasma membrane bind proteins such as the pseudo-receptors known as BMP and Activin
Membrane Bound Inhibitor (BAMBI) (67,74). In addition, Cysteine Rich Transmembrane BMP
Regulator 1 (CRIM 1) affects the actions of BMP4 signaling by affecting the ligand processing of
the BMP4 in the Golgi compartment (74).

Intracellularly, BMP4 signaling can be regulated by inhibitory SMADs (I-SMADSs) which includes
SMADG6 and SMAD7. SMAD 6 and SMAD? is known to have similar structure with R-SMADs
and SMAD4. SMADSG is known to compete with SMAD4 hence preventing the active complex
formation of SMAD4 with receptor-activated SMAD1 whiles SMAD7 competes with R-SMAD
(76). R-SMAD degraded by proteasome mechanism by SMURF1 and SMURF2 also inhibits BMP
signaling (76,77).

1.5. GREMLIN - BIOLOGICAL FUNCTIONS OF A BMP ANTAGONIST

Gremlin-1 (GREM1) also known as downregulation by mos (Drm) is a 20.7 kDa protein with 184
amino acid that has been mapped to the human chromosome 15913-q15(78)t (78,79).
Identification of GREM1 was first observed when it was isolated from a v-mos- transformed rat
fibroblast cell line which was only present in the normal fibroblast but not the oncogenic
fibroblast (80). GREML1 exists as a cell — associated (on external cell surface) and secreted form
(within endoplasmic reticulum - Golgi compartments) and with regards to protein analysis they
are present in glycosylated and non-glycosylated form. The glycosylated form is usually slow in
migration as compared to the non- glycosylated form (81,82). Despite its molecular weight of
20.7kDa, GREM1 has a molecular weight between 20-30 kDa during protein analysis such as
immunoblotting as a result of its post translational modification such as phosphorylation and

glycosylation (79-81) .

GREM1 belongs to BMP antagonist family known as the DAN family which have eight member
ring with regards to the size of cysteine-knot (60,78,79). It performs its BMP antagonistic activities
by binding to BMP2, BMP4 and BMP7 preventing ligand — receptor interaction to activate their
signaling via SMAD (79,83). Aside its BMP antagonism activity, GREM1 also have other
signaling capabilities independent of the BMP antagonism (Figure 1.8)(67). GREML1 also plays a
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critical role in early development with regards to embryo patterning and limb development and
tissue — specific differentiation (81). Due to its significant role in development, Mice that have
GREM1 knockout (GREM1-/-) have been associated with deficiency in growth, skeletal

phenotype and in some cases failure to complete development of kidney and lung septation with
its associated outcomes (84,85).
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Figure 1.8: Mechanisms of Grem1 signaling in cells

A) Prevention of BMP signaling and gene expression by Greml dimers binding to BMP dimers and
prevents the BMP ligand from binding its receptor. B) Grem1 promotes angiogenesis in endothelial cells
by binding to Vascular Endothelial Growth Factor Receptor 2 (VEGF?2). This response requires both ofs
integrin and Heparin sulphate proteoglycan. C) Grem1 using an unidentified mechanism activates cancer
cell invasion and proliferation. D)Grem1 inhibits monocyte chemotaxis by binding to slit1/2 to facilitate
their binding to Robo receptor. E) Grem1 associates with fibrillin microfibrils leading to slug expression
that triggers epithelial mesenchymal transition and mesothelioma cell survival. F) Greml prevents
secretion of matured BMP4 by binding to BMP4 precursor proteins. Adapted from(67).

GREML1 has been associated with many activities that are detrimental to human health such as
fibrotic disease which includes Diabetes nephropathy, immune glomerulonephritis, chronic
allograft nephropathy, human idiopathic pulmonary fibrosis among others (83). For instance,
GREML1 gene is upregulated in response to TGF- B in renal dysfunction and human chronic kidney
disease (82). A study on GREML1 association with Epithelial Mesenchymal Transition found out
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that GREM1 activates SMAD 2/3 signaling pathway similar to TGF- B since both belong to the
cysteine knot superfamily and this induced EMT in tubular epithelial cells which could be linked

to renal fibrosis (82).

Oncogenic roles has been linked also with GREML1 as it has been shown to be overexpress in
several human tumor such as cervix, ovary, lung, kidney , colon , pancreases and breast (86,87).
An attribute of the oncogenic role was shown by increment in cell proliferation of normal lung
fibroblast and epithelial cell lines after they have been transfected with GREM1 (88). In addition
to its cell proliferation capabilities, GREML1 transfected into a human lung adenocarcinoma
epithelial cell line (A549 cells ) increased their migration and invasion (87). Angiogenesis, a
hallmark of cancer has also been found to be initiated by GREML1 in a BMP independent manner
(89,90). Vascular endothelia growth factor, a proangiogenic factor known to modulate
angiogenesis belongs to the same cysteine knot family that Grem1 belong to. As a result of this,
VEGF and GREM1 may have similarities in their structures and/or function. This similarities was
proven when a study reported GREM1’s ability to function as an agonist and bind to vascular
endothelial growth factor receptor-2 (VEGFR2) to activate the VEGF-mediated angiogenic
signaling pathway (90).

1.6 BREAST CANCER MOUSE MODEL - BALB/CFC3H

In order to understand mechanisms such as signaling pathways leading to breast cancer and its
fetal metastasis, many forms of mouse model systems has been established to aid in research in
respect to that (91,92). Mouse model studies has given us better insights into molecular pathways
that leads to tumorigenesis and metastasis. Mouse models thus can be said to be more efficient in
comparison to tissue and cell cultures studies which gives operative with single cells as it
incorporates the complexity of the various organ and cells and other physiological status that can
be related more in humans system (93). The mouse model also enables the study of cells in vivo
in mice with a functional immune system as there is evident of role of the immune systems in the

initial stages of breast cancer and metastasis (94).

One of such model to be currently use in this study that plays a fundamental clinically role in
examining breast cancer metastatic progression is the 4T1 breast cancer mouse model. It consists
of several isogenic tumor lines which has different propensity of metastatic phenotype generated

from a spontaneous mammary primary tumor in a BALB/cfC3H mouse after injection into the
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mammary gland of the mice (Figure 1.8) (95,96).
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Figure 1.9: BALB/cfC3H breast cancer mouse model.

All the five cell lines form primary tumors when implanted back into a BALB/c mouse, but they have
different metastatic propensity (95,96).

Some mouse model studies including the 4T1 model with regards to metastasis have their shortfalls
as they cannot be used for complete metastasis studies (97). This is as a result of it not covering
all the requirement step in establishing metastasis as mostly the invasion and intravasation steps
are omitted by tumor cell injection directly into circulation through the tail vein as seen in this

present 4T1 mouse model (97)
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2.AIM

Previous studies have shown that tumor cells exist in an interrelation network with stroma cells,
including fibroblasts. The interrelation between the tumor and stromal cells are the key players
which allows the microenvironment surrounding the tumor to co-evolve into activated state
through continuous autocrine and paracrine communication. The communication forms a complex
signaling network leading to tumor progression and metastasis (31,33-35,39). The tumor ability
to communicate and reprogram stroma cells in their favor likely varies from tumor cell to tumor
cell. Some tumor cells have higher propensity in attracting and polarizing stroma cells than other
and the concept behind that is not completely understood.

To understand this process, the 4T1 mouse mammary tumor model was chosen, which consists of
five cell lines isolated from the same primary tumor. All five cell lines form primary tumors when
injected into BALB/c mice, but have different metastatic ability. It was therefore aimed to get a
better understanding of interplays between the 4T1 mouse mammary tumor model and stroma cells
that attributes to their different metastatic potential. The main hypothesis is that the breast cancer
cell lines which can leave the primary tumor (168FARN, 4TQ7, 66cl4 and 4T1) are better equipped
to attract and/or polarize and communicate with stroma cells than the non- metastasizing 67NR

cell line.

The overall hypothesis was divided it into several working hypotheses. Firstly, if the main
hypothesis is valid, it would be expected that tumors of the metastasizing 66cl4 cell line contains
more fibroblasts than primary tumors formed by the non-metastasizing 67NR cell line. The
hypothesis was tested by analysis of fibroblasts markers in the RNA-sequencing data of 66cl4 and
67NR primary tumors.

Secondly, if the metastatic cell line 66c¢l4 differ from the non-metastatic cell line 67NR in their
ability to recruit and/or polarize fibroblasts, this may be due to differences in secreted chemokines
and cytokines. Tumor associated fibroblasts can be regulated by a multitude of different signaling
compounds, including members of the TGF-f super family. Many of these signaling molecules
are tightly regulated to maintain cellular homeostasis. Thus, the RNA-sequencing data of 66cl4
and 67NR was analyzed for differences in the expression levels of selected chemokines and
cytokines; in particular members of the TGF-f super family and selected antagonists. If expression
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of some of these chemokines/cytokines is important for recruitment and/or polarization of
fibroblasts one could expect a direct correlation between high expression levels of these
chemokines/cytokines and poor prognosis in breast cancer patients. To test this hypothesis, two
online databases (BreastMark and Kaplan-Meier plotter) were used to analysis such a possible

correlation.

Finally, based on the findings of the RNA-sequencing data and database analysis, two cytokines
were selected. The effect of the cytokines on the tumor cell lines and different types of fibroblasts
was tested in vitro. The interaction of tumor cells and fibroblasts was also studied in vitro by the
help of transwell cell culture inserts and conditioned medium. These methods were used to mimic

some aspects of the interaction between tumor cells and fibroblasts in a primary tumor.
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3. METHODOLOGY

All methods used in this study were standardized methods which have been used in various studies.
Slight modification might apply to some as this was done to suit the cells and condition related to

the work.

3.1 TRANSCRIPTOM ANALYSIS OF 66CL4 AND 67NR OF THE 4T1 BREAST
CANCER MODEL

To get better understanding of mechanisms such as signaling pathways leading to breast cancer
metastasis, the 4T1 breast cancer model was used. Transcriptome analysis of the second aggressive
metastatic cell line 66cl4 and the non-metastatic cell line 67NR of the 4T1 breast cancer model
has been carried out. The sequencing was carried out at Norwegian University of Science and
Technology (NTNU)  faculty of medicine Genomics Core Facility (GCF)
(http://www.ntnu.edu/dmf/gcf) and bioinformatics was spearhead by a group led by is Prof. I.
Skotheim. RNA-sequencing data were produced from RNA isolation of three replicates of the
66c¢l4 and 67NR cell line in culture, seven primary tumours 66¢l4 and four primary tumours for
67NR. A total of 23,965 genes were generated from the RNA-sequencing. Quality check of the
sequence showed that the individual sequenced samples had between 85% and 92% of the
sequence reads to the mouse genome allowed. The mapped reads with multiple hits to the genome
accounted for between 4.71% and 6.76%. These outcomes indicated that the quality of the RNA-
sequencing data is high with no contamination in the sequence. Differential analysis was then
carried out using the cufflinks software. The Fragment per kilobase of exon per million reads
mapped (FPKM) values were then assigned to all the 23,965 genes based on University of
California Santa (UCSC) genome mouse mml0 assembly (https://genome.ucsc.edu/). A
comparison done for both the primary tumors and cell lines showed 534 genes were highly
expressed in the metastatic 66¢l4 phenotype than 67NR while 548 genes were highly expressed in
67NR in comparison to 66c¢l4. Also comparison of 67NR versus 66cl4 cell lines in culture and
67NR versus 66c¢l4 primary tumor was done to obtain Log. value and p-value. Log> value was the
expression difference between primary tumours or cell lines in culture from 67NR and 66¢l4

whiles p-value was obtained via student t-test.
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3.2 GENE CORRELATION WITH PROGNOSIS ANALYSIS

Databases have been established that enables researchers to associate genes, various markers and
other factors relevance to clinical outcome for various cancer. In this current study, Kaplan —Meier
plotter and BreastMark database have been used. Both enables us to compute the survival
outcomes of breast cancer patients over time taking into consideration the event that has been

entered.

3.2.1 Kaplan-Meier (KM) Plotter Analysis

The prognostic property of relevant genes associated with breast cancer and fibroblast was
analyzed using Kaplan-Meier Plotter (http://kmplot.com/analysis/). The KM plot is a database that
integrates gene expression data and clinical data with sources obtained from Gene Expression
Omnibus (GEO) (Affymetrix microarrays only), European Genome-phenome Archive (EGA) and
The Cancer Genome Atlas (TCGA)(98). KM Plotter currently contains information on 22,277
genes (54,675 probe sets) and their effect on survival in 4,142 breast cancer patients with mean
follow-up of 69months (98). This meta—analysis based biomarker incorporates both gene
expression data and clinical data and assesses the candidate gene of interest by splitting the patient
samples into two groups. The two patient groups which are representative of higher and lower
expression levels were compared by the KM plot. The plot then computes hazard ratio with 95%
confident intervals and p-value from log rank test. The analysis was done with the Jet Set probes
that recognized the genes of interest.

3.2.2 BreastMark Analysis

BreastMark Analysis was also used to analyze the prognostic property of relevant genes as done
with the Kaplan Meier plotter analysis to serve as confirmation since both have different
assessment of data. Gene of interest was checked in total cancer and several subtypes such as
luminal A, luminal B and Basal. BreastMark integrates gene expression microarrays and clinical
data that is correlated with clinical outcomes. BreastMark currently incorporates gene expression
and survival data from 26 datasets from 12 different microarray platforms. This leads to a total of
approximately 17,000 genes in 4738 samples (16,99).
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3.3 CELL CULTURE

3.3.1 Cell lines and Primary cells

Below are the various cell lines and primary cells that were incorporated in this current study. All
the cell lines and primary cells were cultured in Dulbecco’'s Modified Eagle's medium (DMEM)
(Sigma-Aldrich, D5796) supplemented with 10% Fetal Calf Serum (FCS) (Gibco, Life
Technologies 10270-106), 1X L-Glutamine with stock concentration of 200mM (Lonza, DE-17-
605E) and 1X Penicillin/streptomycin with stock concentrations 5000 units/mL of penicillin and
5000 pg/mL of streptomycin. (GIBCO, Invitrogen 15070-063). Cell lines and primary cells were
all incubated at 37°C in 5% CO,

4T1 breast cancer mouse model cell lines

The 4T1 breast tumor model comprised of different isogenic cell lines, was obtained from Barbara
Ann Karmanos Cancer Institute. The cell lines include 67NR that is non-metastatic, the weakly to
moderately metastatic 168FARN, 4T07 and 66¢l4 and the highly metastatic 4T1 lines

Mouse embryonic fibroblast (MEF)

MEFs were obtained from Noboru Mizushima laboratory and the maximum passage number used

in this work was twenty.
Isolation of primary fibroblasts from the lungs and skin of BALB/c mice

The isolation of the fibroblast was carried out as described by Seluanov and colleagues with slight
modification (100). Lung and skin tissues were harvested aseptically from BALB/c mice and
transferred into Dulbecco's phosphate buffered saline (DPBS) (Sigma-Aldrich, D8537) on ice
which was then transported from the animal facility to the Laboratory. The lung and skin tissues
were then sliced into about 1mm pieces using sterile blade and then transferred into 4ml and 8mi
digestion solution respectively. The digestion solution was made up of equal amount of
collagenase (Worthington, LS002592, 750 U/ml) and hyaluronidase (Worthington, LS004154,
750 U/ml). Digestion was carried out for a total of 50mins at 37°C with gentle rotation and making
sure to check on it every 10mins after 30mins. This was to ensure that the lung and skin tissue was
not over digested. A complete digestion was identified by the sticky nature of the minced tissue.
The digestion process was seized by transferring the mixture into a 50ml tube and then topping it

up to the 50ml mark with medium. The obtained solution was then span at 1500rpm for 5mins,
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supernatant removed and then pellets re-suspended into 30ml medium. This process was repeated
thrice with the final pellet suspended into fresh DMEM and transferred into 10cm tissue culture
dish. The incubated cultured dish was checked on every day for adhering and proliferating
fibroblasts. Fibroblast was seen to emerge from the various tissue usually from the third day which
was a bit longer for the skin tissue. The cells were then sub-cultured at about 80% confluence and
used directly seeded out for experiments. All lung and skin fibroblasts used did not go beyond two

passages.

3.3.2 Sub-Culturing of Cell lines and Primary cells

Cells were sub-cultured at 80-90% confluence by firstly removing the respective growth medium
by aspiration. The cells were washed two times with DPBS for cell lines and three-five times for
primary cells to ensure that all trace of medium with serum has been removed. Trypsination was

then used in splitting the cells to their appropriate split ratios.

3.3.3 Recombinant mouse BMP4 and GREML1 activities in cultures

Recombinant mouse (Rm) BMP4 (R&D systems, 5020- BP) and rmGREM1 (R&D systems, 956-
GR) were used on MEFs and the five cell lines of the 4T1 breast cancer mouse model (67NR,
168FARN, 4T07, 66cl4 and 4T1) to determine their responses. Cells were seeded in accordance
to the experimental plan and were cultured for 24-48hrs until they were treated with the appropriate
recombinant agent at about 80-90% confluence. RmBMP4 was given to cells for a duration of
30mins whiles rmGREML1 for a duration of 1hr

3.3.4 Transwell cultures

Transwell-culture of MEFs with the five cell lines of the 4T1 breast cancer models cancer cells in
transwell system was also used to study interactions between fibroblast and tumor cells. The
transwell plate was prepared by adding the appropriate volumes of medium to the multiple wells
and then incubated for an hour in order to aid cell attachment. MEFs were grown in the bottom of
a 6-well plate in 2.6 ml medium and the various five tumor cell lines were seeded in 1.5 ml of the
same medium on the 0.4-um polyester membrane transwell insert (Corning, 3450) (Figure 3.1).
The cells were allowed to grow for 48hrs upon which the appropriate treatment pertaining to the

experiment planned are carried out.
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Figure 3.1: Overview of transwell setup

The transwell consists of two chambers separated by 0.4um polyester membrane. The MEFs were placed
on the bottom of the lower chamber while the tumor cells were placed on the membrane of the upper
chamber. Adapted and modified from (101).

3.3.5 Condition medium (CM) treatment on cells

Condition media were prepared by growing the appropriate cells and the media was collected on
the third day. The cells were usually about 80-100% confluent on the third day when the media
was collected. The cultured medium was cleared up by centrifugation at 1500rpm for 5mins and
then filtered through 0.2um filter. The condition medium was aliquoted and stored at -20°C until
usage. The CM was treated on cells at a concentration of 50% or 100% depending on the
experiment set up. The incubation time for the CM was usually 1hr unless otherwise stated.

3.4WESTERN BLOT

In this current study, Western blotting was used to determine the protein levels of BMP4, GREM1
and p-SMAD1/5/9 for various experiment. Western blotting also referred to as immunoblotting
was introduced by Towbin, et al. in 1979 (102). It is a protein analysis technique which enables
one to identify specific protein of interest from a pool of protein mixture extracted form cells.
Western blotting enables one to obtain qualitative and semi quantitative data about the protein of
interest. The technique involves four major steps in accomplishing the task. The first step is the
separation of the macromolecules by size using gel electrophoresis. This involves the denaturing
of the proteins to introduce a negative charge on the protein which migrates to the anode during
the electrophoresis. The second step is electro-transfer of the proteins to a second matrix.(103,104)
This second matrix is usually a nitrocellulose or polyvinylidene fluoride (PVDF) membrane. The

membranes are then blocked to prevent nonspecific binding of antibody on the membrane and thus
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increasing the signal-to-noise ratio. The proteins are then detected on the membrane by incubation

of primary and secondary detection reagents (103,104).

3.4.1 Cell harvesting and protein concentration

Cells seeded in the 6-well plate or transwell that are confluent or that have been successfully treated
as described in the previous section were harvested by initially washing with sterile DPBS. The
cells were then lysed by adding 40pl of 8M Urea lysis buffer for 6-well and 35l for transwell
insert. The lysis buffer comprised of 8M Urea (Sigma Aldrich, U4883) and 0.50% triton X-100
(Sigma Aldrich, T8787) prepared in MilliQ water in addition with 0.1M Dithiothreitol (DTT)
(Sigma Aldrich, 43816). Complete protease inhibitor cocktail (1X) (Roche, 11873580001) and 2X
phosphatase inhibitors cocktail (PIC) 2 &3 (Sigma Aldrich, P4726 & P0044) was also added to
make up the lysis buffer. The cell cultures were then scarped and the cell lysates were transferred
into appropriated labeled 1.5ml Eppendorf tubes. The tubes were vortexed three times for 15secs
after which it was centrifuged at 13000rpm for 15mins at 4 °C (Eppendolf, Centrifuge 5427R) and
supernatants of the cell lysates collected into a newly labeled 1.5ml Eppendorf tubes.

The concentration of the total protein extract was determined by Bio-Rad protein assay. The Bio-
Rad solution was prepared by diluting 1 part Bio-Rad concentrated (Bio-Rad laboratories 500-
0006) with four parts of distilled water. The protein extracts were diluted 1:1000 with the Bio-Rad
solution with the lysis buffer being used as blank. The obtained sample mixture was mixed and
incubated at room temperature for 10mins shielding it from light. Visible Spectrophotometer
(Thermo Scientific, Genesys 20) was used to measure the absorbance of the samples at 595nm and
the protein concentration was calculated. Protein extract were stored at -80°C when not in use or

were worked on immediately.

3.4.2 Gel electrophoresis and transfer of protein

Equal protein concentration for all samples to be run on a particular gel was obtained by
appropriate protein sample dilution with 10mM Tris-HCI. The diluted sample was then mixed with
4X Lithium Dodecyl Sulfate (LDS) sample buffer (NuPage, Life Technologies, NP0007) and 1M
DTT in the ratio 5:1. The samples were then incubated at 80°C on heating block (VWR Digital
heatblock) for 10mins to denature the protein. The ladder was prepared by mixing Odyssey two-
color protein molecular weight marker (IR dye 4000, LI-COR Biosciences, 928-40000) with

loading mix. The loading mixed comprised of LDS and 10mM Tris-HCL mixture in 1:4 ratio.
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Equal amount of protein samples were loaded and separated in NUPAGE® 4-12%, 10% and 12%
gradient sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels
(NUPAGE®, Novex, NP0335BOX, NP0321BOX, NP0341BOX, NP0302BOX) using a MOP
buffering system (NUPAGE Life Technologies, NP0001-02) (Appendix I) for 1hr at 200V.

Following gel electrophoresis, proteins were transferred to membranes using the electrophoretic
transfer method also called electroelution transfer method. The electrophoretic transfer involved
placing the 0.45 um pore size nitrocellulose membrane (GE Healthcare Life Sciences, 10600016)
and PDVF (EMD Millipore Immobilon, IPVH304F0) in direct contact with the polyacrylamide
gel supporting it with blotting pad together with filter paper (Figure 3.2). This was sandwiched
between two electrodes and submerged into NUPAGE 20X transfer buffer (ThermoFisher
Scientific, NP0006-1) (Appendix I). The transfer was carried out at 30V for 1hr (Invitrogen,
PowerEase 500).

“1 e Gel
¥ = Transfer Membrane
e pis Filter paper
Siim . Blotting pads
: T Support Grid

Transfer sandwich

Buffer tank

Anode (+)

Electrodes

Cathode(-)

Direction of
Transfer

Figure 3.2: Electrophoretic transfer method setup overview.

This illustrates how proteins are transferred from gel matrix to nitrocellulose or PDVF membrane
using wet (Tank) transfer. The highlighted insert shows the “transfer sandwich” that consist of the gel,
transfer membrane, blotting pads and filter papers. Electrical current subjection results in protein transfer
from gel to the membrane. The entire set up is placed on ice throughout the entire transfer. Adapted and
modified from (103).
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3.4.3 Membrane blocking and immunostaining

The membrane was then blocked with Odyssey blocking buffer (LI1-COR Biosciences, 927-50000)
prepared at a 1:1 dilution with Tris Buffered saline with Tween-20 (sigma, P1379) (TBS-T) for
1hr on a roller mixer (Stuart, SRT6D) at 50rpm. Afterward, it was incubated overnight with
primary antibody per specific dilutions (Table 3.1). To remove unbound primary antibody and
reduce background, the membrane was washed with TBS-T (Appendix 1) 3 x 10mins on a roller
mixer at 50rpm after staining with the primary antibodies. The membrane was then stained with
labelled secondary antibody (Table 3.2) after which the membrane was washed with Tris Buffered
saline (TBS) for 3x10mins. Infrared fluorescence of the secondary antibody, representing the
amount of the protein of interest, was quantified using ImageStudio. To correct for concentration
variation in each sample lane, detected proteins of interest were normalized with loading controls
(Table 3.1) which were expressed in all cells. After developing, the membrane was visualized with
Odyssey CLx infrared imaging system (LI-COR Biosciences, USA) and Image Studio software.

Table 3.1: Primary antibodies for Western blot staining

Host — Antibody

Antigen type Size (kDa) Manufacturer Dilution
p-SMAD 1/5/9 Rabbit mAb 60 Cell Signaling (9511) 1:1000
GREM1 Rabbit pAb 21 Abcam (ab189267) 1:1000
BMP4 Mouse mAb 47 Abcam (Ab93939) 1:1000

Vimentin Progen
(loading control) Guinea Pig 57 Biotechnik(GP57) 1:1000

Beta Actin

(loading control) Mouse mAb 42 Abcam (ab6276) 1:5000
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Table 3.2: Secondary antibodies for Western blot staining

Manufacturer

Secondary Antibody (L1-COR Biosciences) Dilution
Goat anti-guinea pig 1gG - IRDye 800 925-32411 1:5000
Goat anti-mouse IgG - IRDye 800 925-32212 1:5000
Goat anti-rabbit IgG - IRDye 800 925-32213 1:5000
Goat anti-guinea pig 1gG - IRDye 680 925-68077 1:5000
Goat anti-mouse IgG - IRDye 680 925-68072 1:5000
Goat anti-rabbit IgG - IRDye 680 926-68073 1:5000

3.5 ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA)

ELISA was used in this study to determine GREML1 antigen in supernatant solutions of various
samples to confer if GREML is secreted by that samples. ELISA incorporates the specificity of
antibody to an antigen and vice versa. It is a very sensitive enzyme assay that involves usage of
antibodies or antigens coupled with enzymes used in the measurement of antigen and antibody
concentration (105,106). Sandwich ELISA was used in this study which involves the
immobilization of the specific antigen of interest. The sensitivity of the assay is based on the
amount of antigen immobilized. This particular assay requires two antibodies to detect the antigen
of interest. The primary is called the capture antibody whiles the secondary is called the detection
antibody(105).

3.5.1 Sample analysis using Sandwich enzyme-linked immunosorbent assay (ELISA)

Conditioned medium from cultured cells was analyzed for mouse GREML levels using kit from
DuoSet ELISA development systems an R&D systems product (Cat# DY956). Samples to be
analyzed were performed according to the manufacture’s instruction with slight modification. The
modification was the incubation time of the samples and standards which was modified from 2hrs
to overnight incubation at 4°C. After the whole assay was done and reactions stopped, the optical
density for each well was measured immediately at 450nm wavelengths using an iMark Microplate
Absorbance Reader (Bio-Rad, catalog #168-1130) with aid of Microplate Manager 6 Software
(Bio-Rad, catalog # 168-9520). The standard curve generated was usually a seven-point standard

curve with serial dilution having at least a high standard of 6000pg/ml (Appendix I1)

31



Methodology

3.6 CELL PROLIFERATION ASSAY

The effects of various treatment on the rate of growth of fibroblast was determined using cell
proliferation assay. Cell proliferation assay is accomplished by several methods but will be
restricted to the direct cell counting method and the use of Methylthiazolyldiphenyl-tetrazolium
bromide (MTT) method in this study.

3.6.1 Cell Counting Method

In this study, the automatically counting procedure using the Z1 Beckman counter was used.
Experiments were performed in 24-well plates with 8000 MEFs seeded per well. The cells were
incubated for about 4-6 hrs to allow the cells ample time to attach. Afterward, the cells were treated
with various conditions such as RmBMP4 and RmGREML as well as condition medium from the
various five cell lines of the 4T1 breast cancer cell model. The treated cells were then incubated
for 24hrs. For the counting, trypsination was used to detach the cells making sure all cells were
detached and in single colonies. The obtained cell suspension was then transferred into Eppendorf

tubes and counted using Z1 Beckman counter. Each cell condition was performed in triplicate.

3.6.2 MTT (Methylthiazolyldiphenyl-tetrazolium bromide) Assay

The principle of this colorimetric method is correlating the number of cells with the relative
metabolic activity of the cell MTT, a soluble yellow tetrazolium salt is reduced to its equivalents
such as NADH and NADPH as a result of metabolic activity of the cells by action of
dehydrogenase enzymes. The reduction leads to formation of intracellular purple formazan which

is dissolved and then quantified by measuring absorbance (107).

For the experiment using MTT assay, the optimal cell counts were first determined by seeding out
MEFs ranging between 250 — 12000 cells per well and then determining which of the cell number
will give an optimal absorbance whiles in the range of 80-100% confluent. This was achieved by
plotting the absorbance against the cell number (cell/ml) and then selecting the number of cells
that yield a higher absorbance without being over confluence within 48hrs. After establishing that,
MEFs were seeded using the optimal cell number and the experimental condition were run in
parallel of eight in a 96 well plate. The cells were incubated overnight to allow cell attachment.
The medium was carefully taken out and the various appropriated treatments in medium were
added to make up a volume of 200pl. The plate with the treated cells was then incubated for 24hrs

after which 20ul of the 5mg/ml MTT reagent (Thiazolyl Blue Tetrazolium Bromide, Sigma
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M2128) was added and again incubated for 4hrs at 37°C. An amount of 150l of the medium on
the cells was taken off after the 4hrs incubation, followed by addition of 100ul of the detection
reagent, acidic isopropanol (0.1N HCI in absolute isopropanol). The plate was then mixed on a
shaker for 1hr after which each well was pipetted up and down to ensure total dissolving of the
purple formazan. The optical density for each well was measured immediately at 570nm
wavelengths using an iMark Microplate Absorbance Reader (Bio-Rad, catalog #168-1130) with
aid of Microplate Manager 6 Software (Bio-Rad, catalog # 168-9520). All procedure during the
addition of MTT towards the end was done away from direct light.

3.7 xCELLigence REAL-TIME CELL ANALYZER (RTCA) MIGRATION ASSAY

Influence of soluble factors secreted from the five cell lines of the 4T1 breast cancer mouse model
on migration of fibroblast was to be determined. XCELLigence RTCA (ACEA bioscience Inc.)
was used to monitor cell migration in a real-time setting. The method involves correlating
impedance to the number of migrated cells (cell index). Thus, an increment in impedance is an
indication of increase in migration of the cells (108,109). As illustrated in Figure 3.3A, the Cell
Invasion and Migration plate (CIM plate) consists of two chambers: cells on upper chamber and
chemoattractant in bottom chamber. Cells migrate from the upper chamber through the micropore
membrane at the bottom surface of the upper chamber to the bottom chamber. The migration is as
a result of chemoattractant in the lower chamber and the impedance is measured when cells come
in contact and adhere to the gold microelectrodes attached to the bottom surface of the upper
chamber. The attachment interrupts the flow of electrons as a result of electric potential across the

electrons as described in Figure 3.3B which causes impedance (108,109).

In the RTCA migration experiments, the lower chamber was filled with chemoattractant that
consisted of both CM from the tumor cells and tumor cells itself. With regards to the cells, 67NR,
168FARN and 66cl4 were seeded at 10000cells/well. Medium used in this experiment contained
2% FCS with the exception of the positive control that contained 10% FCS. The various 20%
condition medium were prepared from lung fibroblast, skin fibroblast, 67NR, 168FARN and 66c¢l4
cultures. These cell suspension and condition medium were transferred in volume of 160pul to the
lower chamber as designated in duplicate. To validate the system, media supplemented with and
without FBS was used as controls. The lower chamber was then closed with the upper chamber

compartment which was then filled with 50ul of medium with 2% FBS. The plate was then placed
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in the RTCA DP instrument, allowed to stand for 30mins to allow cells to attach and for
equilibrium to be established. The background measurement was then done. Afterwards, 100ul of
lung/skin fibroblast seeded at 10000cells/well was added to the upper changer making sure to
avoid air bubbles. The chamber was then covered with the lid and allowed to stand for 30mins at
room temperature to allow settlement of the cells. The plate was then placed in the RTCA DP
instrument and the cell index was measured every 10mins for the total length of time.
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Figure 3.3: Overview of setup and mechanism of impedance measurement in RTCA migration assay.
A) CIM-plate details. The left image shows cross sectional view of the 8-wells of the CIM-plate. The right
image is an extended view of a single well showing both the upper and lower chambers. The bottom of the
upper chamber is made up of microporous membrane that the cells can migrate through. Underneath the
membrane is the gold microelectrodes that detects the presence of adherent cells. B) A side view of a single
well (upper chamber) before and after cells have been added to illustrate impedance measurement. The
bottom of the well contains a set of gold microelectrodes which when submerged in solution and powered
up creates an electric potential across the electrodes. Upon establishing the electric potential, electrons
move from the negative terminal to the positive terminal. However, when cells in solution become adherent
to the electrodes, they interfere with the electron flow and cause impedance. The magnitude of the
impedance is dependent on the number of cells that migrate. In contrast, the absence of cells leads to
electric current flowing freely through culture medium, completing the circuit between the electrodes.
Adapted and modified from (108,110).
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3.8 STATISTICAL ANALYSIS

Graph Pad prism 5 software was used in the statistical analysis. Data were expressed as mean +
standard error of mean (SEM) unless stated otherwise. For comparison of the differences between
different treatment and control, Student’s t-test and the statistical significance was determined by

the p-value. P < 0.05 is an indication of significance.
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4. RESULTS

The aim of this study was to get a better understanding of the interplay between 4T1 mouse
mammary tumor model and stroma cells that might attribute to their different metastatic potential.
The main hypothesis was that the breast cancer cell lines which can leave the primary tumor
(168FARN, 4T07, 66¢l4 and 4T1) are better equipped to attract, polarize and communicate with
stroma cells than the non- metastasizing 67NR cell line. In this respect, fibroblasts were used as
an important part of the stroma cells. RNA-sequencing data of the non-metastatic 67NR and
metastatic 66¢l4 tumors was analyzed for fibroblast markers and other cytokines. Relevant genes
expressed were tested for clinical relevance and outcomes in breast cancer patients with two online
databases (BreastMark and KM plotter). Finally, several interactions of tumor cells and fibroblasts
were also studied in vitro with focus on two relevant cytokines, BMP4 and GREM.

4.1 IDENTIFICATION OF PROMETASTATIC FACTORS IN TRANSCRIPTOM DATA
AND THEIR CORRELATION WITH PROGRNOSIS

In this section RNA- sequencing data analysis of marker and genes that might be attributed to the
different metastatic ability of 67NR and 66c¢l4 was identified. Relevant genes clinical relevance

was then checked to ascertain its importance.

4.1.1 CAF associated markers and genes are differently expressed in 67NR and 66cl4

Tumor growth is known to be dependent on interaction with multiples of cell types known
collectively as stroma cells (26-28). Transcriptome analysis of 67NR and 66c¢l4 has been done
previously in the group and this data can be used to identify candidates that may be involved in
the interplay of tumor cells and stroma. The group has also demonstrated the presence of stroma
cells in the 67NR and 66c¢l4 primary tumor of the 4T1 breast cancer mouse model. The unpublished

data showed approximately 40% of 66cl4 and 67NR primary tumors are made up of stroma cells.

CAF is a stroma cell that has been associated with production of autocrine and paracrine factors
that influences tumor growth and metastasis. To get a better view of the interplay of fibroblasts
and tumor cells in the 4T1 breast cancer model, markers and genes obtained from literature were
compiled and extracted from the transcriptome data of 67NR and 66¢l4 (Appendix I11). The genes
and markers included fibroblast markers (e.g. Vim, Fap, Fspl and Acta2), fibroblast activation

markers (e.g. Tgfbland Pdgfb), growth factors (e.g. Igf2, Hgf, Fgf2, Vegfa), proteases (e.g. Mmp
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and Plau) and other cytokines (e.g. Cxcl9, CxcL10, Cxcl12). To streamline the genes and markers
to those that were most informative, genes and markers that were expressed in primary tumors of
67NR and/or 66¢cl4 but were not expressed or significantly lower in cell culture were selected
(Table 4.1). This made it more probable that those markers are expressed in the fibroblasts in the
tumor. Smooth muscle alpha-actin (Acta2), Platelet-derived growth factor receptor alpha (Pdgfra)
and Platelet-derived growth factor receptor, beta (Pdgfrb) were the three fibroblast markers that
met the criteria and were selected out of the six identified. Acta2, Pdgfra and Pdgfrb were all
upregulated in primary tumors from 66cl4 cells compared to 67NR induced primary tumors. This
suggested that the metastatic cell line had a higher propensity in recruiting fibroblasts than the
non-metastatic cell line 67NR.

Table 4.1: Transcriptome Data - CAF associated marker and gene mRNA expression in 66cl4 and
67NR tumors

Where Log, = Log2(66¢l4 /67NR). This indicates the differential expression between 66c¢l4 and 67NR of
either the cell line or tumor. A positive number indicates higher expression in 66cl4 whiles a negative

number indicated higher expression in 67NR. p-value= p-value from t-test of the comparison of 66cl4 and
67NR in the cell lines or tumor

Comparison of cell lines Comparison of primary tumors

Gene 66cl4 67NR Log2 p-value | 66¢cl4 67NR Log2 p-value

Acta2 0.02 0.00 272 1.0000 | 8.73 346 134 0.0002
Pdgfra 401 1425 -183 0.0001 | 60.65 28.86 1.07 0.0002

Markers | pugfib | 587 413 051 00001 | 2758 624 214  0.0002

Cxcll2 |143.02 31.62 2.18 0.0001 [205.08 75.16 145 0.0002
Activation | Tgfbl 18.74  3.16 257 0.0001 | 4465 2464 086 0.0002
Markers Pdgfb 1.11 0.01 7.40 0.0042 | 8.54 526 0.70 0.0005

Plau 0.01 0.02 -0.89 10000 | 5162 27.86 0.89 0.0002
Mmp3 3.83 2123 -247 0.0001 | 68.83 38.26 0.85 0.0002
Proteases Mmp9 0.97 0.18 244  0.0001 | 33.53 1420 1.24 0.0002
Mmpll 3.15 0.79 200 0.0001 | 11.77 166 2.82 0.0002

Vegfa 1434 1912 -041 0.0016 | 16.64 2496 -0.58 0.0010
Growth | Fgf2/bFgf | 0.01 124 -6.96 0.0001 | 0.14 192 -3.80 0.0045
Factors Igf2 0.20 0.09 123 0.0001 | 3.21 093 1.78 0.0002
Pdgfc 0.06 113 -417 0.0001 | 3.41 596 -0.81 0.0002

Sparc 161.94 557.21 -1.78 0.0001 |424.48 629.78 -0.57 0.0016

Others | xclo | 004 002 092 10000 | 1344 2955 -114 0.0002

36



Results

CAFs are required to be activated in order to perform functions such as ECM degradation that
could promote breast cancer growth and metastasis. After observing the higher expression of
fibroblast markers in metastatic 66¢l4 as compared to 67NR in primary tumor, we next looked at
the fibroblast activation markers. The fibroblast activation markers Chemokine (C-X-C Motif)
Ligand 12 (Cxcl12), transforming growth factor (Tgf-47) and Platelet derived growth factor B
(Pdgfb) selected were all higher expressed in 66¢l4 than 67NR tumors. This means that 66cl4 do
not only seem to recruit more CAFs in comparison with 67NR but they might activate them
through an autocrine/paracrine means by Cxcl12, Tgf-#/ and Pdgfb. Cxcl12 is also known as
stromal cell-derived factor 1 (Sdf1), aside being a fibroblast activation marker, and has been shown

to recruit bone marrow- derived cells to promote tumor growth (53).

Upon activation, CAF mediate direct and indirect tumorigenesis and tumor progression through
secretion of several growth factors (30). Proteins that function in promoting the growth of cancer
cells such as Fibroblast growth factor 2 (Fgf), Platelet derived growth factor C (Pdgfc) and Insulin-
like growth factor 2 (Igf2) (38,111) were found to be higher expressed in the non-metastatic 67NR
in primary tumor than 66¢l4 with the exception of Igf2 that portrayed a high expression in 66cl4
as compared to the 67NR. Vascular endothelial growth factor A (Vegfa) that stimulates
angiogenesis (111) however, was highly expressed in 67NR as compared to 66cl4.In addition,
proteases secreted by CAFs that function in the distraction of ECM, an indicator that aids in tumor
invasion and metastasis (29,31) were also selected. The proteases plasminogen activator urokinase
(Plau), matrix metalloproteinase-3 (Mmp3), Mmp9 and Mmp11 were highly expressed in 66c¢l4 as

compared to 67NR in primary tumor.

Based on these results, it can be speculated that fibroblasts contribute to the metastatic ability of
66¢l4 since the majority of CAF associated markers and genes were highly expressed in 66c¢l4 as
compared to 67NR. To better understand why fibroblasts were recruited more and activated in
66¢cl4 as compared to 67NR, fibroblast activation markers was further investigated. CAFs are
functional in promoting breast cancer progression and metastasis upon their activation. Since CAF
are known to be majorly activated by Tgf-B1 (37,41,43,45), TGF-B superfamily was then

investigated.

37



Results

4.1.2 Bmp4 is highly expressed in 66¢cl4 on mRNA level

The TGF-B superfamily is made up of the TGFBs, NODAL, activins, bone
morphogenetic proteins (BMPs), growth and differentiation factors (GDFs) and anti-Mdllerian
hormone(AMH) (70). From the transcriptome data it was noticed that among the Tgf-f subfamily,
Bmp4, Tgf-p1,2&3, Inhba and Gdf15 were the only ones that were significantly expressed in both
the cell lines and primary tumors (Table 4.2). Bmp4 and Tgf-#/ had the highest expression
amongst them which were higher expressed in 66cl4 than 67NR. It was observed that Bmp4 was
upregulated in the cell lines than the primary tumors. Tgf-#/ was also noted to be significantly
elevated in the 67NR tumor compared to the same cells grown in culture making this factor more
difficult to follow in further experiments. Therefore, Bmp4 was selected and the clinical relevance

checked, before studying this cytokine in more detail.

4.1.3 BMP4 correlation with breast cancer prognosis

We verified the clinical significance of BMP4 to patient survival by obtaining a prognosis curve
for breast cancer patients (n=4142) (Figure 4.1) using Kaplan Meier (KM) plotter (98,112). The
Affymetrix ID was 211518 (BMP4). BreastMark was also use to determine the clinical
significance of BMP4(Figure 4.2). The cutoff point used in determining clinical significance was
Hazard Ratio (HR) > 1.2 and HR < 0.83. High expression of BMP4 with HR > 1.2 and a p-value
<0.05 is associated with poor clinical outcome. On the other hand, high expression of Bmp4 with
HR < 0.83 and a p-value <0.05 is associated with good prognosis. From the KM prognostic curve,
it was observed that BMP4 mRNA expression was not correlated to prognosis with respect to
Overall Survival (OS), Relapse Free Survival (RFS), Distant Metastasis Free Survival (DMFS)
and Post Progression Survival (PPS) (Figure 4.1).
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Table 4.2: Transcriptome analysis showing significant upregulation of Bmp4, Tgf- p1 and Tgf- g3
in 66cl4 compared to 67NR among the Tgf- B superfamily

Where Log, = Log2(66¢l4 /67NR). This indicates the differential expression between 66cl4 and 67NR of
either the cell line or tumor. A positive number indicates higher expression in 66¢l4 whiles a negative
number indicated higher expression in 67NR. p-Value= p-value from t-test of the comparison of 66cl4 and
67NR in the cell lines or tumor. Abbreviation: Bmp — Bone morphogenetic protein, Gdf- Growth
differentiation factors, Tgf- g -Transforming growth factor beta, Inhb- inhibin beta/Activin.

Comparison of cell lines Comparison of primary tumors
Gene 66cl4 | 67TNR | Log2 | p-value 66cl4 | 67NR | Logz | p-value
Bmp2 0.0 0.0 0.00 1.0 2.2 0.8 152 |0.0
Bmp3 0.0 0.0 -1.16 | 1.0 0.1 0.1 001 |10
Bmp4 474 0.0 10.75 | 0.0038 38.8 0.4 6.58 | 0.00020
Bmp5 0.0 0.0 3.36 1.00 0.2 0.0 239 | 1.0
Bmp6 0.0 0.0 1.41 1.0 0.2 0.1 069 |10
Bmp7 0.0 0.0 1.32 1.0 0.1 0.0 2.13 | 1.0
Bmp8a 0.0 0.0 1.74 1.0 0.0 0.0 1.61 | 1.0
Bmp8b 0.0 0.0 -0.10 | 1.0 0.0 0.0 -1.27 | 1.0
Bmpl0 0.0 0.0 -1.04 |10 0.0 0.0 -2.34 |1 1.0
Bmpl5 0.0 0.0 0.00 1.0 0.0 0.0 -1.44 110
Gdfl 0.0 0.0 -223 |10 0.1 0.0 256 | 1.0
Gdf10 0.0 0.0 0.00 1.0 0.1 0.0 1.19 | 1.0
Gdf11 10.6 | 8.0 0.40 0.0054 6.0 6.8 -0.16 | 0.6
Gdf15 0.0 1.3 -4.77 | 0.00048 0.5 2.7 -2.34 1 0.0
Gdf3 0.0 0.0 0.00 1.0 0.4 0.3 0.61 |03
Gdf5 0.8 0.0 7.20 0.31 0.1 0.0 296 | 1.0
Gdf6 0.0 0.0 0.00 1.00 0.0 0.0 -049 | 1.0
Gdf7 0.0 0.0 0.39 1.0 0.1 0.0 3.79 |10
Gdf9 0.0 0.2 -2.02 |10 0.3 0.3 -0.06 | 0.9
Tgfbl 18.7 |3.2 2.57 0.00012 | 44.6 24.6 0.86 | 0.00020
Tgfb2 0.4 0.1 2.63 0.00012 0.6 0.1 2.99 | 0.00020
Tgfb3 1.9 6.7 -1.78 | 0.00012 26.8 12.7 1.08 | 0.00020
Inhba 3.7 1.9 0.95 0.00012 3.6 1.4 1.38 | 0.00055
Inhbb 0.0 0.0 -0.13 | 1.0 4.9 7.5 -0.61 | 0.00055
Inhbc 0.0 0.0 -1.72 |10 0.0 0.0 -2.27 |1 1.0
Inhbe 0.0 0.0 0.76 1.0 0.0 0.0 1.25 | 1.0
Nodal 0.0 0.0 0.00 1.0 0.0 0.0 1.84 | 1.0

BreastMark (Figure 4.2) also showed that BMP4 mRNA expression was not correlated to
prognosis with whole cancer with HR =0.8801(0.7819-0.9991) and p-value=0.26. However high
expression of BMP4 was associated with good prognosis with lymph node negative breast cancer
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patient with HR =0.7793(0.603-0.9034) and p-value=0.02009. It is also important to note that lymph

node positive patient and breast cancer tumor subtype luminal A, luminal B, basal and Her2 did

not correlate BMP4 mRNA expression to clinical outcomes (Appendix 1V)
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Figure 4.1: Kaplan — Meier survival curve does not correlate BMP4 expression with prognosis
Kaplan — Meier (KM) survival curve for breast cancer patients stratified by their expression level of BMP4
showing prognosis in breast cancer for A. Overall Survival, B. Relapse free survival, C. Distant Metastasis
Free Survival and D. Post Progression Survival. The breast cancer was classified into low (Black) or high
(red) expression groups based on whether the expression of BMP4 was greater than the median expression
of BMP4. The p-value obtained from log-rank tests by comparison of the two KM curves is shown on the
top right corner of the plot together with Hazard Ratio (HR) with 95% confidence intervals. The cutoff
point was (HR > 1.2 and HR < 0.83). HR > 1.2 and a p-value <0.05 is associated with poor clinical
outcome and HR < 0.83 and a p-value <0.05 is associated with good prognosis. The total number of
patients with available clinical data was: OS, n=1117; RFS, n=3557 DMFS, n=1610; and PPS, n=351.
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Collectively, these results suggest that BMP4 might be relevant in the metastatic potential of 66¢l4
since it is higher expressed 66¢l4 than 67NR. Even though we did not find a convincing clinical
significance for Bmp4. The role of BMP4 in breast cancer metastasis has been document
(64,74).Thus, we speculated that in the complex tumor microenvironment there could also be
inhibitors of Bmp4 signaling that modulate the responses. Therefore, we checked the mRNA

expression of Bmp antagonist family in the transcriptome data of the 4T1 breast cancer model.
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Figure 4.2: BreastMark survival curve correlates BMP4 high expression with good prognosis for
lymph node negative breast cancer patient

BreastMark survival curve for breast cancer patients stratified by their expression level of BMP4 showing
prognosis in breast cancer for A. Whole Cancer B. lymph node negative patient. The breast cancer was
classified into low (Red) or high (blue) expression groups based on whether the expression of BMP4 was
greater than the median expression of BMP4. The p-value is shown on the top right corner of the plot
together with Hazard Ratio (HR) with 95% confidence intervals and number of patients involved. The cutoff
point was (HR > 1.2 and HR < 0.83). HR > 1.2 and a p-value <0.05% is associated with poor clinical
outcome whiles HR < 0.83 and a p-value <0.05% is associated with good prognosis with regards to high
expression of Bmp4.

4.1.4 Greml is highly expressed in 66¢l4 on mRNA level

BMP4 is known to be regulated at various stages of its pathway by antagonist such as the Noggin,
DAN family members, the chordin family members, Twisted gastrulation (TSG) and Follistatin
(FST). (69,74,75). About thirty-four Bmp4 antagonists could be identified in the transcriptome
data. About nine (Coco, Twsgl, Bambi, Fst, Fst1, Bmper, Rgmb, Tobi, and Tsku) were significantly
expressed in 67NR or 66cl4. The expression could be in either cell line in culture or primary tumor
or even both. Among the nine, Follistatin-Like 1 (Fstl 1), Fst, BMP Binding Endothelial Regulator
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(Bmper), Tsukushi, Small Leucine Rich Proteoglycan (Tsku) and BMP and Activin Membrane-
Bound Inhibitor (Bambi) was upregulated in 66cl4 as compared to 67NR in either cell line or
primary tumor or both (Table 4.3). Grem1 on the other hand did show upregulation in 66c¢l4 as
compared to 67NR but was not significant. It was however interesting to see there was practically
no expression in the 67NR cell line since Grem1 has been shown to be overexpressed in various
forms of cancer such cervix, ovary, lung, kidney, colon , pancreases and breast (86,87). Due to
Fstl 1, Fst, Bmper, Tsku, Bambi and Grem1 upregulation in 66cl4 as compared to 67NR as seen in
Bmp4 above, their significance in breast cancer patient survival outcome was important to be

analyzed.

4.1.5 GREM1 correlation with Breast cancer prognosis

FSTL1, FST, BMPER, TSKU, BAMBI and GREML clinical relevance was checked by obtaining
a prognosis curve for breast cancer patients (n=4142) using KM plotter (112) and BreastMark(99).
With the exception of GREM1, the remaining showed no significant correlation with prognosis
(p>0.05) (Appendix V). GREM1 with the Affymetrix 1D-218468 showed a significant correlation
between high GREM1 mRNA expression and poor OS with HR= 1.4(1.1-1.78) and p=0.0054
(Figure 4.3). This correlation extended to RFS, DMFS and PPS with HR 1.35(1.21-1.52), p=1.7¢
07 HR 1.52(1.25-1.87), p=3.8e"%and HR 1.43(1.1-1.85), p=0.0068 respectively.

BreastMark showed that GREM1 high expression was correlated with poor prognosis for basal
subtype breast cancer and lymph node negative patients (Figure 4.4). GREM1 expression for
whole cancer, luminal A, luminal B, lymph node positive patients and Her2 showed no correlation
with clinical outcomes (Appendix 1V). GREML1 being highly expressed in 66c¢l4 and also its high
expression being correlated with poor prognosis of breast cancer patients might suggest that it
plays a significant role in metastasis. This is because 66c¢l4 is a metastatic cell line and metastasis

of breast cancer has been associated with most death of breast cancer patients (4,5).
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Table 4.3: Transcriptome analysis showing comparison of 66cl4 and 67NR mRNA expression of
Bmp antagonist family.

Where Log. = Log2(66¢cl4 /67NR). This indicates the differential expression between 66cl4 and 67NR of
either the cell line or tumor. A positive number indicates higher expression in 66cl4 whiles a negative
number indicated higher expression in 67NR. p-value= p-value from t-test of the comparison of 66¢l4 and
67NR in the cell lines or tumor.

Comparison of cell lines Comparison of primary tumors
Gene 66¢cl4 | 67NR | Logz | p-value 66cl4 | 67NR | Logz | p-value
Cerl 0.0 0.0 0.00 1.0 0.0 0.1 -293 | 1.0
Dand5 (coco) | 2.2 3.7 -0.74 | 0.0001 3.6 34 0.07 |0.8716
Nbl1 (DAN) |0.1 0.2 -0.72 | 0.0667 2.5 1.6 0.67 | 0.0736
Greml 155 |0.0 11.91 | 0.1969 6.1 0.0 9.05 | 0.0958
Grem2 0.0 0.0 -0.20 | 1.0 0.1 0.3 -1.30 | 0.0670
Sost 0.0 0.0 0.00 1.0 0.0 0.0 0.00 | 1.0
Sostdcl 0.0 0.0 0.00 1.0 0.0 0.0 -2.03 | 1.0
Chrd 0.0 0.1 -340 |10 0.0 0.4 -2.96 | 0.0644
Chrdl1 0.0 0.0 1.18 1.0 0.2 0.1 092 |10
ChrdI2 0.0 0.0 1.14 1.0 0.0 0.0 -1.00 | 1.0
Nog 0.0 0.0 0.00 1.0 0.0 0.0 -0.41 | 1.0
Twsgl 18.0 |26.5 -0.55 | 0.0001 35.0 47.9 | -0.45 | 0.0016
Bambi 0.5 0.0 5.77 0.0001 0.9 0.3 1.52 | 0.0002
Bambi-psl 0.0 0.0 0.00 1.0 2.4 1.4 0.75 | 0.0899
Fst 1.8 0.1 5.01 |0.0001 53 0.3 4.33 | 0.0002
Fstll 4.9 0.1 6.30 | 0.0001 50.8 9.7 2.39 | 0.0002
Fstl3 1.0 1.7 -0.73 | 0.7434 0.0 0.0 0.00 | 1.0
Fstl4 0.0 0.0 1.34 1.0 0.0 0.0 023 |10
Fstl5 0.0 0.0 0.61 1.0 0.0 0.0 337 |10
Bmper 138 |76 0.86 | 0.0001 6.1 1.7 1.86 | 0.0002
Tdgfl 0.0 0.0 0.00 1.0 0.0 0.0 0.04 | 1.0000
Dcn 0.0 0.0 -0.62 | 1.0 11.3 345 |-1.61 | 0.0002
Rgmb 7.9 11.6 -0.56 | 0.0001 39.4 19.1 1.05 | 0.0002
Nodal 0.0 0.0 0.00 1.0 0.0 0.0 1.84 |1.0
Leftyl 0.0 0.0 -1.12 | 1.0 0.8 0.6 0.36 | 0.5334
Kcp 0.0 0.0 2.76 1.0 0.1 0.0 022 | 1.0
Criml 21.3 | 165 0.37 0.0580 12.5 125 10.00 |0.9909
Vwc2 0.0 0.0 0.00 1.0 0.0 0.0 -0.23 | 1.0
Vwe2l 0.0 0.0 0.00 1.0 0.0 0.0 351 | 1.0
Tbx1 0.0 0.0 0.00 1.0 0.0 0.0 1.15 | 1.0
TII1 0.0 0.0 2.87 1.0 0.6 0.4 0.71 | 0.0882
Wisp3 0.0 0.0 -0.15 | 1.0 0.1 0.0 162 | 1.0
Tobl 11.3 | 23.6 -1.06 | 0.0001 12.7 22.1 | -0.80 | 0.0002
Tsku 9.4 6.9 0.44 | 0.0010 7.5 7.2 0.06 | 0.7947
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Figure 4.3: Kaplan — Meier survival curve correlates highly expressed GREM1 with poor prognosis
Kaplan — Meier (KM) survival curve of breast cancer patients stratified by their expression level of GREM1
showing prognosis in breast cancer for A. Overall Survival (OS), B. Relapse Free Survival (RFS), C.
Distant Metastasis Free Survival(DMFS) and D. Post Progression Survival (PPS). The breast cancer was
classified into low (Black) or high (red) expression groups based on whether the expression of Grem1 was
greater than the median expression of Grem1. The p-value obtained from log-rank tests by comparison of
the two KM curves is shown on the top right corner of the plot together with Hazard Ratio (HR) with 95%
confidence intervals. The total number of patients with available clinical data was: OS, n=1117; RFS,
n=3557 DMFS, n=1610; and PPS, n=351.

BMP4 and its antagonist GREM1 being highly expressed in the metastatic 66¢cl4 as compared to
the non-metastatic 67NR together with their correlation to breast cancer prognosis, lead this study
to focus on these parameters. mMRNA expression that was seen in transcriptome data for 66c¢l4 and
67NR cell lines may not necessarily be portrayed on the protein level (113,114). We therefore
decided to check the expression of BMP4 and GREM1 on a protein level for the 4T1 breast cancer

model cell lines.
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Figure 4.4: BreastMark survival curve correlates GREM1 high expression with poor prognosis
BreastMark survival curve for breast cancer patients stratified by their expression level of BMP4 showing
prognosis in breast cancer for A. Basal subtype B. lymph node negative patient. The breast cancer was
classified into low (Red) or high (blue) expression groups based on whether the expression of GREM1 was
greater than the median expression of GREM1. The p-value is shown on the top right corner of the plot
together with Hazard Ratio (HR) with 95% confidence intervals and number of patients involved. The cutoff
point was (HR > 1.2 and HR < 0.83). HR > 1.2 and a p-value <0.05% is associated with poor clinical
outcome whiles HR < 0.83 and a p-value <0.05% is associated with good prognosis with regards to high
expression of GREML1.

4.2 BMP4 AND GREM1 ARE EXPRESSED IN VARYING AMOUNT BY THE 4T1
BREAST CANCER CELL LINES.

We investigated the five cell lines (67NR, 168FARN,4T07, 66¢cl4 and 4T1) of the 4T1 breast
cancer model for their BMP4 and GREM1 protein level via immunoblotting. This showed that the
micrometastatic cell line 168FARN and the second most aggressive metastatic cell line 66cl4
produce GREM1.The 168FARN cell lines producing the highest amount however was not
significantly different (p >0.05) from the non-metastatic 67NR (Figure 4.5 A and B). Having the
knowledge that GREML1 exists both as cell — associated and secreted form (81,82), we treated the
cells with protein transport inhibitor (PTI) to observe if the intracellular levels of GREM1 will
change. There was an upsurge of GREML1 level in both 66¢cl4 and 168FARN observed that was
significantly different from each other and from the non-metastatic 67NR (p<0.05). The secretion
of GREML of the five cell lines of the 4T1 breast cancer model was further verified by ELISA.
The same pattern of GREM1 activities as seen in the immunoblotting was seen in the supernatant
of the cells analyzed with ELISA (Figure 4.5 C). 67NR, 4T07 and 4T1 showed no secretion of
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GREM1 whiles 66¢l4 and 168FARN secreted GREM1 with 168FARN being the highest between
them (p<0.05).

BMP4 on the other hand was only observed in the 66cl4 cell line which increased with PTI
treatment (Figure 4.5 D). In comparison with the non-metastatic cell lines, it was significantly
different p<0.05 with and without PTI treatment respectively. The PTI treatment increasing BMP4
in 66¢l4 was a confirmation that BMP4 is secreted (63). To further verify secretion of BMP4 in
66cl4, ELISA for BMP4 detection was attempted but failed to work. From the observations, we
can conclude that the protein level of BMP4 and GREM1 with regards to 66¢cl4 and 67NR was a
correlation to the mRNA expression seen in the transcriptome data with 66cl4 having higher
expression than 67NR.

Tumor cells and their microenvironment exist in an interaction network that aids in the various
stages of cancer (30). Also, it is known that cytokine- mediated crosstalk between CAFs and tumor
cells influences all aspects of tumor stages (29,31). Thus, it was important to study the interplay
of BMP4 and GREML1 between fibroblast and the 4TI breast cancer model cell lines.
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Figure 4.5 BMP4 and GREML1 are expressed by the five cell lines of the 4T1 breast cancer model at

varying amount on protein level

A. Immunoblot analysis of GREML1 protein level for the five cell lines of the 4T1model. The cells were
seeded with and without treatment with protein transport inhibitor for 6hrs. The data represents one blot
out of three independent experiments carried out. B. Relative level of GREMI when “A” is normalize with
p-actin and 67NR set at 1. C. GREM1 ELISA for Supernatant from the five cell lines. D) Immunoblot of
Bmp4 protein level for the five cell lines with the relative expression of Bmp4 obtained via normalizing with
p-actin (E). All results are mean = SEM. from 3 independent experiment. All p-value were obtained via

student t-test. *p<0.05 and ** p<0.01.
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4.3 ESTABLISING OPTIMUM CONDIITONS FOR RmBMP4 and RmMGREM1 ON MEF
We aimed to verify if BMP4 and GREML1 interaction studies can be achieved with MEF. Various

concentration of rmBMP4 and rmGREM1 was treated on MEF to find optimum response. Kinetic

profiles were also checked.

4.3.1 Mouse Embryonic Fibroblasts (MEF) respond to recombinant mouse BMP4

GREM1 and BMP4 interaction in the tumor stoma environment with respect to 5 cell line 4T1
breast cancer model was aimed to be studied. Fibroblast was the primary focus for stroma cells.
Mouse Embryonic Fibroblast (MEF), Lung Fibroblast and Skin Fibroblast were the types of
fibroblast used in the study. Fibroblasts were selected as interesting stroma cells because it is the
most prominent cell type in the tumor microenvironment and fibroblasts have been used to
establish assays to study Bmp activities (35,115). Also, presence of fibroblasts has been associated

with tumor progression and metastasis (31,33,39).

We firstly investigated the ability of MEFs to respond to rmBMP4. The responsiveness of
rmBMP4 following stimulation of MEFs for 1hr was identified by p-SMAD 1/5/9 on Western blot
(Figure 4.6A) as BMP4 signaling activation at protein level is measured by Smad 1/ 5/ 8
phosphorylation (77,115). Results obtained showed that that MEFs were responsive to rmBMP4
as shown by the strong detection of the 60kDa p-SMAD 1/5/9 protein bands. RmBMP4 dose
response curve was then generated from the signal of the p-SMAD 1/5/9 protein bands.

The rmBMP4 dose response graph showed an increase in p-SMAD 1/5/9 level from 0-1ng/ml
which then rose steadily (Figure 4.6B). A steady increase with concentration up to 10ng/ml was
observed, therefore 5ng/ml was chosen for further experiments. The difference between the
response of absence and presence of rmBMP4 stimulant implies that we have established a scope
to attempt inhibition of BMP4 activity with GREML.

Deciding on 5ng/ml concentration of rmBMP4, the kinetic profile of its stimulation was tested.
RmBMP4 induced highest phosphorylation of SMAD1/5/9 from 0.5hr which gradually decreased
until 24hrs (Figure 4.6C and 4.6D). It can therefore be inferred that rmBMP4 has a stimulus —
response lag time between 0.5hr -1hr. It is however important to note that this conclusion is based
on the minimal set response time 0.5hr used in the experiment since it could be below 0.5hr. The
results were consistent with other studies that used measuring of SMAD1/5/9 phosphorylation as

a form of detecting BMP activation showing a BMP stimulus- response lag time between 0.5hr—
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1hr (116,117). After establishing BMP4 response in MEF, the next step was to access whether that
response could be antagonized by rmGREML.
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Figure 4.6 MEFs displays a transiently elevated p-SMAD 1/5/9 signal in response to rmBMP4

MEFs were treated for 1hr at 37 °C with different concentration of rmBmp4 and harvested. A) Immunoblot
detection of p-SMAD1/5/9 at 60 kDa to determine activation of Bmp4 was achieved using a polyclonal p-
SMADZ1/5/9 primary antibody B) Relative level of p-SMAD1/5/9 when “A” is normalize with f-actin and
Ctrl setat 1. (A). C) Immunaoblot detection of kinetic profiles of rmBMP4 (5ng/ml) induction of SMAD 1/5/9
phosphorylation on MEFs. D) Relative level of p-SMAD1/5/9 when “C” is normalize with vimentin with
Ctrl set at 1.

4.3.2 Recombinant mouse Grem1 can inhibit responses of recombinant mouse Bmp4 in

MEFs
GREM1 is an extracellular antagonist that inhibits BMP4 signaling by preventing BMP4- BMP4 receptor

binding (69,74). After observing the rmBMP4 response in MEFs, we further investigated rmGREML1 ability
to antagonize the Bmp4 mediated phosphorylation of Smad 1/5/9 in the MEFs and with the corresponding
dosage requirements. To achieve this, we treated the MEFs with different concentration of rmGREML for
lhour after which 5ng/ml recombinant Bmp4 was added for 30mins at 37 °C. We observed that 250ng/ml
of GREM1 was enough to antagonize 5ng/ml rmBMP4 since it was equivalent to the activity of the control

(Figure 4.7 A and B). The dosage of rmGREML1 required to antagonized 5ng/ml rmBMP4 activation

49



Results

response on MEF was equivalent to 50 folds of 5ng/ml rmBMP4. We also validated the kinetic profile of
rmGREML in antagonizing the rmBMP4. It was observed that the intensity of the bands decreased during
the first 30min, however, it was equivalent to the control basal level within 1hr and completely disappeared
at 6hrs (Figure 4.7 C and D). This was similar to a study that determined the half- life of cell associated
GREML1 to be about 1hr and secreted form to be detectable for up to 4-5hrs (81). We could also see that
rmGREML1 had some effect on the MEFs when compared with untreated MEFs. The level of p-SMAD
1/5/9 decreased in a time related manner when rmGREM1 alone was treated on MEF. This was indicative
of the fact that MEF might express factors that activate p-SMAD 1/5/9 and which were inhibited by the
rmGREML.
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Figure 4.7: Recombinant Gremlinl antagonizes Bmp4 response in MEF

To antagonize the Bmp4 activation on MEFs, rmGREML1 of different concentration was added to the MEFs
cell cultures for 1hr hour at 37 °C, followed by Bmp4 for 30min after which cells were harvested. A)
Immunoblot detection of how much Greml is required to antagonize 5ng/ml Bmp4 which was normalized
to loading control — vimentin (B). The kinetic profile of the Grem1 required to antagonized 5ng/ml was
also established via Immunoblot (C) and normalized to vimentin (D).

MEF responding to rmBMP4 by induction of p-SMAD 1/5/9 that was able to be antagonized by
rmGREM1indicated BMP4 and GREML interaction studies can be achieved with MEF. We have
also observed BMP4 and GREML1 expression in 168FARN and 66cl4 on protein level. It was
therefore important to establish whether the BMP4 and GREML1 expressed by the tumors

interaction will be seen on MEF.
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4.4 EVALUATION OF PARACRINE COMMUNICATION BETWEEN 4T1 BREAST
CANCER CELL LINES AND MEF
We aimed at studying the interplays between 4T1 breast cancer cell lines and MEF.

4.4.1 67NR, 168FARN and 66¢l4 of the 4T1 breast cancer model secrete soluble mediators
that activate SMAD 1/5 signaling in MEF

In order to determine if BMP4 produced by the tumor cell lines response will be seen in MEF,
100% CM from all the five cell lines of the 4T1 breast cancer model were treated on MEF for 1hr
using MEF CM as control. SMAD 1/5/9 activations were then checked. Detection of the 60kDa
band of the p-SMAD 1/5/9 band showed that 66cl4 CM on MEF had the highest p-SMAD 1/5/9
signaling however, 67NR CM and 168FARN CM on MEF also activated SMAD 1/5/9 signaling
above the control MEF CM set to 1 (Figure 4.8 A and B). Even though we can say that both 67NR
and 168FARN do not express Bmp4 at protein level (Figure 4.5 D and E) and mRNA level (Table
1.2) for 67NR, the activated p-SMAD1/5/9 with their CM treatment on MEF is an indication of
other secreted parameters that signal through Smad 1/5/9.

4T07 and 4T1 CM on MEF on the other hand had levels of p-SMAD 1/5/9 that were below MEF
which was the control with 4T07 CM on MEF difference being significant (p<0.05) This might be
as a result of 4T07 and 4T1 not secreting factors into their CM that enables p-SMAD 1/5/9
activations. It is however important to note that 4T07 CM and 4T1 CM being below the control
MEF CM might be an indication that MEF secret soluble mediators that activates a higher level of
SMAD 1/5/9 pathway than 4T07 and 4T1.

67NR and 66cl4 were also cultured in transwell with MEF to check if SMAD1/5/9 activation will
be observed. In transwell, the cells will share their medium but be separated from each other, so
that secreted factors can reach both cell types. MEF induction of p-SMAD 1/5/9 was increased in
transwell with 67NR and 66c¢l4 as compared to MEF monoculture (Figure 4.8 C and D). The
induction of the p-SMAD 1/5/9 was however higher with 66cl4 transwell culture as compared to
the 67NR transwell culture. We cannot make much conclusion since this experiment was done
once. However, what is currently observed is an indication that the tumor cells might produce
soluble mediators that activates p-SMAD 1/5/9 in MEFs.

In conclusion, the results suggest that CM from 67NR, 168FARN and 66¢l4 contains soluble
mediators that activate p-SMAD 1/5/9 whiles CM from 4T07 and 4T1 seems not to contain SMAD
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1/5/9 activation mediators but rather antagonizes p-SMAD 1/5/9 soluble mediators. Bearing also
in mind that GREM1 was expressed and secreted on a protein level in 168FARN and 66cl4, we
hypothesized that 168FARN, 4T07, 66¢l4 and 4TI has the ability to secrete soluble proteins that
have BMP4 antagonistic property Thus, we decided to verify the tumor cell lines ability to secret
soluble mediators that antagonize p-SMAD 1/5/9 in MEFs.
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Figure 4.8: Soluble protein secreted by 67NR, 168FARN and 66cl4 of the 4T1 breast cancer model
induces SMAD 1/5/9 phosphorylation

For upper panel A and B, CM from 67NR, 168FARN, 4T07, 66¢cl4 and 4T1 were treated on MEFs for 1hr
A) Immunoblot detection of p-SMAD1/5/9 with vimentin as loading control B) Relative level of p-
SMAD1/5/9 when “A” is normalize with vimentin and MEFCM set at 1. The results represent three
independent experiments displayed as mean £ SEM which was statistically tested by student t-
test(*p<0.05). “4”is a representative of the blots of three experiment. C) Immunoblot detection of p-SMAD
1/5/9 of MEFs grown in monoculture and in transwell with 67NR and 66¢l4. Vimentin was used as loading
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control. D) Relative expression of “C” when normalize with vimentin and MEF set to 1 C and D were
carried out once.

4.4.2 168FARN antagonizes phosphorylated SMAD 1/5/9 signaling in MEF

To test the 4T1 breast cancer model cell lines ability to antagonize p-SMAD 1/5/9 activations,
condition medium of the cell lines was harvest, treated on MEFs for 1hr followed by treatment
with 1ng/ml rmBMP4 for 30mins at 37°C. MEFs were then harvested with 8M Urea lysis buffer
and the lysates analyzed with immunoblotting. The results showed that CM of 168FARN, 66¢l4
and 4T1 were able to antagonize the p-SMAD 1/5/9 signaling in MEF to some degree with
168FARN taking it completely down to the basal level of the control (Figure 4.9 A and B). CM
of 168FARN and 66cl4 cell lines was expected as we have shown that they express and secrete
GREML1 on a protein level (Figure 4.5 A-C). CM from 4T1 cell line per the data obtained was
expected to behave like 67NR CM and 4T07 CM since they did not express GREM1. We can
therefore suggest that 4T1 expresses another antagonist of p-SMAD 1/5/9. Furthermore, it was
interesting to see some form of activation of p-SMAD 1/5/9 on MEFs that had not received any
treatment. We therefore decided to check our genes of focus BMP4 and GREM1 expression on a

protein level in MEFs.
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Figure 4.9:168FARN, 66¢cl4 and 4T1 secretes mediators that antagonizes SMAD 1/5/9
phosphorylation in MEF

Condition medium (CM) from 67NR, 168FARN, 4T07, 66cl4 and 4T1 were harvested and then treated on
MEFs for 1lhr followed by rmBMP4(5ng/ml) treatment for 30mins.A) Immunoblot detection of p-SMAD
1/5/9 using Vimentin as loading control. This is a representative blot out of three independent experiments
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done. B) Relative expression of “A” when normalized with vimentin. The results are mean £ SEM and p-
values were obtained via student t-test(*p<0.05).

4.4.3 MEF expressed BMP4 and GREM1 on protein level
BMP4 and GREML1 have been shown to be expressed in stroma cells (120,121), hence we sought

to examine whether MEF expressed BMP4 and GREML1. The results showed that MEF expressed
on a protein level both BMP4 and GREM1which was increased with protein transport inhibitor
treatment (Figure 4.10 A-D). The increment is an indication that the intracellular secretion or
transport pathway of the BMP4 and GREML1 has been inhibited thereby accumulating them in the
Golgi apparatus or the lumen of the endoplasmic reticulum (122). The co-expression of BMP4 and

GREM1 may be suggestive of the importance of BMP4 mediation and regulation by GREM1.
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Figure 4.10: MEF expresses BMP4 and GREML on a protein level

MEFs cell were cultured with and without protein transport inhibitor for 3hrs and 6hrs and harvested.
BMP4 and GREML1 protein levels were then analyzed. A) Immunoblot detection of MEF BMP4 level at 47
kDa using a monoclonal primary BMP4 antibody. (B) BMP4 relative expression from “A” normalized to
Vimentin. C) Immunoblot detection of GREM1 expression in MEF using a polyclonal GREM1 primary
antibody and Vimentin as loading control D) Relative expression of “C” when normalized to Vimentin.
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Interaction in the tumor microenvironment is a two-way communication by tumor mediators
having effects on stroma and vice versa. Since we had treated MEF with CM from the tumor cell
lines upon detection of BMP4 to check if its response will be seen in MEF, we decided to also
treat the tumor cell lines with MEF CM upon subsequent BMP4 detection to see its effect.

4.4.4 MEF CM enhanced activation of SMAD1/5/9 signaling in 67NR and 4TO07 of the 4T1
breast cancer cell lines via secreted mediators
Having seen expression of BMP4 in MEF which is a secreted protein, we investigated the ability

of the BMP4 secreted into MEF CM to activate p-SMAD 1/5 signaling on the 4T1 breast cancer
model cell lines. The results showed that MEF CM had a tendency to increase phosphorylation of
SMAD 1/5/9 in 67NR and 4T07 whiles 168FARN, 66¢cl4 and 4T1 cell lines showed no effect
(Figure 4.11 A and B). The increase in phosphorylation of SMAD 1/5/9 could not only be
associated to BMP4 production but also to other ligands that signal through SMAD 1/5/9. The
results however showing no increased activation in 168FARN and 66cl4 might be due to their
expression of GREM1 (Figure 4.5) and other parameters antagonizing the soluble mediators
secreted into the MEF CM. 4T1 cell line on the other hand showing antagonizing ability to p-
SMAD 1/5/9 might be attributed to another antagonist other than GREML1.
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Figure 4.11: MEFs secrets soluble mediators that enhances activation of SMAD 1/5/9 in 67NR and
4T07 cell lines.

MEF CM was treated on the 5 cell lines of the 4T1 breast cancer model for 1hr. Control was established
by treating MEF with its own CM. A) Immunoblot detection of p-SMAD 1/5/9 antibodies with ATCB as a
loading control. B) Relative expression of “A” when normalized with the loading control.

To mimic the tumor microenvironment of the expression and production of the BMP4 antagonist

GREML1 by the tumor cells and MEFs, transwell culture was done.

4.4.5 Transwell culture of tumor cells and MEF enhances their ability to secrete GREM1
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Tumor cells recruit fibroblasts to create a conducive environment which enables them to
accomplish tumorigenesis and metastasis. To mimic the microenvironment that exhibit two-way
communication, and to explore the crosstalk between the fibroblast and the tumor cells, a co-
culture study in a transwell system was performed. The tumor cells were seeded in the upper
chamber of the transwell whiles MEFs were seeded at the bottom. Both the tumors and the MEFs
were harvested, immunoblotted and probed with GREM1 antibody. In the transwell, we observed
an increase of GREML in all the MEFs compared to their monoculture and the control in transwell
which comprised of MEF on both top and bottom (Figure 4.12). This indicated that paracrine
communication with the tumor cells triggers MEFs to produce more GREM1. The tumors on the
other hand showed increment of GREML1 in 67NR, 168FARN and 66cl4 with 168FARN having
about four-fold increase. 4T07 cell lines in transwell cannot however be commented on since there
was some form of DNA issue hence might not be a true reflection. This experiment was done only

once and will be interesting to repeat to determine if this is a robust and reproducible finding.
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Figure 4. 12: GREM1 expression are increased in transwell culture of MEF and tumor cells/

A) The five cell lines of the 4T1 breast cancer model was cultured in transwell with MEF for 48hours and
both the tumor cells and the MEF were harvested. Each cell in monoculture was also harvest to serve as
controls. In transwell, another control was established by growing MEF both on the top and bottom
chamber. Immunoblot was run on the lysates and probed with GREM1 antibodies. B-actin was used as a
loading control. B) Relative expression of “A” when normalized with the loading control.

The results have shown so far that the five tumor cell lines have different expressions of GREM1
and BMP4. Also, the mRNA data from transcriptome sequencing showed different variations of
growth factors and other mediators between the non-metastatic 67NR and metastatic 66cl4. We
believe that the differences in metastatic propensity might attribute to the different production of

soluble meditators. With regard to fibroblasts, we think the difference in production of soluble
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mediation of the tumor cells might have different effects on fibroblast properties such as their

activation, migration and proliferation.

4.4.6 MEFs proliferation are influenced by soluble mediators via paracrine crosstalk.

Tumor cells are known to produce stroma-modulating growth factors such as TGF B1,VEGEF,
PDGF, bFGF that generate a conduction microenvironment through autocrine and paracrine
communication (31,32). The soluble mediators secreted by the tumor cells can influence fibroblast
properties that aid in tumor progression and metastasis. We therefore hypothesized that the
differences in the characteristics of 67NR and 66cl4 cell lines will lead to different production of

soluble meditators that vary in effect on fibroblast properties such as proliferation.

To test the hypothesis, we first examined the effects of rmGREM1 and rmBMP4 on fibroblast
proliferation. MEFs were cultured in the presence of rmBMP4, rmGREM1 and combination of
both for 24 hours. The cell populations of the MEFs were counted using Z1 Beckman counter and
then the effects of the various treatments on proliferation were compared. Compared with MEFs
that were not treated, those treated with BMP4 showed very minute proliferation increase effect
that was not significant (p>0.005) (Figure 4.9A). The effect increased as the dosage of the
rmBMP4 was increased (1 ng/ml and 5 ng/ml). This suggest that a high dosage of rmBMP4 might
have had a greater effect. In the presence of GREM1 (250ng/ml) solely, the proliferation rate
decreased significantly by half in comparison to the untreated MEF (p<0.01) which began to
increase when rmGREM1 was combined with rmBMP4. This was an indication that the effect of
rmGREM1 was antagonized by BMP4. Morphological changes of the cells were also observed.
Fibroblasts that were untreated and/or stimulated by rmBMP4 alone appeared to be more spindle-
like when compared with those that were treated with rmGREM1 (Figure 4.10 A). The MEFs
changed to unnatural circular morphology when treated with rmGREM1 alone which became
better when rmGREM1 was in combination with rmBMP4. The circular morphology suggests that
rmGREM1 might have caused the MEF to die.
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Figure 4.13 Proliferation of MEF is influenced by different stimulation.

For A and B, 8000 cells of MEF were seeded in a 24- well plate and incubated overnight. The cells were
then treated with the various stimulants and incubated for another 24hours. Cells numbers were determined
using automatic coulter counter. The results were expressed as percent of cell number compared to the
control. Results are means of 3 replicates run at the same time and bars are £ SEM.

The effects of soluble mediators on the proliferation of fibroblasts were also investigated by
growing the MEF in CM from the tumor cells. This was to establish if soluble factors secreted by
the tumor cells in a paracrine manner institute the proliferation of fibroblasts. As can be seen from
the result, 4T07 CM caused MEF to proliferate profoundly (p<005) as compared to CM from the
other cell lines (Figure 4.9 B) which was also evident in their morphology showing large spindle
shapes (Figure 4.10B). 67NR, 168FARN, 66¢l4 and 4T1 CM on the other hand decreased the
proliferation rate of MEF as compared to the control which is MEF CM being treated on MEF.
The reduction in the proliferation was however not significant for 67NR and 168FARN (p>0.05)
whiles significant for 66¢l4 and 4T1 (p<0.05). The reduction in rate might be attributed to the fact
that for instance 168FARN, 66c¢l4 and 4T1 are known to contain antagonists of BMPs and from
the initial experiments, rmBMP4 increased proliferation while its antagonist rmGREML reduced
proliferation. It will however be interesting to see if condition medium of different percentage used
will change the effects seen as it can be argued that the necessary mediators for proliferation might

have been used up by the tumor cells.
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Figure 4.14 Comparison of MEF morphology between untreated MEFs and stimulated MEFs from

the proliferation assay in figure 4.9.
A) RmBMP4 and rmGREML1 treatment on MEF with untreated MEF as control B) 5 cell line CM

treatment on MEF with MEF CM as control Magnification 20X.

B MEF CM

4T07 CM 4T1CM
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A different method known as MTT assay was used to verify the results. MTT assay correlates the
number of cells with the relative metabolic activity of the cell. With regards to the rmBMP4 and
rmGREML1, the proliferation rates were all above the untreated MEF, however, in comparison to
the rmBMP4 proliferation rate, rmGREML treated cells had a lower proliferation rate as seen in
the cell count assay (Appendix VI, A). The proliferation rate was however increased when
rmGREM1 was in combination with rmBMP4. Condition medium treatment from the various 5
cell lines on MEF also showed increased cell viability as compared to the control with the
exception of 4T1 CM that was slightly below. 67NR CM exhibited the highest cell viability
(Appendix VI, B). After establishing the effect of soluble mediators secreted from the tumor cell
lines on proliferation of fibroblast, we also decided to check its effects on migration of fibroblast.
4.5 FIBROBLAST ISOLATED FROM LUNGS DISPLAYED ENHANCED MIGRATION

ACTIVITY IN RESPONSE TO SOLUBLE MEDIATORS VIA PARACRINE
CROSSTALK.

CAFs are known to modulate breast cancer progression and migration leading to metastasis
through paracrine crosstalk by soluble mediators (11,27,38,123). It is equally important to note
that tumor cells also influence fibroblast properties such as their activation, proliferation and
migration in this way (39,124,125). These properties are diverse based on the wide variety of
soluble factors that are secreted from different cancer types. We therefore hypothesized that
fibroblasts would migrate differently in response to the different soluble factors that are secreted
by the five cell lines of the 4T1 model that have various metastatic potential. To test this
hypothesis, the migration property of fibroblast was analyzed using xCELLigence real time

analysis.

Lung fibroblasts were used in this experiment. The XCELLigence system was validated using
DMEM with and without FBS. The sample with no FBS resulted in base-line cell index level, an
indication that there was no migration of lung fibroblast towards the medium (Figure 4.11 A).
DMEM with FBS on the other hand showed induced migration of the lung fibroblast. To compare
the migration ability of lung fibroblasts towards soluble mediators produced by 67NR, 66cl4 and
168FARN, condition medium harvested from these cells were used as chemoattractant placed in
the lower chamber of the CIM 16 plate. Lung fibroblast CM was used as a control.

The rate of lung fibroblast migration towards 168FARN CM was highest in comparison to 66c¢l4
CM and 67NR CM (Figure 4.11 B). Lung fibroblast CM serving as a control exhibited some form
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of migration even though low. This indicated that lung fibroblast responds with increased
migration towards both paracrine soluble factors from some tumor cells. Most of the lung
fibroblast migration showed they reached their highest migration point at about 200-250 mins with
most showing a decline from 250mins. We also aimed at comparing the migration differences of
lung fibroblast towards soluble mediators from CM of the various tumor cell lines interacting with
the lung fibroblasts. This was accomplished by seeding 6250cells/well of 67NR, 168FARN and
66¢l4 cells in the lower chamber. As shown in Figure 4.11 C the lung fibroblasts in culture with
the cell lines migrated at different rates as compared to the CM from the cell lines. 168FARN
however still was the most potent to attract the lung fibroblasts which continued to increase as a
result of cells still proliferating. 67NR and 66cl4 cells also secreted variables that caused migration
of the lung fibroblast even though it was lower as compared to the CM. The migration of the lung
fibroblast was generally lower for the cell lines serving as chemoattractant. The relative curve area
was calculated in other to get a quantitative overview of the various conditions used (Figure 4.11
D).

Fibroblasts are known to have different properties based on their origin (126).We therefore decided
to check if other types of fibroblasts would respond in a similar way or not. In this respect skin
fibroblasts were used. The results of the skin fibroblast were however not reliable as the positive
control was on the baseline level, an indication they were not able to migrate properly (Appendix
VI1). Collectively, the results suggest that the tested cancer cells secrete mediators that influence

fibroblast differentially.
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Figure 4.11: Time-dependent migration profiles of Lung fibroblasts.

A) Validation of system with DMEM that contains no serum (red) or 10% FBS (green). B) Migration
curves of lung fibroblasts produced by xCELLigence RTCA with seeding densities of 10000cells/ well
(Upper chamber) with condition medium (CM) from 66NR, 66cl4 and 168FARN serving as chemoattractant
with lung fibroblast CM as control (lower chamber). C) Same as (B) but with 67NR, 66¢l4, 168FARN cells
in the lower chamber. D) Total relative curve areas with DMEM with serum being set to 100. All graphs
represent mean = SD from duplicate experiment run parallel with the exception of “A”.
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5.DISCUSSION

Majority of death of breast cancer (BC) patients is as a result of metastasis (4,5). It is therefore
important for us to understand molecular mechanisms and pathways of tumor-stroma cross talk
that lead to metastasis (127). This will enable us to develop novel strategies to prevent metastasis.
In this study, the 4T1 BC mouse model which involves five cell lines (67NR, 168FARN, 4T07,
66¢cl4 and 4T1) with different metastatic potential was use in studying the interactions between
tumors and fibroblasts. Transcriptome data of the non-metastatic 67NR and metastatic 66c¢l4
demonstrated that the 66¢l4 primary tumor had higher mRNA expression of fibroblast markers
and genes as compared to the 67NR. This was an indication that 66cl4 recruited fibroblast more
than 67NR. Further search into the transcriptome data for reasons why 66c¢l4 had higher fibroblast
marker and gene expressions lead us to the genes of focus Bmp4 and Greml. Bmp4 and its
antagonist Grem1 was also highly expressed in 66c¢l4 as compared to 67NR. It was interesting to
note that among the cell lines only 66¢l4 expressed BMP4 whiles both 66¢l4 and 168FARN
expressed GREM1 on a protein level. With regards to clinical importance, high GREM1
expression was found to be correlated with poor prognosis of BC survival. Except lymph node
negative patients that showed correlation with good prognosis, high expression of BMP4 on the
showed no correlation. Finally, the interplay of GREM1 and BMP4 on tumor cells and different
types of fibroblasts was tested in vitro. RMGREML1 decreasing fibroblast proliferation was
antagonized by rmBMP4. Also the CM of 168FARN that secret high GREM1 together with the

second highest 66c¢l4 serve as the highest chemoattractant of fibroblast.

5.1 mRNA expression of CAF markers are upregulated in 66cl4 compared to 67NR

The importance of CAFs in cancer progression through the enhancement of metastatic behavior of
tumor cells in the microenvironment has been well demonstrated (39,128,111,38). In this current
study, mRNA expression of CAF markers and genes in transcriptome data of non-metastatic 67NR
and metastatic 66¢l4 was checked. It was found that, 66¢l4 primary tumors had higher expression
of fibroblast markers (Acta2, Pdgfra and Pdgfrb,), activation markers (Cxcl12, Tgf-51 and Pdgfb)
and proteases (Plau, Mmp3, Mmp9 and Mmp11) compared to 67NR primary tumors. There were
variations in expression of growth factors between 67NR and 66c¢l4 primary tumors. These
variations may be due to the fact that growth factors are produced by both tumors and CAF and
not solely by CAF.
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The ability of tumors to metastasize requires the function and interaction of stroma cells like CAFs.
The 66¢l4 tumor in 4T1 breast cancer mouse model metastasizes predominantly to the lung. This
might explain why fibroblast markers, activation markers and proteases are higher expressed in
the metastasizing 66cl4 than the non-metastasizing 67NR. CAFs contribute to metastasis in diverse
ways upon its activation. This includes the release of proteases such as Mmps and Plau. This
soluble factors perform physical function in the microenvironment as they create tunnels in ECM
to pave a way for tumor cells to follow suite (42,50,51). The tumor cells then migrate and invade
their next organ/site which in this case will be the lungs for the 66cl4 tumor. A similar finding was
reported in an unpublished data from our group with macrophages. Markers for macrophages were
also highly expressed in 66¢l4 as compared to 67NR. The M2 macrophage marker; Arginasel
(Argl), Mannose Receptor C Type 1 (Mrcl) and Cluster of Differentiation 163 (Cd163) showed
this difference. Studies have documented that tumor associated macrophages are associated with
tumor progression and are predominantly M2 macrophages (129-131). Thus the upregulation of
CAF markers and macrophage markers in 66¢cl4 may be because 66c¢l4 requires the function and

interaction of stroma cells to accomplish their metastases.

To further understand the mechanisms underlying the increased expression of CAFs in 66c¢l4, the
status of its major activator (Tgf- p1) as well as members of the Tgf-p superfamily were evaluated.

5.2 Tgf-p superfamily member, Bmp4 is expressed on mRNA level in 66cl4 cell line in
culture and primary tumor

Tgf-B1, a major activator of CAF belongs to the Tgf-p superfamily that is made up of TGFps,
NODAL, Activins, BMPs, GDFs and AMH (56,57). Transcriptome data revealed that, among the
Tgf-p superfamily, Bmp4 and Tgf- #7 showed the highest expression in the metastatic 66cl4 as
compared to non—metastatic 67NR. Bmp4 was selected due to its high expression in 66¢l4 cell line

relative to primary tumor.

The expression of BMPs have been reported in several breast cancer cell lines. Amongst the most
expressed is BMP4. For example, a study utilizing 39 primary tumor samples and 22 cell lines
identified BMP4 as the most highly expressed BMP subtype (62). In addition, another study
showed that 66% of breast cancer tissues from 486 patient expressed BMP4 (66). BMP4 is a known
regulator of cell migration and invasion (132,64). It has also been associated with the induction of

the epithelial mesenchymal transition (EMT) which leads to the mobility of cancer cells as well as
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its ability to metastasize (64). This might explain the observed increase in Bmp4 expression in the
metastatic 66¢l4 compared to non-metastatic 67NR. The role of BMP4 in metastases together with
the observed upregulation in the metastatic 66¢l4 tumors made it important to check its clinical

relevance.

5.3 BMP4 is associated with good prognosis in lymph node negative breast cancer patients

The clinical relevance of BMP4 was determine using KM plotter and BreastMark database. With
regards to KM plotter database, BMP4 showed no correlation to breast cancer prognosis in OS,
RFS, DMFS and PPS. Also whole breast cancer for BreastMark showed no correlation. BMP4 not
correlating with prognosis does not fit observations made in different studies. BMP4 is known to
play a dual role in the suppression and proliferation of tumor cells (66,133,134), as such it is
expected to correlate to either poor or good prognosis. However, the lack of correlation might be
because BMP4 is involved in other physiological processes such as hematopoiesis, skeletal
formation, neurogenesis as well as controlling cellular behaviors that includes apoptosis,
differentiation, proliferation and motility (64). Thus, variation in individual patients may mask the
overall expression of BMP4 among the population.

A contrary result was seen in BreastMark analysis of BMP4 in lymph node negative BC patients.
It was observed that higher expression of BMP4 was related to good prognosis. BMP4 correlation
with good prognosis can be connected to its role in breast cancer suppression. A study emphasized
BMP4 role in breast cancer suppression when exogenous BMP4 expression reduced accumulation
of myeloid-derived suppressor cells (MDSC) (135). MDSC accumulation is known to lead to
development of highly metastatic tumors and is associated with poor prognosis of BC (135). Thus,
higher expression of BMP4 leads to the suppression of MDSC accumulation which then leads to
good prognosis as seen in this study. Another instant where high expression of BMP4 can be
associated with good prognosis was seen when BMP4 inhibited growth of several breast cancer
cell lines by inducing G1 arrest of the cell cycle (132). The BMP4 induced G1 arrest of the cell
cycle in the breast cancer cells was attributed to expression of the cell cycle inhibitor p21
(132,136). In other cancers such as in myeloma and lung cancer, the BMP4-induced growth
inhibition was as a result of both G1 arrest as well as increment in the number of apoptotic cells
(132) .
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BMP4 signaling is regulated extracellularly and intracellularly at various stages by BMP
antagonists (69,74,75). A study using the 4T1 model found that a BMP antagonist Coco, is
important for inducing inactive breast cancer cells to undergo reactivation and metastasize to the
lung. Due to this, BMP antagonists were analyzed in this study to find if others were more

important than Coco.

5.4 GREML1 expression correlates with poor prognosis in breast cancer patients

BMP antagonist plays a significant role in regulating BMP4 activity. It was therefore intriguing to
delve into the mMRNA transcriptome data to see the interplays of these BMP antagonist between
the metastatic 66cl4 and non-metastatic 67NR. Among the BMP antagonist, Fstl 1, Fst, Bmper,
Tsku, Bambi and Grem1 showed significant upregulation in 66cl4 than 67NR. With the exception
of GREML1, all showed no significant correlation with prognosis (p>0.05). High expression of
GREML1 on the other hand was associated with poor prognosis in OS, RFS, DMFS and PPS for
KM plot. BreastMark on the other hand showed variation with for instance whole cancer, luminal

A, luminal B, lymph node positive patients and Her2 showing no correlation with prognosis.

BMP4 antagonist GREM1 has been recognized as a moderator of EMT a key element that leads
to metastasis in non-cancerous pathologies such as chronic allograft nephropathy (137). GREM1
is also found to be overexpressed in stromal cells that are involved in EMT (121). The observation
of high expression of GREML1 to poor prognosis in this current study might be because GREM1
is a modulator of EMT. EMT in cancer has been associated with the advanced stage of the disease
that show invasive capabilities and resistance to chemotherapy (138). GREM1 showing no
correlation with prognosis can be because of its several roles. GREML1 is not associated with only
malignancy function but also plays a critical role in development with regards to embryo patterning
and limb development and tissue—specific differentiation (81). The developmental role was
implicated in studies where mice that had GREM1 knockout (GREM1-/-) were efficient in kidney
and lung development (84,85).

GREM1 and BMP4 showing clinically relevance were now the focus genes of this study. The
MRNA expression seen was then verified on a protein level with all five cell lines. This was
achieved by subjecting all five cell lines to immunoblotting and ELISA to determine their protein

level expression.
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5.5 BMP4 and GREML1 expressions in 4T1 Breast cancer model:66¢l4 express BMP4 whiles
168FARN and 66c¢l4 express GREM1

This study demonstrated that the mRNA expression of BMP4 seen in the transcriptome data was
equivalent to the protein expression with 66c¢l4 showing expression and not 67NR. Also, the other
metastatic cell lines (168FARN, 4T07 and 4T1) did not express BMP4. BMP4 expression in the
66cl4 might be because it requires it to mediate its migration, invasion and EMT as a result of
being a metastatic cell line. Several studies have shown that among most BMPs in breast cancer,
BMP4 is mostly expressed and play roles in invasion and metastasis. (62,66). Metastatic cell lines
168FARN, 4T07 and 4T1 not expressing BMP4 might be because they mediate their BMP-
dependent migration, invasion and EMT from other BMP sources. 4T07 and 4T1 cell lines for
instance are known to express BMP2 and BMP5 (139). Also, several other BMPs such as BMP3,
BMP5, BMP6, BMP7 and BMP8 have been shown to be expressed in different breast cancer cell
lines (72,140,141).

BMP antagonist, GREM1 was expressed and secreted by only 168FARN and 66cl4 as seen in both
immunoblotting and ELISA. Studies have shown that GREML is exclusively expressed by stroma
cells especially fibroblast and promotes cancer cell survival and proliferation. Exceptions were
however seen with some breast samples which expressed GREML1 in a limited manner (121). The
tumor cell line diversity with GREM1 expression might be as a result of the various degree of
fibroblast recruited in response to signals derived from the tumor. For instance, 67NR not

expressing GREM1 might be because it had limited CAF marker expression as compared to 66c¢l4.

Also with GREM1 being a mediator of EMT (137,121), it can be assumed that BMP4 signaling is
essential for normal epithelial tissue integrity that make up the ECM of the breast and hence have
to be disrupted during breast cancer development and progression. This could be why the
metastatic cell lines 168FARN and 66c¢l4 express the GREM1 as it is required to disrupt the
integrity of the ECM in other to initiate metastasis. An alternative explanation of GREM1
expression in the metastatic 168FARN and 66c¢l4 is to approach it from the role of BMPs in tumor
suppression of breast cancer (136,74,59). The tumor suppression role of BMPs has lead tumors in
adapting several mechanisms that enables them to impair this effect. These mechanisms to shut
down BMP effects includes genomic mutation of SMAD4 and BMP receptor type 11 (BMPR2),

disposition of epigenetic mechanism for the interruption of BMP signaling and finally, the
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production of BMP antagonist (142). The diverse strategies adapted by the tumor are to ensure that
the blockage of the tumor suppression role of BMPs is effective in order for the tumor cells to
survive and grow. Thus, BMP antagonist expression of GREM1 in metastatic cell lines might be
relevant as it has been established for the first time that 168FARN and 66cl4 express GREM1.

Metastasis of BC involves its interaction with CAFs. After determining the expression of BMP4
and GREML1 seen in the metastatic cell lines, its interaction with fibroblast was further studied.

5.6 Interplays of BMP4 and GREM1 in 4T1 breast cancer model and MEFs

BMP4 signaling activation at protein level is measured by p-SMAD 1/5/9 (115,77). The effect of
BMP4 and GREM1 expressed by tumor cell lines on MEFs were investigated by observing p-
SMAD 1/5/9. It was observed that CM from 67NR, 168FARN and 66c¢l4 treatment on MEFs
activated SMAD 1/5/9 with 66cl4 being the highest. The SMAD 1/5/9 activation seen from 67NR
CM is not due to BMPs since mRNA expression from the transcriptome data showed no expression
of BMPs for 67NR. However, p-SMAD 1/5/9 from 67NR CM could be attributed to the minimum
expression of GDF11 levels seen in 67NR in the mRNA data since GDF11 has been shown to
activate its signaling through SMAD 1/5/9 (118). Also, TGF-p has been shown to be activated in
endothelial cells via SMAD1/5/9 even though it predominantly signals through SMAD2/3
(143,119). Fibroblasts have the propensity to be originated from endothelial mesenchymal
transition hence may have attributes of endothelial cell. Therefore, the expression of Tgf-p1 and
Tgf-B3 seen in 67NR in the transcriptome data might have been secreted into 67NR CM and
activated SMAD 1/5/9 on MEF. The activation of SMAD 1/5/9 in 66cl4 may have been as a result
of BMP4 expression as well as mRNA expression of Tgf-f1 and Tgf-f3 and GDF11 observed in
the transcriptome data. 168FARN and 66cl4 activation of SMAD 1/5/9 was however expected to
be dampened as a result of BMP antagonist expressed. The antagonizing effect of GREM1
expressed by 168FARN and 66c¢l4 was not sufficient to inhibit activation of SMAD 1/5/9.

A possible explanation for the low p-SMAD 1/5/9 observed from 4T07 CM and 4T1 CM may be
as a result of low production of soluble mediators that activate SMAD1/5/9. For instance it has
been shown that 4T07 and 4T1 express low BMP2 and BMP5(139). Also a study demonstrated
BMP-induced SMAD?2/3 signaling in 4T1 breast cancer model (144). BMP signaled through
SMAD 2 but not SMAD 3 in 67NR whiles contrary to the metastatic cell lines (168FARN, 4T07,
66¢l4 and 4T1), BMP signaled through both SMAD2 and SMAD 3(144). Thus, BMPs 2 and 5
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expressed by 4T07 and 4T1 may have activated through SMAD 2/3 leading to their low p-SMAD

1/5/9 activations.

To mimic more of the tumor microenvironment, 67NR and 66cl4 was cultured in transwell with
MEF and p-SMAD1/5/9 was checked. SMAD 1/5/9 activations were increased in transwell as
compared to monoculture for both cells. This might be because the tumors secreted Tgf-B1 to
activate MEFs which was signaled through SMAD 1/5/9. The activation of the MEFs by the tumor
cells might be as a result of requiring the MEFs to produce mediators (e.g. growth factors) that

enables them to grow.

The interaction of GREM1 expressed by the tumor cells on MEF was also studied. CM from all
five cell lines were treated on MEF that had been stimulated with rmBMP4. 168FARN, 66¢l4 and
4T1 were able to antagonized BMP4 signal on MEF to some extent especially for 168FARN. It
cannot however be concluded that the antagonizing effect is as a result of only GREM1 (168FARN
and 66c¢l4) and COCO (4T1). These cell lines might also express other forms of BMP antagonist
as seen in the Fstl 1, Fst, Bmper, Tsku, Bambi upregulation in 66cl4 in the transcriptome data. In
addition, GREML in cancer cells has been shown to be overexpressed when they interact with
stroma cells (128). Due to this MEF was cultured in transwell with tumor cells to see if GREM1
will be overexpressed both in the tumor cells and MEF. GREM1 expression was increased when
168FARN and 66cl4 were co-cultured with MEFs. Also, GREML1 level of MEFs increased in the
transwell with all the tumor cell lines. This might be as a result of paracrine communication
between MEFs and tumor cells. They may have communicated by secretion of soluble factors to
increase MEF’s expression of GREML to suppress activity that can lead to tumor cells growth
inhibition. GREML1 expression was also observed on untreated controls. This was an indication
that MEFs produce GREML. Literature also shows that GREM1 and BMP4 is secreted by the
stroma cells, especially fibroblasts (121,120), for this reason GREM1 and BMP4 in MEFs was
checked.

5.7 BMP4 and GREML1 are co-expressed in MEF

MEF was found to express GREM1 and BMP4 on protein level which were increased with PTI
treatment. The increment is an indication that the intracellular secretion or transport pathway of
the BMP4 and GREML has been inhibited thereby accumulating them in the Golgi apparatus or
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the lumen of the endoplasmic reticulum (122). The co-expression of BMP4 and GREM1 may be
suggestive of the importance of BMP4 mediation and regulation by GREM.

The expression of the GREML1 in MEFs was to be expected as GREM1 was first observed from a
v-mos- transformed rat fibroblast cell line (80) and GREM1 has been documented to be
overexpress in stroma cells (121). Furthermore, Cancer invasion front (CIF) is the area where
tumor-host cells interacts mostly in a paracrine and mechanical fashion (137,150). CAF is known
to be the majority of CIF cells (128,142). CIF cells express GREM1 as it provides them an
advantage to shift their differentiation to a more mesenchymal and stem-like phenotype
(86,121,128,142,145). This might be why GREM1 has been found to be expressed by CAF and in
this study MEF (121).

BMP signaling activated in the microenvironment is said to be away from the CAF-instilled
microenvironment due to CAFs GREM1 expression (145,146). However, the co-expression of
BMP4 seen in MEF can enable BMP4 signaling to be activated in CAF instilled microenvironment
in an autocrine manner. After observing BMP4 and GREM1 expression in MEFs, it was presumed
that BMP4 and GREM1 might be secreted into MEF CM. This resorted in the treatment of tumor
cell lines with MEF CM to observe activation of SMAD 1/5/9. P-SMAD 1/5/9 was increased in
67NR and 4T07. The expression of BMP antagonists GREM1 and COCO in 168FARN, 66¢l4 and
4T1 might explain why MEF CM had no effect in these cells. It is however important to note that
they may also be due other antagonists as seen from the expression of BMP antagonist in
transcriptome data for 66¢l4. This suggest the activation of SMAD 1/5/9 from the soluble factors
of MEFs might be associated with tumor suppressive activity. Thus for the 168FARN, 66¢l4 and
4T1 to be able to metastasize prevents SMAD 1/5/9 activation. This finding correlates again with
tumors adapting several mechanisms to impair the tumor suppression role of BMPs as vividly

described in section 5.5.

5.8 Influence of BMP4, GREM1 and tumor soluble mediators on fibroblast proliferation
and migration properties

Metastatic ability or aggressiveness varies from different tumors and is dependent on the tumors
ability to recruit, activate and enhance growth of CAF among other stroma cells (147). Metastatic
progression relies on CAFs ability to migrate within the tumor microenvironment and through the
tumor compartment to the new site (147). The recruitment, migration and proliferation of the CAF
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depends on the metastatic propensity of the tumor cells. This leads to different production of
signals and soluble factors that forms a paracrine feedback loop (147). In this current study, the
ability of soluble factors from tumor cells as well as rmBMP4 and rmGREM1 ability to proliferate
and migrate fibroblast was also checked.

The findings suggested MTT and Cell counting did not show the same result as rmBMP4 showed
no proliferation effect in counting but increased proliferation of MEF in MTT. The increase in
fibroblast per MTT assay has been documented with previous studies reporting BMP4 both
inhibiting and enhancing growth of epithelial cells and mammary fibroblasts (132,115). This
phenomenon of dual role has been associated with superfamily members TGF-p. They are known
to have the inhibition factor of epithelia cell proliferation which is lost during cancer progression
(140). RmBMP4 was also able to antagonize rmGREML inhibiting MEF proliferation.
RMGREML did not only inhibit invasion but distorted the normal spindle shape of fibroblast and
indication the MEF might be dying. RmMGREML inhibition of MEF proliferation was contrary to
a study that showed increment in cell proliferation of normal lung fibroblast and epithelial cell
lines after they had been transfected with GREM1 (88). CM from 67NR, 168FARN, 66¢l4 and
4T1 however showed inhibition in growth and indication of soluble factors that inhibit MEF
proliferation. MTT pattern of the CM treatment were not exactly what reflected in the counting
assay method and this might be due to the 50%CM used. It is also worth noting that the MTT assay
does not directly reflect cell numbers as in the counting assay but cell metabolism which can be
influenced by changes such as pH in the culture medium and the physiology of the cells (148,149).
This was however one experiment; hence a firm conclusion cannot be made since it was not
repeated with different batches of CM from the tumor cells. 1t will therefore be interesting to repeat
and also vary the concentration of the CM to see if the same effect will be seen.

Migration of the Fibroblast was determined using xCELLigence cell migration assay. In general,
the CM from 168FARN and 66cl4 migrated lung fibroblast than the 67NR CM. Studies have
shown GREML1 can increase epithelial cell migration and invasion. This might be why 168FARN
and 66c¢l4 attracted lung fibroblast more since they express and secrete GREML1. The study showed
that human lung adnocarcinoma transfected epithelial cell line (A549 cells) with GREM1
increased their migration and invasion (87). Also, lung fibroblast in culture with the tumor cells
migrated at different rates as compared to the CM from the tumor cells. The general lower
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migration of the lung fibroblast was as a result of cells in culture serving as chemoattractant. This
is because of the influences caused by the rate of growth of the cell, difference in cell number and

the amount of soluble factors produced.

The findings from these experiments provide basics of information concerning BMP4 and GREM1
in the 4T1 tumor cell lines. This can be further research to aid in improving breast cancer therapy
by providing information that will serve in targeting cytokines like BMP4 and GREML1.
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6. CONCLUSION AND FUTURE PLANS

6.1 Conclusion

CAF mediate direct and indirect tumorigenesis and tumor progression effects through secretion
and expression of several factors. Thus, tumors ability to recruit CAF increases its ability to
metastasize as CAF are known to be EMT mediators and CIF cells. Furthermore, GREML1 is a
known EMT mediator that function to increase tumor cell migration and metastasis. GREML1 is
also known to antagonize BMP-dependent tumor suppression. Due to this, the study shows high
GREML1 expression is attributed to the poor cancer prognosis in breast cancer. This study has also
shown for the first time that 168FARN and 66cl4 metastatic cell lines of the 4T1 breast cancer
mouse model express GREM1. The GREML1 expression aid in 168FARN and 66c¢l4 recruitment
of CAF that leads to their metastatic ability. Further research into the interplays of GREM1 in 4T1
breast cancer mouse model may provide information that will serve in targeting GREML1 to help

tumor cells to metastasize.

6.2 Future Plans

From the outcomes of this study, GREM1 expression might be a key player in aiding the recruiting
of fibroblast that facilitates the differences in metastatic behavior of the five cell lines. In order to
have a confirmed reason for these observations, all experiments can be carried out with different
primary fibroblast to see if same responses will be seen. The XCELLigence RTCA migration assay
should also be repeated since it was done once in other to ascertain if the results seen are consistent.
In addition, quantitative RT-PCR should be used to identify factors causing effect in the various
experiments.

Furthermore, to check if GREML is really important for tumor formation and/or metastases a
knockdown/knockout of GREML in the 4T1 tumor cell lines especially 168FARN and 66cl4
should be done. BMP4 knockout can also be done for 66¢l4. The knockout cell line can then be
injected into BALB/c mice to see how well tumors form will be metastasized. All experiments
carried out in this study can then be repeated with the knocked out cell lines. Epigenetic analysis
of GREM1 promoters such as ChIP-qPCR-analysis in the different cell lines to access if the
promoters are poised for different regulation can also be carried out. This is important because
genes are regulated by several epigenetic mechanisms such as post-translational modifications of

histone proteins and DNA methylation.
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Fibroblasts are known to express GREML1 and it has been shown that 67NR contain about 40%
stroma cell. It was therefore surprising to see no mMRNA expression of GREML1 in the transcriptome
data. To verify this, fibroblast could be stained both in 66cl4 and 67NR tumors. Fluorescence-

activated cell sorting (flow cytometer) can also be use in analyzing the amount of fibroblast.
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APPENDIX

Appendix

APPENDIX I: Buffers for Immunoblotting

Buffer

Stock Solution

Final Solution

10X TBS

Trisbase (121.1 g/mol)
NaCl (58.4g/mol)
Deionized Water

0.2M

1.37TM

Add to volume

Adjust with 37% HCL to pH
7.6

IXTBS

1 part of 10X TBS to 9 part
deionized water

TBST

100ml 10X TBS
900mI H0
10ml 10% Tween

Transfer buffer

NuPAGE 20X transfer
buffer

Total volume of 1liter
850ml dH20

50mI NuPAGE 20X transfer
buffer

100ml 100% methanol

MOPS

NUuPAGE MOPS SDS
Running Buffer (20X)

50ml 20x MOPS
950ml dH20
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Appendix

APPENDIX I1: A representative of Standard Curve of Elisa
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Appendix

APPENDIX I1I: A) Transcriptome Data Analysis. Markers and mRNA expression level
factors associated to CAF function in tumor growth and metastasis.

Comparison of cell lines

Comparison of primary
tumors

Gene 66cl4 67NR | Logz | p-value | 66¢cl4 | 67NR | Log2 | p-
value
Markers | Vim 1456.4 | 2921.7 | -1.00 | 0.0001 | 2009.5|0.0 17.62 | 1.00
Fap 0.1 0.0 255 |10 0.9 15 -0.72 | 0.0558
S100a4/FSP1 | 16368.9 | 0.0 20.64 | 1.0 0.0 0.0 0.00 |1.00
Acta2 0.0 0.0 272 |10 8.7 3.5 1.34 | 0.0002
Pdgfra 4.0 14.2 -1.83 [ 0.0001 | 60.6 289 | 1.07 |0.0002
Pdgfrb 5.9 4.1 0.51 |0.0001 |27.6 6.2 2.14 | 0.0002
Activation | Tgfbl 18.7 3.2 2.57 |0.00012 | 44.6 24.6 |0.86 |0.0002
Markers | Tnc 0.0 16.7 - 0.30392 | 2.1 5.6 -1.41 | 0.0002
13.39
Thyl 0.0 0.0 -2.65 | 1.0 23.1 25.0 |-0.11 | 0.5554
Pdgfb 1.1 0.0 7.40 |0.00423 |85 5.3 0.70 | 0.0005
Cspg4/Ng2 0.0 0.0 -1.81 | 1.0 0.6 0.5 0.36 | 0.3041
Paldl 2.9 3.6 -0.30 | 0.03636 | 10.3 8.5 0.27 | 0.1055
Tsp-1 112.7 12.4 3.19 |0.00012 [ 177.8 |11.3 |3.98 |0.0002
Proteases | Plau 0.0 0.0 -0.89 | 1.0 51.6 27.9 10.89 |0.0002
Mmpla 0.0 0.1 -2.18 | 1.0 0.0 0.0 -0.92 | 1.00
Mmplb 0.2 0.5 -1.70 | 0.00012 | 0.0 0.0 0.87 |1.00
Mmp2 0.2 0.1 050 |1.0 8.9 355 |-2.00 | 0.0002
Mmp3 3.8 21.2 -2.47 | 0.00012 | 68.8 38.3 |0.85 |0.0002
Mmp7 0.0 0.0 0.00 |1.0 0.0 0.0 0.51 |1.00
Mmp9 1.0 0.2 2.44 10.00012 | 33.5 142 | 1.24 |0.0002
Mmpll 3.2 0.8 2.00 |0.00012 |11.8 1.7 2.82 | 0.0002
Mmp12 0.0 0.0 058 |1.0 3.7 0.4 3.30 | 0.0002
Mmp13 0.3 0.1 151 |0.00012 | 4.3 2.0 1.10 | 0.0002
Mmpl14 22.8 23.5 -0.04 | 0.77655 | 81.8 778 |0.07 |0.6737
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Appendix

APPENDIX I11: B) Transcriptome Data Analysis. Markers and mRNA expression level
factors associated to CAF function in tumor growth and metastasis

Comparison of cell lines

Comparison of primary tumors

Gene 66¢cl4 | 67NR | Logz | p-value | 66¢cl4 | 67NR | Logz | p-value
Growth | Vegfa 143 |19.1 |-0.41 |0.00161 |16.6 |25.0 |-0.58 |0.0010
Factors | Vegfb 36.8 | 374 |-0.02 |0.87254 |25.1 |26.2 |-0.06 |0.7864

Vegfc 4.5 0.0 9.26 |0.30444 |20.3 [0.8 4.74 | 0.0002

Hof 0.0 0.0 -0.94 | 1.0 0.8 11 -0.40 | 0.3588

Fgf2/bFgf | 0.0 1.2 -6.96 | 0.00012 |0.1 1.9 -3.80 | 0.0045

Igfl 0.0 0.0 -0.30 | 1.0 5.0 3.7 0.44 | 0.0907

Igf2 0.2 0.1 1.23 |0.00012 |3.2 0.9 1.78 | 0.0002

Egf 0.1 0.1 0.08 | 1.0 0.3 0.1 1.06 | 0.0460

Pdgfc 0.1 1.1 -4.17 | 0.00012 |3.4 6.0 -0.81 | 0.0002
Other Tnf 0.0 0.0 -1.36 | 1.0 1.3 1.1 0.26 | 0.6140
factors | Csf1 249.3 [ 130.8 | 0.93 | 0.00012 | 154.4 |65.4 |1.24 |0.0002

Csf2 0.0 0.0 -1.11 | 1.0 0.1 0.2 -0.89 | 1.0

1112a 0.0 0.0 -0.18 | 1.0 0.0 0.2 -191 | 1.0

Il1a 0.0 0.0 098 | 1.0 0.6 0.2 1.65 |0.0276

114 0.0 0.0 0.00 | 1.0 0.1 0.2 -1.97 | 0.2727

116 0.3 0.1 241 |0.03091 |0.7 1.2 -0.83 | 0.1522

Cxcl12 143.0 | 31.6 |2.18 |0.00012 |205.1 |75.2 |1.45 |0.0002

Sparc 161.9 | 557.2 | -1.78 | 0.00012 | 424.5 | 629.8 | -0.57 | 0.0016

Lox 0.1 0.0 3.36 | 1.0 2.1 1.7 0.32 |0.3042

Fnl 58.2 |67.0 |-0.20 | 0.14507 |0.0 3945 | - 1.0

15.27

Cxcl9 0.0 0.0 092 (1.0 13.4 | 295 |-1.14 |0.0002

Cxcl10 126.0 | 1.9 6.05 |0.00012 |155 |[47.7 |-1.62 |0.0002
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APPENDIX IV: BreastMark prognosis results of BMP4 and GREM1

Breast Cancer Subtype  p-Value Hazard ratio
Luminal A 0.870 0.9795(0.7935-1.257)
Luminal B 0.356 0.9179(0.7648-1.102)
BMP4 Lymph node positive 0.064 0.8091(0.6463-1.013)
Her2 0.413 1.149(0.8252-1.599)
Basal 0.314 1.171(0.8612-1.592)
Luminal A 0.515 1.086(0.8475-1.391)
Luminal B 0.822 0.9798(0.8198-1.171)
GREM1 Lymph node positive 0.770 1.034(0.8276-1.291)
Whole cancer 0.012 1.162(1.033-1.306)
Her2 0.232 1.234(0.8735-1.742)

APPENDIX V: Relevant Bmp antagonist family correlation with prognosis- Km plotter (Overall
Survival)

Gene Affymetrix ID p-Value Hazard ratio
BMPER 241986 0.80 1.05(0.73-1.49)
FST 226847 0.57 0.90(0.63-1.29)
FSTL1 208782 0.18 0.85(0.67-1.08)
BAMBI 203304 0.72 1.04(0.83-1.32)
TSKU 218245 0.50 0.92(0.73-1.17)
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APPENDIX VI
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Appendix VI: Proliferation of MEF is influenced by different stimulation.

For A and B 2000 cells/well were seeded in 96-well culture plates and incubated overnight. The cells
were then treated with the various stimulants and incubated for another 24hours. Cell viability was then
measured by MTT assay. The results were expressed as percentage of cell viability compared to the
control which is MEFs in its own medium. Results are means of 10 parallel experiment and bars are £SD.
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APPENDIX VII: Time-dependent migration profiles of Lung Fibroblast
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Appendix VII: Time-dependent migration profiles of Lung Fibroblast.

A) Validation of system with DMEM that has no serum (red) and one that contain 10% FBS (green). B)
Migration curves of Skin Fibroblast cells produced by xCELLigence RTCA with seeding densities of
10000cells/ well (Upper chamber) with condition medium (CM) from 66NR, 66cl4 and 168FARN serving
as chemoattractant with lung fibroblast CM as control (lower chamber). C) Same as (B) but with 67NR,
66cl4, 168FARN cells instead of CM in the lower chamber. All graphs represent mean £ SD from duplicate
experiment run parallel with the exception of “A”.
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