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Abstract

Breast cancer is the most common cancer in women worldwide. The bone
morphogenetic proteins (BMPs) are signaling molecules that are often aberrantly
regulated in cancer. BMP4 has previously been shown to reduce the proliferation of
breast cancer cells and in some cases increase their migration. However, these studies
have been done using standard 2D culture. The aim of this study was to characterize
the effect of BMP4 on breast cancer cells in 3D culture and using an in vivo model,
as well as to study BMP4 target genes and signaling pathway regulation.

Several different breast cancer cell lines were grown in both the synthetic PEG
gel and biologically-derived Matrigel. BMP4 inhibited the proliferation of cells in
both materials. The growth inhibition was examined more closely in Matrigel,
showing that the effect was partly due to p21 induction. In addition, in response to
BMP4 MDA-MB-231 breast cancer cells in Matrigel formed large, branching
structures, indicative of increased migration/invasion. This reaction was dependent
on matrix metalloproteinases.

The migration/invasion effect promoted by BMP4 was examined in more detail
by using a mouse model and following the effects of BMP4 on metastasis formation.
The mice were injected intracardially with MDA-MB-231 cells and treated with
BMP4 or vehicle control. The mice treated with BMP4 had slightly more bone
metastases, but less adrenal gland metastases compared to the vehicle group. The
activation of BMP signaling, epithelial-to-mesenchymal transition, as well as blood
vessels and cancer-associated fibroblasts were studied from the metastases.
However, there were no differences between the treatment groups. Interestingly, in
both groups osteoclast marker staining was found among the cancer cells.

In order to study BMP4 signaling, MDA-MB-231 and T-47D breast cancer cells
were treated with BMP4 or vehicle and differences in gene expression (RNA-seq)
and in regulatory regions of the genome (DNase-seq) were analyzed. RNA-seq data
showed that the responses of the cell lines to BMP4 were different, although there
were also common BMP4 target genes, which were also target genes in additional
cell lines when tested with qPCR. Enrichment analysis revealed that in MDA-MB-
231 cells, which react to BMP4 with increased migration, motility-related genes were
enriched. Correspondingly, in T-47D cells, which respond with reduced



proliferation, genes related to development and signaling were enriched. Similar
results were obtained when analyzing enrichment of chromatin regions that were
opened due to BMP4 treatment. Moreover, based on the open chromatin regions,
three transcription factors (MBD2, CBFB and HIF1A) were chosen for functional
analyses using siRNA and validated as BMP4 downstream regulators. Of these,
MBD?2 was mainly an activator in both cell lines, CBFB in T-47D cells and HIF1A
acted as a repressor in MDA-MB-231 cells.

Taken together, BMP4 inhibits proliferation and increases migration in both 2D
and 3D culture, but more studies are needed to clarify the role of BMP4 in metastasis
formation, particularly in bone metastases. The effects of BMP4 are reflected in gene
expression and chromatin openness. Additionally, depending on the effects different
transcription factors seem to regulate BMP4 target genes.



Tiivistelma

Rintasy6pd on maailmanlaajuisesti naisten yleisin syopd. Luun morfogeneettiset
proteiinit (bone morphogenetic protein, BMP) ovat signalointimolekyyleja, jotka
ovat usein sy6vissd poikkeavalla tavalla sdddeltyjd. BMP4:n on aiemmin ndytetty
hidastavan rintasyopasolujen kasvua ja joissakin tapauksissa samalla lisidvin niiden
migraatiokykya. Namid tutkimukset on kuitenkin tehty standardimallisessa 2D
kasvatuksessa. Taman tutkimuksen tavoitteena oli tutkia BMP4:n vaikutusta
rintasyopésoluihin 3D- ja in vivo -malleissa, sekid lisdksi tutkia BMP4-reitin
kohdegeeneji ja signaalinsaatelya.

Usean eri rintasyopasolulinjan soluja kasvatettiin seki synteettisessi PEG geelissa
ettd biologisesta lihteestd saadussa Matrigeelissi. BMP4 hidasti solujen kasvua
molemmissa materiaaleissa. Kasvun laskua tutkittiin lihemmin Matrigeelissd ja
efektin todettiin johtuvan osittain p21 induktiosta. Lisiksi MDA-MB-231
rintasyopésolut Matrigeelissi muodostivat BMP4:n vaikutuksesta isoja haarautuvia
rakenteita, jotka viittaavat lisidntyneeseen migraatioon/invaasioon. Tami reaktio oli
matriksin metalloproteinaaseista riippuvainen.

BMP4:n aiheuttamaa migraatio/invaasioefektia tutkittiin tatkemmin kayttamalld
hiirimallia ja seuraamalla BMP4:n kykyi vaikuttaa metastaasien muodostukseen.
Hiirten sydamiin injektoitiin MDA-MB-231 soluja ja niitd kisiteltiin BMP4:11a tai
vehikkelikontrollilla. BMP4-kisitellyissd  hiirissdé  oli jonkin verran enemmin
luumetastaaseja, mutta vihemmin lisimunuaismetastaaseja kuin vehikkeliryhmassa.
Metastaaseista tutkittiin - BMP  signaloinnin aktivoitumista, kasvua, epiteeli-
mesenkymaalitransitiota sekd verisuonia ja syOpddn liittyvid fibroblasteja (cancer-
associated fibroblasts). Eroa ryhmien vililld ei kuitenkaan ollut. Mielenkiintoista oli
ettd molemmissa ryhmissi 10ytyi osteoklastimarkkerin virjdytymistd syopasolujen
joukosta.

BMP4:n signaloinnin tutkimusta varten MDA-MB-231 ja T-47D rintasyopasoluja
kidsiteltiin BMP4:114 tai vehikkelilld ja analysoitiin geenien ilmentymiseroja (RNA-seq)
ja genomissa olevia sddtelyalueita (DNaasi-seq). RNA-seq data osoitti solulinjojen
olevan keskendin hyvin erilaisia, vaikka my6s yhteisia BMP4 kohdegeeneji 16ytyi.
Rikastumisanalyysi paljasti, ettd MDA-MB-231 soluissa, jotka reagoivat BMP4:din

lisadntyneelld migraatiolla, lilkkumiseen liittyvit geenit olivat rikastuneet. Vastaavasti



T-47D soluissa, joissa tapahtuu kasvun hidastuminen BMP4:n vaikutuksesta,
kehitykseen ja signalointiin liittyvit geenit olivat rikastuneet. Samanlaiset tulokset
saatiin kun analysoitiin BMP4:n aiheuttamien avoimen kromatiinin alueiden
rikastumista. Lisdksi avoimen kromatiinin analysoinnin avulla valittiin kolme
transkriptiotekijada, MBD2, CBFB ja HIF1A, joiden validoitiin funktionaalisten
siRNA-kokeiden perusteella olevan BMP4-reitin alavirran sditelijoitd. Niisti MBD2
toimi saidtelyn aktivaattorina molemmissa solulinjoissa, CBFB T-47D soluissa ja
HIF1A toimi repressorina MDA-MB-231 soluissa.

Yhteenvetona BMP4:1ld on kasvua vihentivia ja migraatiota lisdavia vaikutuksia
sekd 2D ettd 3D kasvatuksissa, mutta lisdtutkimuksia tarvitaan selventimain BMP4:n
osuutta metastaasien muodostuksessa, erityisesti luumetastaaseissa. BMP4:n
atheuttamat muutokset heijastuvat geenien ilmentymiseen ja kromatiinin
aukeamiseen. Lisdksi muutoksista riippuen eri transkriptiotekijit vaikuttavat
sadtelevin BMP4:n kohdegeeneji.



1 Introduction

Cancer is a malignant form of cell growth, which starts with one cell, where a
mutation favorable to unlimited cellular growth occurs. Other changes follow the
first one, finally leading to full-blown cancer. Oncogenes are normal growth-
promoting genes that are abnormally activated in cancer cells and provide the cells
with a growth advantage over other cells (Croce, 2008; Lee and Muller, 2010).
Growth-restricting tumor suppressor genes limit the proliferation of cells, and
inactivating mutations or rearrangements in them are critical to cancer cells (Oliveira
et al., 2005). In addition, cancer progression can be affected by molecules that are
aberrantly expressed, but do not harbor any mutations. An example of this is the
transforming growth factor § (TGF-), which has been found to have a bidirectional
role, where it inhibits cancer progression in pre-malignant cells but promotes it in
advanced cancer (Massague, 2012). Additionally there can be other changes, such as
alterations in non-coding RNAs and epigenetics (Stratton et al., 2009).

The distinction between benign and malignant cells is the ability of malignant
cells to metastasize. Many steps are required for cancer cells to leave the site of their
origin and then colonize a distant site in the body. First the cells must be able to
degrade the surrounding extracellular matrix (ECM) and locally invade the tissue (Lu
etal,, 2011; Lu et al., 2012). The cells then intravasate into blood vessels, where they
have to survive the conditions in circulation (Nguyen et al., 2009). In a distant site in
the body, they attach to the surface of the blood vessel and extravasate into the
tissues there (Reymond et al., 2013). In the destination sites, they must then survive
and start proliferating, finally forming a metastasis (Nguyen et al., 2009; Valastyan
and Weingberg, 2011).

Cancer is the second leading cause of death worldwide, only behind
cardiovascular disease (Global Burden of Disease Cancer Collaboration et al., 2015).
In women, breast cancer is the most common cancer type worldwide (Ferlay et al.,
2015). Most of breast cancers are sporadic, but 5-10% are hereditary with BRCA1
and BRACA2 mutations accounting for most of the risk (Claus et al., 1996; Martin
and Weber, 2000). Other known risk factors include female gender, age, obesity,
early menarche, late menopause, nulliparity, and late age at first birth (Singletary,
2003).
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Breast cancer is a heterogeneous disease. Historically it has been classified based
on histology into ductal adenocarcinomas, lobular adenocarcinomas and other more
rare types. However, the histological differences are not indicative of the origin of
the cancer, as all breast cancers are thought to originate in the terminal ductal lobular
unit of the breast (Weigelt et al., 2010). Breast cancers can also be categorized based
on hormonal status (Payne et al., 2008; Weigelt and Reis-Filho, 2009). Hormone-
receptor positive cancers express estrogen and/or progesterone receptors (Lim et
al., 2012). HER2 positive cancers express the human epidermal growth factor
receptor 2 (HER2/ERBB2) (Payne et al., 2008). Triple-negative breast cancers lack
the expression of these receptors and are the subtype with the poorest prognosis
(Bianchini et al., 2016). Microarray studies have yielded yet another classification
tool. Based on gene expression patterns, breast cancers can be divided into five
categories: luminal subtype A, luminal subtype B, basal-like, ERBB2+ and normal
breast-like (Sorlie et al., 2003). Similarly to other solid cancers, the grade (appearance)
and stage (size and invasiveness) of the breast cancer remain important aspects in
determining prognosis and treatment (Rakha et al., 2010).

As in most cancer types, breast cancer patients die of metastatic disease (Redig
and McAllister, 2013). Breast cancer metastasizes mostly to lungs, bone and liver
(Weigelt et al., 2005). Despite advances in diagnosis and treatment, breast cancer is
still the leading cause of morbidity and mortality among all the cancers in women
(Redig and McAllister, 2013). The purpose of this study was to examine the effect
of the growth factor bone morphogenetic protein 4 (BMP4) on breast cancer cells
in in vitro and in vivo models and to characterize the regulation of BMP4 signaling

in breast cancer cells.
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2 Literature review

2.1 3D and in vivo models in cancer

Much of basic research is done using cell lines, which are cultured in 2D on cell
culture plastics. Although very feasible, fast and cheap, this is not a very natural
environment for the cells. To overcome this problem, cell lines have been grown in
3D culture that better mimics the physiological conditions (Hartung, 2014). Studies
can also be done using model animals, which offer the complexity of a living body
for experimentation. However, 3D models are a growing field and an attractive
alternative to animal models for both ethical and economical reasons (Antoni et al.,
2015).

2.1.1 3D models

There are several ways to provide a more physiological environment for the cells
(Benien and Swami, 2014). The simplest method is to force the cells to grow in
aggregates without any other structural support (Figure 1A). The cells can also be
cultured inside a synthetic or biological gel (Figure 1B) or a rigid scaffold (Figure
1C). The most complex models include organ-on-a-chip and bioreactors (Figure
1D).

The aggregate model of cell culture creates an environment where cells aggregate
to form a 3D structure. When the cells cannot attach to a substrate they remain
floating and form collective masses. This type of culture can be achieved for example
with low adhesion surfaces or the hanging drop method depicted in Figure 1A
(Achilli et al., 2012).

Some manufacturing methods, such as 3D printing, are used to produce
preformed scaffolds for the cells (Catletti et al, 2011). Depending on the
manufacturing method, scaffolds with different properties are created (Catletti et al.,
2011). For example strength and stability may vary. The cells are then allowed to
enter the porous structure and proliferate within (Knight and Przyborski, 2015).
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3D culture gels are formed from naturally-derived or synthetic materials (Figure
1B). One of the most common biological gelling substances used in 3D culture is
Matrigel. Matrigel is an extract of the basement membrane of Engelbreth-Holm-
Swarm (EHS) mouse sarcoma cells (Kleinman and Martin, 2005). It contains a
mixture of proteins and growth factors. The most common constituents are collagen
IV and laminin, and the growth factors present include transforming growth factor
B (TGF-B), epidermal growth factor (EGF) and fibroblast growth factor (FGF)
(Hughes et al., 2010). A version of Matrigel with reduced growth factor content is
also available for applications where a more defined composition is desired
(Kleinman and Martin, 2005). Below room temperature, Matrigel is in a liquid form,
but forms a gel when the temperature is higher, providing a 3D matrix for the cells
(Figure 1). Matrigel is capable of providing physiological clues to the cells, for
example normal mammary epithelial cells in Matrigel have been shown to form acini,
with a hollow lumen and apicobasal polarization (Debnath et al., 2003). In contrast,
breast cancer cells grow in more disorganized patterns forming e.g. grape-like and
stellate structures (Kenny et al., 2007). Thus the advantage of Matrigel, in addition
to providing the cells a 3D environment, is its constituents, which make the gel
bioactive and capable of being remodeled by the cells. However, the composition of
Matrigel is not clearly defined or controlled and there is variation between different
batches (Hughes et al., 2010).

In addition to Matrigel, collagen I- and alginate-based gels are common biological
3D substances (Wang et al., 2014a). Collagen I is the most abundant structural
protein in the connective tissues of bone and dermis (Vigier and Fulp, 2016).
Alginate is a polysaccharide found from algae (Catrletti et al., 2011). Other materials
that are used include agarose, chitosan and silk (Carletti et al., 2011).

For a controlled composition, synthetic hydrogels are often used. They are cross-
linked polymers, e.g. poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA) and
poly(acrylic acid) (PAA) (Ruedinger et al., 2015). They have a defined composition,
but are typically not as bioactive as biological gels (Ruedinger et al., 2015). To make
them more biocompatible, the gels can be modified to have cross-links that are
cleaved by proteolytic enzymes such as matrix metalloproteinases (MMPs) (Song et
al., 2014). Furthermore, additional molecules, such adhesion peptides (e.g. RGD)
and growth factors, may be added to the gels prior to gelling (Ruedinger et al., 2015).
The gelling of the hydrogel can be achieved through different means, such as
enzymatic cross-linking or through physical manipulation (such as UV light)
(Ruedinger et al., 2015).
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A relatively new method is the organ-on-a-chip model, which mimics a functional
unit of a living organ, consisting of micro-sized channels that are lined by cells (Esch
et al., 2015). In addition, fluid flow conditions are controlled in the chip in order to
better represent physiological conditions (Skardal et al, 2016). Similarly, in a
bioreactor environmental factors such as pH, nutrient supply and waste removal is
controlled (Haycock, 2011). In a rotating bioreactor a continuous rotary motion
keeps the cells afloat (Haycock, 2011; Benien and Swami, 2014). Other bioreactor
models are based on e.g. hollow fibers and spinner flasks (Haycock, 2011).

A

Figure 1. 3D culture methods. A, In the hanging drop culture, cells form aggregates
in suspended drops of liquid. B, In 3D gels cells grow inside a matrix containing a
mesh of structural proteins or polymer chains (colored lines). Other molecules, such
as growth factors, may be present (red dots). C, Scaffolds provide a ready-made 3D
environment for cells. D, In the bioreactor (top) microgravity is mimicked. Organ-
on-a-chip (bottom) is a miniaturized in vitro version of in vivo interactions.

In addition to cues provided by biologically active molecules, in 3D culture it is
possible to culture more than one type of cell simultaneously. This 3D co-culture
method is used to mimic physiological conditions where multiple cell types interact.
For example, adding human dermal fibroblasts (HDF) to MCF-7 breast cancer cells
improved the growth of the cells in collagen, floating spheroids and alginate (Stock
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et al., 2016). Endothelial and immune cells have also been co-cultured with tumor
cells (Katt et al., 2010).

Taken together, the different 3D methods provide different benefits and
drawbacks. The synthetic gels and scaffolds provide consistent quality, along with
the hanging-drop method which is often used in high-throughput methods due to
its simplicity (Tung et al., 2011). However, these methods provide only the 3D
architecture. Biological materials also provide other cues to the cells and are more
easily reorganized by the cells, although modifications to the synthetic gels and
scaffolds can improve their biocompatibility (Zhu, 2010). In organ-on-a-chip models
and bioreactors the nutrient and waste flow of the actual tissue is mimicked, but

these methods are more costly compared to the others.

2.1.2  Invivo models

Although in vitro models have been created for replacing many tests done with
animals, animal models are still needed for observing the effects of systemic
interactions on the variables studied. Mouse models are the most commonly used in
cancer research (Cekanova and Rathore, 2014) and they include transgenic animals,
chemically/physically induced tumor models and xenograft models.

Transgenic mice have a modified genome. Using the modern CRISPR-Cas9 or
other gene-editing tools, the mice are engineered to e.g. lack or overexpress a
particular gene and the impact of this manipulation on tumor formation can then be
followed (Markossian and Flamant, 2016). All the cells of the mice are modified but
by using a tissue-specific promoter, the gene can be expressed or silenced only at a
certain tissue (Markossian and Flamant, 2016). Generation of a transgenic mouse is
time-consuming, but tumor progression can be followed in its entirety and the mice
remain immunocompetent, an important aspect when the most physiological
environment is needed (Richmond and Su, 2008).

Human cancer cells, either primary cells/tissues or cell lines, can be planted into
mice to establish a xenograft model which requires immunocompromised mice.
Immunocompetent mice can be used only when mouse cancer cells are transplanted
into a mouse with a similar genetic background (a syngeneic model) (Teicher, 2000).
An orthotopic xenograft model is established by injecting the cancer cells to a
location in the mouse body which corresponds to the location the cells were
originally derived from (Khanna and Hunter, 2005). This model has the advantage

of the cells being in the same kind of environment that they initially evolved in. The
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cells can also be injected subcutaneously, under the skin, in which case the size of
the primary tumor is easily measured and its growth readily followed (Tomayko and
Reynolds, 1989). However, in these models metastasis from the primary site is a slow
process (Saxena and Christofori, 2013). In order to establish a metastatic model, the
cells can be injected into circulation, either into the tail vein, or intracardially, into
the heart (Saxena and Christofori, 2013). This mimics the circumstances of a cancer
that has already been able to invade into the bloodstream. Because the intravasation
step of the metastatic process is skipped, this model produces metastases rapidly
compared to the other methods (Jung, 2014). In order to follow the growth of the
metastases, the cells can be manipulated prior to implantation so as to give a signal
which can be followed (Khanna and Hunter, 2005). Commonly, the cells are
manipulated to express a fluorescent protein, for instance Green fluorescent protein
(GFP, fluorescence), or the luciferase enzyme (bioluminescence) (Khanna and
Hunter, 2005). The excited GFP produces light, which can be detected. If the
luciferase system is used, luciferin, which is the substrate of the enzyme, is first
injected into the bloodstream of the mice. The luciferase enzyme produces
bioluminescent light as it catalyzes luciferin into oxyluciferin (Zinn et al., 2008).
Similarly as with GFP, the light produced gives away the location of the cells.

In addition to transgenic and xenograft models, a mouse cancer model can also
be created by an exogenous agent, for example radiation or chemicals (Frese and
Tuveson, 2007). There are also mouse strains that spontaneously develop cancer
(Frese and Tuveson, 2007). However, these models develop cancer with inconsistent
timing and penetrance, and are not suitable for all cancers (Frese and Tuveson, 2007).

In breast cancer, orthotopic mouse models can be established by injecting the
cells into the mammary fat pad. There is usually a high latency in metastasis
development from orthotopic sites, but metastatic orthotopic models of breast
cancer have been established (Kuperwasser et al., 2005; Iorns et al., 2012; Saxena
and Christofori, 2013). Mice genetically engineered to develop breast cancer
recapitulate many of the features of human breast cancer (such as similar molecular
lesions, which have similar morphologic patterns) (Hennighausen, 2000). However,
there are some differences in morphology and hormone dependency (Hennighausen,
2000).

Although animal models have the advantage of offering a naturally physiological
design, there are also drawbacks to using animals in research. Depending on the
animal model, performing experiments may take a long time and require
sophisticated facilities, thus increasing the cost of experimentation. In addition, the

results from animal models do not always translate to humans (Mak et al., 2014).
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Finally, ethical considerations limit the usability of animal models and other methods
are preferred when possible (Ferdowsian and Beck, 2011).

2.2 High-throughput methods to determine gene expression and
chromatin state

Modern sequencing methods (often called next-generation sequencing, NGS) allow
for a wealth of information to be gathered from the state of the chromatin and its
expression. The expression levels of genes can be studied using RNA-seq (Wang et
al., 2009) and open chromatin regions can be identified with DNase-seq (Song and
Crawford, 2010). In addition, there are other methods, such as chromatin
immunoprecipitation and sequencing (ChIP-seq) for transcription factor binding site
(TFBS) recognition, which will not be discussed here.

221  RNA-seq

Using RNA-seq the whole transcriptome of a cell can be characterized. With this
method, a library is formed from the fragmented cDNA sequences of expressed
transcripts. The library is then sequenced using either single-end sequencing
(sequenced from one end of the fragmented sequence) or paired-end sequencing
(sequenced from both ends) (Wang et al., 2009). The reads that are thus produced
are usually lined with a reference genome in order to reveal the identity of the
transcript (Finotello and Di Camillo, 2015). The number of reads in turn reflects the
expression levels (Oshlack et al., 2010). Thus from a given sample it is possible to
find out what transcripts are present and what is their level of expression.

Compared to previously used hybridization-based techniques for high-
throughput gene expression analyses, RNA-seq is a more direct method with a lower
background (Wang et al., 2009). Furthermore, with RNA-seq it is possible to detect
e.g. fusion genes and de novo transcripts, without prior information about the
sequence (Wang et al., 2009; Kumar et al., 2016). It is thus not surprising that RNA-
seq has become the favored method in transcriptomics (Conesa et al., 2016).
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2.2.2 DNase-seq

Gene expression is regulated by transcription factors (TT's) binding to promoter and
enhancer regions in the genome (Tsompana and Buck, 2014). During this event, the
chromatin is opened for TF access (Tsompana and Buck, 2014). Using DNase-seq,
it is possible to identify these open regions that indicate the presence of binding sites
for regulatory control.

The technique is based on digestion of DNA by the DNase I enzyme. DNase I
is able to access only open chromatin regions (called DNase hypersensitivity sites,
DHSs), which the enzyme then cleaves (Song and Crawford, 2010). After
optimization of the extent of cleavage by DNase I, fragments of 100 to 1000 bp of
DNA are isolated, processed into a library and sequenced (Song and Crawford,
2010). As with RNA-seq, the sequencing reads are aligned to the genome and stacked
reads form peaks to the regions where the chromatin is open (Strino and Lappe,
2010).

Even before NGS techniques were developed, DNase I-based cleavage of
chromatin was used on a smaller scale to identify TFBSs (Neph et al., 2012).
Nowadays, DNase-seq offers a method to gather information about the chromatin
across the whole genome. However, follow-up studies are needed to ascertain
biological function for the open regions discovered (Song and Crawford, 2010).

2.3  Bone morphogenetic proteins

2.3.1  Structure and function

Bone morphogenetic proteins (BMPs) are a family of growth factors, some of which
are known by the name growth and differentiation factor (GDF). Their actions were
brought to light by Urist (1965) in 1960s, in an attempt to find factors capable of
inducing bone formation, although he first used the term bone morphogenetic
protein years later (Urist and Strates, 1971). By the end of 1980s, several different
BMPs had been found (Wozney, 1989) and to date, around 20 members are known
(Carreira et al., 2015). One of the members, BMP4, is focused on in the following
sections.

BMPs are a part of the transforming growth factor 3 (TGF-@) superfamily. The

members are all structurally similar, with a cystine knot formation containing seven
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cysteine residues (Rider and Mulloy, 2010). Six of the residues form intramolecular
disulfide bridges, and one cysteine is involved in an intermolecular bond allowing
dimerization of the monomeric proteins (Rider and Mulloy, 2010). BMPs can exist
as homo- or heterodimers, and in some cases heterodimers have been shown to be
more active (Valera et al., 2010; Sun et al., 2012). BMPs also possess an N-terminal
signal peptide and a prodomain, which are cleaved upon secretion into the
extracellular space (Mulloy and Rider, 2015). The prodomain may still remain
associated with the mature polypeptide, influencing its binding to other molecules
of the extracellular matrix (ECM) (Sengle et al, 2011). BMPs may also be
glycosylated prior to secretion into the ECM (Rider and Mulloy, 2010). Based on
structure and function, BMPs can be divided into subfamilies, including BMP2 and
4; BMP5, -6, 7, 8a and 8b; BMP9 and 10; and GDF5, -6 and 7 family (Miyazono et
al., 2010). Although no crystal structure has been solved for BMP4, many research
groups have studied the structure of its closest homolog BMP2. Scheufler et al.
(1999) were the first to crystallize the protein and discover its similarity to other
TGF-8 superfamily members.

Although inducing bone formation was the first function attributed to BMPs,
many other roles were found as more BMPs were discovered (Katagiri and Watabe,
2016). BMPs are now recognized as important developmental regulators, taking part
in determining body axes as well as the formation of individual organs and organ
systems such as hair follicle, kidney, tooth and skeletal muscle development (Niehrs,
2010; Katagiri and Watabe, 2016). In addition, in the adult body they are involved in
maintaining tissue homeostasis, in processes such as vascular remodeling and skeletal
stability (Khan et al., 2016; Garcia de Vinuesa et al., 2016). BMP4 specifically
regulates e.g. limb development, adipogenesis and tooth development (Vainio et al.,
1993; Selever et al., 2004; Bowers and Lane, 2007; Jia et al., 2013). It is also expressed
in a wide variety of adult tissues and has been found to be involved in skeletal repair,
ovarian steroidogenesis, neurogenesis, hematopoietic stem cell function and
regulation of insulin metabolism in the adult body (Nakase and Yoshikawa, 2000;
Goulley et al., 2007; Otsuka, 2010; Alarmo et al., 2013; Xu et al., 2013; Khurana et
al., 2013). Bmp4 knock-out mice are embryonically lethal and heterozygotes are
viable but with abnormalities, such as craniofacial malformations (Winnier et al.,
1995; Dunn et al., 1997). Due to the critical roles of BMPs in development and in
the adult body, it is not surprising that defects in BMP regulation may contribute to
various diseases, including cancer, skeletal disorders and cardiovascular diseases

(Wang et al., 2014b).
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2.3.2  Signaling pathway

BMPs signal by binding to their receptors on target cells and initiating a signaling
cascade that culminates in altered expression of BMP target genes. Three common
type I (BMPR1A, BMPR1B and ACVR1) and three type II (BMPR2, ACVR2A and
ACVR2B) serine/threonine kinase receptors are used by the BMP ligands, as they
bind as dimers to two type I and two type II receptors (Miyazono et al., 2010). Of
the type I receptors, BMP4 preferentially binds to BMPR1A and BMPR1B (ten Dijke
et al., 1994). The receptor complex with both receptor types may be pre-formed or
alternatively ligand binding brings the receptor-ligand complex together (Yadin et
al., 2016). The type II receptor kinase domain is constitutively active and
phosphorylates the type I receptor, thereby initiating the downstream signaling
cascade (Figure 2, Yadin et al., 2010).

The intracellular mediators of BMP signaling are the SMAD molecules. Receptor-
regulated SMADs (R-SMADs: SMAD1/5/9) bind to the activated receptor complex
and are phosphorylated by the type I receptors (Massague et al., 2005). In the
cytoplasm they then bind to the common SMAD, SMAD4, which is shared by the
TGF-$ and BMP signaling pathways. The complex thus formed translocates to the
nucleus, where it binds to the promoters of BMP target genes and either activates or
represses transcription in concert with other transcription factors (Figure 2,
Miyazono et al., 2005).

The BMP signaling pathway is regulated at multiple levels. In the extracellular
space, BMP antagonists bind BMPs and prevent them from binding to their
receptors (Rider and Mulloy, 2010). The antagonists have different binding
specifities, e.g. Noggin binds to BMP2 and -4 with high affinity and to BMP7 with a
moderate affinity (Zimmerman 1996). At the cell membrane decoy or
pseudoreceptors, co-receptors or other membrane-bound molecules may regulate
BMP signaling (Raju et al., 2003; Bragdon et al., 2011; Brazil et al., 2015). For
example, the pseudoreceptor BMP and Activin Membrane Bound Inhibitor
(BAMBI), binds BMPs but lacks the kinase domain, leading to formation of a non-
functional receptor complex (Onichtchouk et al., 1999). Intracellulatly the action of
R-SMADs is opposed by the Smad ubiquitination regulatory factors (SMURFs) and
the inhibitory SMADs. The SMURFs target SMADs to ubiquitin-mediated
destruction (Zhu et al., 1999). The inhibitory SMADs compete with SMADs for
receptor binding (SMAD7) or with SMAD1 for SMAD4 binding (SMADO)
(Massague et al., 2005).
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Figure 2. BMP signaling pathway. BMPs bind to their receptors and activate the
canonical SMAD signaling pathway or alternatively the MAPK pathway. In the
nucleus other transcription factors (ITFs) are involved in BMP target gene regulation.

In addition to the canonical signaling pathway described above, BMPs may exert
their effects through the MAP kinase pathways (Figure 2, Bragdon et al., 2011).
Furthermore, there is extensive signaling crosstalk with other pathways. For
example, the Notch and Wnt pathways have been found to regulate BMP signaling
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2.3.3 BMP target genes and their regulation

2.3.3.1  Transcription factors

In order to regulate transcription, SMAD4 complexed with R-SMADs binds to the
promoters of BMP target genes at specific locations containing short SMAD binding
elements (SBEs, GTCT/AGAC) as well as longer, GC-rich sequences (Morikawa et
al., 2013). However, the binding affinity of SMADs alone is low (Massague et al.,
2005). Therefore it is believed that other transcription factors (IFs) are required to
interact with SMADs for adequate induction or repression of genes (Blitz and Cho,
2009). Both transcriptional activators and repressors have been found to interact
with SMADs (Table 1). SMADs contain a linker region and two MAD homology
(MH) domains. It is the MH1 domain that is responsible for binding to DNA
(Morikawa et al., 2013), whereas interaction with TFs may happen through either the
MH1 or MH2 domains (Massague et al., 2005). To date, transcription factors
interacting with SMAD1/5/9 have mostly been identified using cells of various
normal tissues (Table 1). Although not included in Table 1, transcription factors have

also been studied in non-vertebrate models such as Drosophila.

Table 1. Transcription factors that regulate BMP target genes and interact with
SMAD1/5/9 ot 4 (only vertebrates included).

TF Cell line/type/organism TF type Ref
ATF2 Mouse Activator Monzen et al., 2001
carcinoma/cardiomyocytes
(p19clo)
B-catenin  Transgenic mice Activator Hu and Rosenblum,
2005
CBP Human keratinocyte (HaCaT),  Activator Ghosh-Choudhury
mouse myoblast (C2C12) cells et al., 2000;
Pouponnot et al,,
1998
CIzZ murine osteoblastic cell line Repressor  Shen et al., 2002
(MC3T3E1)

CREBZF Prostate cancer cells (PC-3) Repressor  Lee etal, 2012
Dachl1 C2C12 and monkey kidney Repressor  Kida et al., 2004
(chick) fibroblast cells (COS-7) cells
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E4F1 C2C12 cells Repressor  Nojima et al., 2010
FOS, Normal human osteoblastic ND Lai and Cheng,
FOSB cells, MC3T3-E1 2002
GATA FVB mouse embryo, chick Activator Lee et al., 2004;
(4/5/6) embryos, p19cl6, Mouse Brown et al., 2004
fibroblast (C3H/10T1/2),
monkey kidney cells (CV-1)
GCN5 breast cancer cells (MCF-7) Activator Kahata et al., 2004
Gli3, Mink cells (R1B/L.17) Repressor  Liu et al,, 1998
truncated
Hic-5 primary rat prostate Repressor  Shola et al., 2012
fibroblasts, PC-3
HIPK2 C2C12 cells Repressor ~ Harada et al., 2003
HIVEP1  Xenopus Activator Yao et al.,, 2006
Hoxc-8 Mouse fibroblast Repressor Shi et al., 1999
(C3H/10T1/2)
JUNB Normal human osteoblastic ND Lai and Cheng,
cells, MC3T3-E1 2002
mZnf8 Monkey kidney cells (COS- Repressor  Jiao et al., 2002
M6), mouse embryonal
carcinoma cells (P19)
Nkx3.2 C3H10T1/2, COS-7, breast Repressor Kim and Lassar,
cancer cells (MDA-MB-468), 2003
and colorectal adenocarcinoma
cells (SW480.7)
OAZ Xenopus Activator Hata et al., 2000
p300 HaCaT Activator Pouponnot et al.,
1998
p53 Immortalized mammary Repressor  Balboni et al., 2015
epithelial cells
p63 Immortalized mammary Activator Balboni et al., 2015
epithelial cells
p65 Mouse embryonic fibroblasts ~ Repressor  Hirata-Tsuchiya et

al., 2014
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RUNX2 C2C12, C3H/10T1/2, Activator Hanai et al., 1999;
cervical cancer cells (HeLa), Lee et al., 2000;
mouse embryonic calvarial Leboy et al., 2001;
tissue cell line, chick Bae et al., 2001;
chondrocytes Afzal et al., 2005;
Phimphilai et al.,
2006; Javed et al.,
2008
RUNX3  COS7 Activator*  Hanai et al., 1999
SIP1 Human embryonic kidney cells Repressor ~ Verschueren et al,,
(HEK293T), monkey kidney 1999; Tylzanowski
fibroblast cells (COS1), yeast, et al., 2001; Conidi
Xenopus, C2C12 cells etal., 2013
SERTAD Mouse primary cardiomyocytes Activator Peng et al., 2013
1
Smad6 COS-1 cells, mink lung Repressor  Bai et al., 2000
epithelial cells (Mv1Lu)
SMIF Mvi1Lu Activator Bai et al., 2002
Ski Xenopus, bone marrow Repressor ~ Wang et al., 2000
stromal cells (mouse)
Sox5 Xenopus embryos Activator Nordin and
LaBonne, 2014
Tcf4 Transgenic mice Activator Hu and Rosenblum,
2005
Tob C2C12 Repressor  Yoshida et al., 2000
XBP1 Xenopus Activator/  Cao et al., 2006
Repressor
YY1 1, HaCaT, C2C12, murine 1, Kurisaki et al.,
mammary  epithelial  cells Repressor,  2003; Lee et al.,
(NMuMG), MvlLu, COS-7, 2 Activator 2004
human  embryonic  kidney
(293T) cells, MDA-MB-468,
human hepatoma (HepG2)
cells, 2, chick embryos, P19,
transgenic mice
ZEB1 C2C12 Activator Postigo, 2003

*tested only with TGF-§ stimulation, ND = not determined
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Of the SMAD-interacting TFs in vertebrate models, one of the most studied
transcription factors is RUNX2 (Table 1, Ito et al, 2015). As a transcriptional
activator, it interacts with SMADs and together with BMPs is important in inducing
many factors critical to bone formation (Rahman et al., 2015). Transcriptional
repressors, on the other hand, inhibit the transcriptional induction of gene
expression. SIP1 is an example of a well-studied repressor of BMP signaling (Table
1). In C2C12 cells it interacts with Smad1/5 and represses the expression of alkaline
phosphatase, which is implicated in osteogenesis induction (Tylzanowski et al.,
2001).

Only a few studies on TFs involved in BMP signaling have been done in cancer
cells. CREBZF was found to be a repressor in prostate cancer cells (Lee et al., 2012)
and GCNB5 a repressor in MCF-7 breast cancer cells (Liu et al., 1998). Nkx3.2 and
YY1 TFs were identified as BMP target gene regulators in the MDA-MB-468 breast
cancer cells (Kim and Lassar, 2003; Lee et al., 2004). Other studies have mostly used
mouse, Xenopus or human kidney, osteoblast or other mesenchymal cells (Table 1).
Many of the identified transcription factors have only been studied in one or a few
different cell lines. Additionally, the BMP used in the stimulation of the signaling
pathway varies depending on the study, with most using either BMP2 or BMP4. To
date, any large-scale screenings of the TFs involved in BMP target gene regulation
have not been performed. Thus is it is difficult to know whether these transcription
factors are general mediators of BMP response or act in conjunction with a particular

BMP or in a specific tissue or developmental stage.

2.3.3.2 Target genes

Some BMP target genes are well-known and have been meticulously characterized.
The most prominent of these include the Inhibitor of differentiation genes (ID1-3)
(Hollnagel et al., 1999; Miyazono et al., 2005). IDs regulate differentiation of cells
both during development and in the adult body, and their deregulation is associated
with tumorigenesis (Lasorella et al., 2014). BMPs also induce the expression of
inhibitors of BMP signaling in a negative feedback loop, a mechanism for keeping
expression levels steady (Paulsen et al., 2011). For example, BMP antagonists,
inhibitory SMADs and BAMBI have been shown to be activated due to BMP
treatment (Gazzerro et al., 1998; Paulsen et al., 2011).

Several studies have been done on a genome-wide scale to look for BMP target
genes. Fei et al. (2010) searched for target genes in embryonic stem cells using ChIP-
chip and ChIP-seq with SMAD antibodies, which identify promoters of BMP- and
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TGF-B-regulated genes. An expression array was done after BMP9 and BMP4
treatment of endothelial cells (HUVECs) and pulmonary artery cells (PASMCs)
(Morikawa et al., 2011) and revealed target genes common to both cell lines (such as
SMADG and ID1-3) as well as individual target genes. Genander et al. (2014) found
common BMP target genes as well as individual genes when looking at hair follicle
stem cell lineages. BMP2 target genes in osteoblasts were divided into multiple
expression profiles by de Jong et al. (2004). A meta-analysis of microarray data on
BMP target genes in bone revealed some genes that may be common target genes in
bone, such as Lox, KIf10 and Gpr97 (Prashar et al., 2014). Rodriguez-Martinez et al.
(2011) identified BMP4 and BMP7 target genes in breast cancer cells, employing
multiple cell lines and time points. These studies show that BMPs have many
common target genes but that there are both tissue-specific and BMP-specific
responses as well. However, large scale studies on BMP target genes have not been
done in any other cancer type apart from breast cancer (Rodriguez-Martinez et al.,
2011). To gain a more complete view of BMP target genes, large-scale screenings are

needed.

2.34 BMP4 and cancer

Due to their role as developmental regulators, BMPs have also been linked to cancer
progression (Alarmo and Kallioniemi, 2010; Singh and Morris, 2010; Wang et al.,
2014b). As aberrant signaling is frequent in cancer (McCleary-Wheeler et al., 2012;
Giancotti, 2014), the expression and function of BMPs and the BMP pathway have
been studied in many cancer types. The results show that the effect is dependent on
the specific BMP, cancer type and context (Singh and Morris, 2010; Alarmo and
Kallioniemi, 2010; Ehata et al., 2013). For example, in breast cancer, most of the
BMPs studied have been shown to reduce proliferation (Alarmo and Kallioniemi,
2010; Ye et al., 2010; Chen et al., 2012; Hu et al., 2013; Lian et al., 2013; Zhang et
al., 2013). In contrast, the effects of BMPs on breast cancer cell migration and
metastasis seem to be dependent on the BMP in question with e.g. BMP2 inhibiting
and BMP6 inducing migration (Alarmo and Kallioniemi, 2010; Ye et al., 2010; Zhang
et al., 2013; Ren et al., 2014).

The expression of BMP4 is tissue-specific; tumors from squamous epithelial cells
had strong granular staining and some tissues had only weak and moderate staining
(Alarmo et al., 2013). There was also variation in expression between different

histological subtypes of some cancers. Indeed, the expression of BMP4 has been
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suggested as a prognostic marker in some cancers, for example glioma,
hepatocellular carcinoma and serous ovarian carcinoma (Laatio et al., 2011; Guo et
al., 2012b; Wu and Yao, 2013). In addition, different polymorphisms in the BMP4
gene have been suggested as potentially relevant to cancer progression. For example,
colorectal cancer risk was associated with BMP4-rs4444235 polymorphism in a
meta-analysis of several studies (Li et al., 2012).

The function of BMP4 in cancer has been studied with both in vitro and in vivo
models (Table 2, Kallioniemi, 2012). Both inhibition and promotion of proliferation,
as well as varying effects on migration have been observed (Table 2). In some studies,
BMP4 also had an effect on other phenotypes, such as differentiation, apoptosis,
survival and drug resistance of cancer cells (Table 2). However, it seems that BMP4
often acts as a suppressor of proliferation and inducer of cell differentiation,
although there are studies that have found opposite effects (Table 2). BMP4 also
more often induces migration and invasion than suppresses them (Table 2). The
effects of tumor suppressive reduced proliferation and tumor promoting increased
migration have been noted, even within one cancer cell type (Alarmo and
Kallioniemi, 2010; Ehata et al., 2013). However, many BMP4 studies have only used
one or a few cell lines and the manipulation method of BMP4 levels have also been
variable, thus making comparisons between different studies difficult. More studies

are needed in order to form more comprehensive conclusions.
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Table 2. The effect of BMP4 on the behavior of cancers from different tissues. The studies have been done using in vitro

models, unless otherwise indicated.

Cancer type Manipulation*  Effect Reference
Basal cell 8-833 ng/ml Reduced cell growth Sneddon et al., 2006
carcinoma
Bladder cancer 100 ng/ml Inhibited growth in one cell line, no effect in one cell Kim et al., 2004
line, inhibited growth in one cell line when forced
expression of BMPR2 was used
Brain tumors 5 ng/ml Increased growth and decreased apoptosis Iantosca et al., 1999
100 ng/ml Decreased proliferation and induced differentiation, — Piccirillo et al., 2006
in vivo
100 ng/ml Decreased proliferation, in vivo Zhao et al., 2008
30 ng/ml Increased proliferation Johnson et al., 2009
100 ng/ml Inhibited proliferation and increased apoptosis Zhou et al., 2011
BMP4 containing Improved survival, in vivo Mangraviti et al., 2016
nanoparticles
Silencing Reversed multidrug resistance Liuetal., 2013

10-200 ng/ml

50-200 ng/ml

Increased proliferation

Reduced proliferation

Paez-Pereda et al.,
2003
Giacomini et al., 2006

Breast cancer

100 ng/ml
50-100 ng/ml

Reduced proliferation, increased migration
Reduced migration and invasion, no effect on

viability

Ketolainen et al., 2010
Shon et al., 2009
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Overexpression  Inhibited proliferation and promoted migration and ~ Guo et al., 2012a
invasion

Silencing Increased proliferation and decreased Guo et al,, 2012a
migration/invasion

2.5 ng/ml Increased invasion Cyt-Depauw et al.,

2016

100 ng/ml Increased invasion Pal et al., 2012

100 ng/ml Stimulation of mammary fibroblasts enhanced breast Owens et al., 2013
cancer cell invasion

Overexpression  Inhibited metastasis, in vivo Cao et al, 2014

Colorectal/
Colon cancer

Dose unknown

Inhibited growth

Whissell et al., 2014

100 ng/ml Inhibited growth, increased apoptosis, G1 cell cycle  Nishanian et al., 2004
arrest (in vitro), loss of tumorigenicity (in vivo)

100 ng/ml Reduced tumor formation, in vivo Lombardo et al., 2011

Overexpression  Induced migration, invasion, apoptosis and Deng et al., 2007a
resistance to serum starvation

Overexpression  Increased survival and decreased apoptosis after heat Deng et al., 2007b
treatment

Overexpression  Increased migration and invasion in Smad4-deficient  Deng et al., 2009
cells

Gastric cancer Overexpression  Increased proliferation and invasion Ivanova et al., 2013
Silencing Inhibited proliferation and migration Ivanova et al., 2013
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30 ng/ml

Inhibited proliferation, induced cell cycle arrest

Shirai et al., 2011

Head and neck Knockdown Reduced migration and invasion Yang et al., 2013
cancer
Hepatocellular 10 - 100 ng/ml Promoted differentiation, inhibited self-renewal, Zhang et al., 2012b
cancer tumorigenic capacity

Silencing Reduced migration, invasion and anchorage- Maegdefrau et al.,

independent growth, no effect on proliferation 2009

10 ng/ml Increased proliferation and migration Chiu et al,, 2012
Leukemia/ Dose unknown Increased proliferation (reduced in one cell line), Takahashi et al., 2012
lymphoma suppressed clonogenicity

Silencing Decreased colony formation Zhao et al,, 2013
Lung cancer Knockdown Suppressed growth, migration (in vitro), metastasis Kim et al., 2015

10 — 300 ng/ml

(in vivo)

Decreased clonogenic growth

Fang et al., 2014

100 ng/ml Induced senescence, inhibition of proliferation and Buckley et al., 2004
invasion (in vitro, in vivo)
Overexpression  Induced senescence Su et al., 2009
Melanoma Antisense-BMP4, Reduced migration and invasion, no change in Rothhammer et al.,
BMP antagonist  proliferation and anchorage-independent growth 2005
Myeloma 50 ng/ml Induced G1 atrest and/or apoptosis Hjertner et al., 2001
20 ng/ml Induced apoptosis Holien et al., 2012
Ovarian cancer 10 ng/ml Induced motility Theriault and

Nachtigal, 2011
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10 ng/ml

No effect on proliferation, decreased cell density and

increased spreading in long-term culture

Shepherd and
Nachtigal, 2003

10 ng/ml Increased adhesion, invasion, induced EMT Theriault et al., 2007
Pancreatic 250 ng/ml Reduced proliferation, increased migration Virtanen et al., 2011
cancer

300 ng/ml Induced EMT and invasiveness or no effect Gordon et al., 2009

50 ng/ml Induced EMT and migration Hamada et al., 2007
Prostate cancer ~ BMP4 blocking  Inhibited osteogenic differentiation Lee et al., 2011

antibody

1-100 ng/ml Inhibited proliferation, or no effect Brubaker et al., 2004

Dose unkown No effect on proliferation or invasion Dai et al., 2005

1-500 ng/ml No effect on proliferation, migration or invasion Feeley et al., 2005

20 ng/ml Inhibited proliferation Shaw et al., 2010
Retinoblastoma 40 ng/ml Increased apoptosis, no effect on proliferation Haubold et al., 2010

* Manipulation of BMP4 expression through BMP4 treatment, silencing or overexpression
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3 Aims of the study

The aim of this study was to expand the previous data concerning the effects of
BMP4 on breast cancer, by employing two different study models that are more
physiological compared to standard cell culture. In addition, BMP4 target genes and
their regulation was studied with integration of next-generation sequencing (NGS)

analyses. The specific aims of this dissertation were:

1. To examine the effects of BMP4 on breast cancer cells in 3D culture (Study

D

2. To characterize the impact of BMP4 on breast cancer metastasis formation

using an in vivo mouse model (Study II)

3. To decipher BMP4 signaling regulation at the chromatin and transcriptomic
levels (Study III)
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4  Materials and methods

4.1 Cell culture (I, 1, 1)

The breast cancer cell lines (BT-474, HCC1954, MCF-7, MDA-MB-231, MDA-MB-361,
MDA-MB-436 and T-47D), the immortalized breast epithelial cell line (MCF-10A) and
the embryonic kidney cell line (293T) were obtained from ATCC (Manassas, VA, USA).
They were maintained according to ATCC directions except for MCF-10A, which was
cultured as previously described (Debnath et al., 2003). All cell lines were authenticated

and regularly checked for mycoplasma infection.

42  BMP4 treatment (1, Il, [

Recombinant human BMP4 was purchased from R&D Systems (Minneapolis, MN,
USA). Either prior to or during the experiments, the cells and animals were treated

with BMP4 and vehicle (BMP4 dilution solution, 4 mM HCI with 0.01% BSA) was
used as control. The details of treatment can be found in the appropriate sections.

43 3D Matrigel assay (|, Il)

Cells were cultured on growth-factor reduced Matrigel (Corning, Corning, NY, USA)
using the overlay method by Debnath et al., (2003). In brief, 4-chambered Lab-Tek
chamber slides (Nalge Nunc International, Rochester, NY, USA) or 24-well plates
were first coated with Matrigel. Cells (Table 3) suspended in 2.5 % Matrigel solution
containing BMP4 (100 ng/ml) or vehicle were added on Matrigel-coated wells.
Medium with BMP4 or vehicle was replaced every two to three days and the cells
were allowed to grow up to 17 days.
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Table 3. Concentration of cells in Matrigel and PEG gel.

Concentration in Concentration in
Cell line Matrigel (cells/ml) PEG gel (cells/ml)
BT-474 6.0 x 104 -
MCF-10A 24x 104 1.4 x 105
MDA-MB-231 2.0x 104 1.0x 10°
MDA-MB-361 1.2x 105 4.0x 105
T-47D 2.0 x 104 8.0 x 104

44 3D PEG gel assay (l)

Poly(ethylene glycol) (PEG) gel with RGD peptides and MMP-degradable crosslinks
was obtained from QGel (Lausanne, Switzerland). Briefly, QGelTM MT 3D Matrix
powder was mixed with 400 pl of Buffer A, followed by addition of 100 ul of cell
suspension (Table 3), containing 100 ng/ml BMP4 or vehicle. Drops of 40 ul applied
into a disc caster were allowed to gel for 30 min at 37 °C, before they were removed
and placed on 24-well plates containing 1 ml of medium per well. The cells were

allowed to grow up to 18 days.

45  Western blot (1)

The cells were collected 24 hours or 5 days (2D culture) and 4 or 7 days (3D Matrigel
assay) after the first addition of BMP4. For dissolving the Matrigel, cold PBS with
5mM EDTA was used and the cells were kept on ice for 15 min. The cell-Matrigel
solution was then collected, kept on ice for an additional 30 min and centrifuged for
15 min at 3300 X g, at 4 °C. Cells from both 2D and 3D culture wete then lysed into
RIPA-buffer (1% PBS, 1% non-idet P-40, 0.5% sodium deoxycholate, and 0.1%
SDS) containing cOmplete Mini Protease Inhibitor Cocktail (Roche, Basel,
Switzerland) and PhosStop Phosphatase Inhibitor Cocktail (Roche), incubated on
ice for 20 min and centrifuged for 10 min, at 10 000 g and 4 °C. Protein
concentration was measured using the Bradford reagent (Sigma—Aldrich, St. Louis,
MO, USA).

A total of 50 pg of protein per sample was loaded onto SDS-PAGE gels. The

proteins were transferred to a PVDF membrane following electrophoresis. The
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primary antibodies are listed in Table 4. Proteins were detected using the BM
Chemiluminescence Western Blotting kit (Roche) according to manufacturer’s
instructions. For all antibodies except for Cyclin B2, anti-mouse/rabbit secondary
antibody (1:5000, Roche) was used. Cyclin B2 was detected with anti-goat secondary
antibody (1:5000, Santa-Cruz Biotechnology, Dallas, TX, USA). The membranes
were stripped and probed with $-tubulin (Sigma-Aldrich) as a loading control.

Table 4. Antibodies used in Western blot.

Antibody Manufacturer Dilution  Clonality

Cdc2 Santa Cruz Biotechnology  1:1000 rabbit polyclonal
p-Cdc2 (Thr14/Tyrl5)  Santa Cruz Biotechnology 1:200 rabbit polyclonal
Cdk4 Santa Cruz Biotechnology  1:1000 rabbit polyclonal
Cyclin B1 Santa Cruz Biotechnology  1:200 rabbit polyclonal
Cyclin B2 Santa Cruz Biotechnology  1:100 goat polyclonal
Cyclin D1 Santa Cruz Biotechnology  1:200 rabbit polyclonal
GTF2H1 Abcam 1:1000 mouse monoclonal
pl5 Santa Cruz Biotechnology  1:200 rabbit polyclonal
pl6 Santa Cruz Biotechnology  1:100 mouse monoclonal
p21 Santa Cruz Biotechnology  1:100 rabbit polyclonal
p27 Santa Cruz Biotechnology  1:500 rabbit polyclonal

46  Cell proliferation and cell cycle assays (1)

The cells were incubated with medium containing 10% alamarBlue reagent
(Invitrogen, Carlsbad, CA, USA) for 1 hour (MCF-10A 2D culture) or 4 hours (3D
culture). Fluorescence (excitation wavelength 560 nm, emission wavelength 590 nm)
was measured from the collected medium using Tecan infinite F200 Pro plate reader
(Tecan, Minnedorf, Switzerland). Additionally, the number of cells in standard 2D
culture was counted using the Z1 Coulter Counter (Beckman Coulter, Brea, CA,
USA) at indicated time points.

For cell cycle analysis, MCF-10A cells were cultured on 24-well plates and
analyzed 3 and 5 days after the first addition of BMP4. The cells were stained with
propidium iodide (PI) as described (Parssinen et al., 2008). Briefly, the cells were
harvested and resuspended in hypotonic staining buffer containing PI. The stained
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nuclei were analyzed and the cell cycle distribution determined using the Accuri C6
flow cytometer (BD Biosciences, San Jose, CA, USA) and ModFit LT 3.0 (Verity
software house, Topsham, ME, USA), respectively.

4.7 Invivo mouse experiment (II)

4.7.1  Virus production and transduction

Lentiviral plasmid vector pHIV-Luciferase (pHIV-Luc) containing the firefly
luciferase as a reporter gene was purchased from Addgene (Cambridge, MA, USA).
Plasmid identity was verified by sequencing and the plasmid DNA was purified using
GenElute Endotoxin-free Plasmid Maxiprep kit (Sigma-Aldrich). A total of 7 pg of
plasmid DNA was used to generate lentiviruses in 293T cells as instructed in the
Lenti-X Tet-On Advanced Inducible Expression System (Clontech, Mountain View,
CA, USA). A total of 8.0 X 104 MDA-MB-231 cells were transduced with the virus
in normal medium in the presence of 8 pg/ml polybrene. After 24 h the transduction
medium was replaced with normal medium. Luciferase expression was verified using
Luciferase Assay System (Promega, Madison, WI, USA) and luminescence was
measured with Luminoskan Ascent (Thermo Fisher Scientific, Waltham, MA, USA).

472  Mice and BMP4 treatment

All mice experiments were performed by Pharmatest Services Ltd (Turku, Finland)
that holds the ethical approval of the National Committee for Animal Experiments
(license number ESAVI 2077-04 10 07-2014). MDA-MB-231/Luc cells were treated
with BMP4 or vehicle for seven days with fresh medium changed every three days.
At day 0, the cells (2 X 105 cells in 0.1 ml of PBS) were inoculated into the left cardiac
ventricle of female athymic nude mice (athymic nude Foxnlnu, Harlan, The
Netherlands). Mice wete given 100 pg/kg of BMP4 (in a concentration of 20 pug/ml
in PBS with pH of 3.8) or vehicle through tail vein injection thrice a week for seven
weeks, starting at day O (Figure 3). Animals were monitored daily and weighed before
each BMP4/vehicle dose. Appearances of any clinical signs were noted. Four mice
died or were sacrificed following complications of cell inoculation and one mouse

due to a dosing-related complication. Due to exclusion of these animals, 10 mice
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were left in the BMP4 group and 11 in the vehicle group. There was no statistical
difference in the weight of the animals between the groups.

1 2 3 4 5 6 7

Cell inoculation Sacrifice

BMP4/vehicle treatment —»

BLl ———

Figure 3. Time line of the in vivo experiment. Mice were injected intracardially
at the start of week 1, and sacrificed at the end of week 7. BLI = Bioluminescence
imaging.

473  Bioluminescence imaging (BLI) and sample collection

The metastases were detected by imaging the bioluminescence emitted by the MDA-
MB-231/Luc cells, using IVIS Lumina imaging system (PerkinElmer, Waltham, MA,
USA). 100 mg/kg of D-luciferin (Gold Biotechnology, St Louis, MO, USA) was
intraperitoneally administered and the animals were imaged under anesthesia, within
10-30 minutes after luciferin application. From week 3 until sacrifice at 7 weeks after
inoculation, imaging was performed weekly. At the end of the study, gross necropsy
was performed on all mice. Samples from all tissues with metastases and
corresponding control tissues with no metastases were collected. Fixation of the
tissues was done in 10% formalin, bone tissues were decalcified with EDTA, and all
the samples were embedded on paraffin (BiositeHisto, Tampere, Finland). Tissue
sections cut from the paraffin blocks were deparaffinized and rehydrated.

Hematoxylin and eosin (H&E) staining was performed using routine procedures.
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4.8  Staining protocols

481 Immunofluorescence

4.8.1.1  Immunofluorescence staining of 3D assay (1)

The MCF-10A cells in Matrigel and PEG gel were fixed in 4% paraformaldehyde for
1 hour at 37 °C and permeabilized with 0.1% Triton-X100 for 45 min at room
temperature followed by blocking with 3% BSA for 1.5 hours at 37 °C. The samples
were incubated with mouse monoclonal anti-a6 integrin antibody (1:300, Abcam,
Cambridge, UK) for 1.5 hours at 37 °C. The secondary goat anti-mouse Alexa Fluor
488 (1:200, Invitrogen) was used analogously. The slides were stained with DAPI
(Invitrogen) and mounted with Vectashield (Vector Laboratories, Burlingame, CA,
USA).

4.8.1.2  Immunofluorescence staining of mouse tissues (11)

The slides were cut, baked and deparaffinized. Antigen retrieval was performed using
citrate buffer. Antibodies were diluted in 12% BSA. Primary antibodies (Table 5)
were incubated 20-30 min at room temperature. Goat anti-chicken, anti-rabbit or
anti-mouse Alexa Fluor 488 secondary antibodies (at a dilution of 1:200, all from
Thermo Fisher Scientific) were incubated for 20-30 min at room temperature. The
slides were mounted in SlowFade +DAPI (Invitrogen).

4.8.2  Immunohistochemistry (1)

The slides were cut, baked and deparaffinized. Antigen retrieval was performed using
citrate buffer and the samples treated with 3% H2O2 for 10 minutes. Blocking was
done for 1 hour at room temperature using goat or rabbit serum or Normal antibody
Diluent (Immunologic, Duiven, the Netherlands), which were also used for
antibody dilutions. M.O.M. kit (Vector laboratories) was used with mouse
antibodies. Primary antibodies (Table 5) were incubated overnight at 4 °C.
Biotinylated goat anti-rabbit and biotinylated rabbit anti-rat (both at a dilution of
1:100, from Vector laboratories) or Simple Stain MAX PO (MULTI) Universal
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Immunoperoxidase polymer (Nichirei biosciences, Tokyo, Japan) secondary
antibodies were incubated for 1 hour at room temperature. DAB based detection
was used to visualize target proteins. The slides were counterstained with
hematoxylin and mounted in AquaPolyMount (Polysciences, Inc.,Warrington, PA,
USA) or dehydrated and mounted in DPX Mountant (VWR, Radnor, PA, USA).

Table 5. Antibodies used in immunofluorescence and immunohistochemistry.

Antibody Application  Manufacturer Dilution  Clonality
a-SMA IF Sigma-Aldrich 1:500 Mouse
monoclonal
Keratin 5 IF BioLegend 1:500 Rabbit
polyclonal
Keratin 14 IF BioLegend 1:500 Rabbit
polyclonal
Ki67 IHC Leica Biosystems ~ 1:200 Mouse
monoclonal
MECA32 IHC BD Biosciences 1:100 Rat
monoclonal
p-SMAD1/5/9 IHC Cell signaling  1:200 Rabbit
technology polyclonal
Vimentin IF BioLegend 1:500 Chicken
polyclonal

Abbreviations: IF, immunofluorescence; IHC, immunohistochemistry

4.8.3  Bone stainings (I)

To visualize bone and cartilage, the tissues were stained with Toluidine blue. TRAP
(tartrate-resistant phosphatase) staining for osteoclasts was carried out by incubation
in naphthol AS-BI phosphate solution (cat N-2125, Sigma Aldrich). The color
reaction was achieved using sodium nitrate and pararosaniline dye (cat P-3750, Sigma

Aldrich).
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49  Image analysis (1, Il)

Images for IF slides were taken with Zeiss Axio Imager M2 microscope (Carl Zeiss,
Oberkochen, Germany) connected to an ApoTome slider module (Carl Zeiss). 3D
cell culture, IHC, H&E and bone staining images were captured with an Olympus
microscope (Olympus, Tokyo, Japan) connected to Surveyor software (Objective
Imaging, Cambridge, UK). Quantification of Ki67 data was performed using the
NIH  Image] software  (http://rsbweb.nih.gov/ij/docs/examples/stained-
sections/index.html) by calculating the percentage of positively stained areas within
the tumor masses. The areas from 3D culture images were also calculated using
Image].

410 gRT-PCR (I, Ill

After 14 days of BMP4 treatment in the Matrigel, BT-474 and MDA-MB-231 cells
were harvested as described above for Western blot. Samples used in other analyses
are described below, under the relevant sections. RNA was extracted using RNeasy
Mini kit (Qiagen, Hilden, Germany) or Nucleospin RNA Plus (Macherey-Nagel,
Diiren, Germany) according to the manufacturer’s instructions. The RNA was then
reverse transcribed using SuperScript III First-Strand Synthesis System for RT-PCR
(Invitrogen) with random hexamers according to the manufacturer’s protocol.
LightCycler equipment with gene-specific primers (Sigma-Aldrich) and either
LightCycler FastStart DNA Master SYBR Green I assay (Roche) or Universal Probe
Library (UPL) probes (Roche) with LightCycler Tagman Master was used (Table 6).
The expression levels were normalized using phosphoglycerate kinase 1 (PGK1) or
hypoxanthine phosphoribosyltransferase 1 (HPRT1) housekeeping genes.

Table 6. Primers used for qPCR analyses.

Gene Primer sequences (5'-3") Probe

3D Matrigel assay (Study 1)

ADAM17 F: TTTGAGACTGCCCAGAAGAAG 79
R: GCGGGCACTCACTGCTAT

MMP1 F: CAGAGATGAAGTCCGGTTTTTC 26
R: GGGGTATCCGTGTAGCACAT

MMP2 F: TGCTGGAGACAAATTCTGGA 60

R: GATGGCATTCCAGGCATC
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MMP3

MMP7

MMP9

MMP14

F: CCAGGTGTGGAGTTCCTGAT

R: CATCTTTTGGCAAATCTGGTG
F: GCTGACATCATGATTGGCTTT
R: TCTCCTCCGAGACCTGTCC

F: ATCCGGCACCTCTATGGTC

R: CTGAGGGGTGGACAGTGG

F: GCCTTGGACTGTCAGGAATG

R: AGGGGTCACTGGAATGCTC

72

72

43

37

DHS cleavage assay (Study III)

LB2M
LGUSB
LNegC9

LNegC20

IF: CAGAAGTTCTCCTTCTGCTAGGT
R: TGGAGAAGGGAAGTCACGGA

F: CGTCGGTTGTCAGAGAAGT

R: CCTGCAACACCAAGAGGGA

IF: AACCCCAAGGCATCCAAACA

R: TTCTCTGCCTGCCAAAGTCC

F: TTGCCTTGTTCCCAGCAGAA

R: GCCACATAGCCTTCCAACCT

Fragment release assay (Study III)

sB2Mprom
sGUSBprom
sPPIAprom
sNegC2
sNegC9

sNegC20

F: CTGGCTTGGAGACAGGTGA

R: CCCAGCCAATCAGGACAAGG

F: CCAGAACAGAACCCCTGAGA

R: CTCCTTGAAGAAACAGGGGGAT
F: TCCGTCTATAGGCCAGATGC

R: CCAATCGGGTCTGCGACTT

F: GCCAGTTCATGCTGTCTACCA

R: CGCAGTTCAGCAAAGGGAAG

F: AGTGTGTTCAGAGTTGGAAGGA
R: AGACTGGAAGACAGGGAGAA
F: AACAGGTGGAAAGAGCCACA

R: TCACTCCACTGTTGTCCACT

BMP4 target genes (Study 1)

AMIGO2

ATOHS

CGB

46

F: CCCCAGCACCGTTCAC

R: ACGACATTATGGTCGCCTICTG
F: GAGGGACGTGCCAAGAAG

R: TCAGCGAGCTCACCTTGTC

F: CTACTGCCCCACCATGACCC
R: GGTAGTTGCACACCACCTGA
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DLL1 F: CTTCCCCTTCGGCTTCAC 2
R: GGGTTTTCTGTTGCGAGGT

DLX3 F: GAGCCTCCTACCGGCAATAC 26
R: TCCTCCTTCACCGACACTG

GATA2 F: CTACAGCAGCGGACTCTTCC -
R: ACTCCCGGCCTTCTGAACA

1D2 F: ATATCAGCATCCTGTCCTTGC 5
R: AAAGAAATCATGAACACCGCTTA

IGFBP3 IF: GGATAAGTATGGGCAGCCTCT 12
R: TGAGCTCCACATTAACCTTGC

LIN7B I: GCTTTATGACACGCTGGACA 8
R: GCTCCACTACCCTGGGATG

NOG F: TAGAGTTCTCCGAGGGCTTG 37
R: CTCCGCAGCTTCTTGCTTAG

PMEPAL1 I: GCACAGTGTCAGGCAACGG -
R: AGATGGTGGGTGGCAGGTC

SKIL IF: GAGGCTGAATATGCAGGACAG 13
R: CTTGCCTATCGGCCTCAG

SMADG6 F: GGGCCCGAATCTCCGC -
R: AGAATTCACCCGGAGCAGTG

SMAD9 IF: GCATTAACCCTTACCACTACCG 16
R: GAGCTGGGGGTTATATTCACTG

ZNF503 F: ATTTTGCACCCCGAGTACCT 8

R: CTTCCCGATCTGCGAACA

Transcription factors (Study 111)

CBFB F: ATGGTATGGGCTGTCTGGAG 88
R: TCAAAGGCCTGTTGTGCTAA

HIF1A F: GATAGCAAGACTTTCCTCAGTCG 64
R: TGGCTCATATCCCATCAATTC

MBD2 F: ACGAATGAATGAACAGCCACG -
R: TGGACCAACTCCTTGAAGACC

SMAD4 F: TGTGTTACCATACAGAGAACATT 83

R: GGGCATAGATCACATGAGGAA

If UPL probe system was used, the probe number is indicated; otherwise, SYBR
Green assay was used
Abbreviations: F, forward primer; R, reverse primer
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411 Statistical analyses (I, Il)

The difference between BMP4- and vehicle-treated samples in cell proliferation (2D
and 3D cell culture) and area analysis (3D cell culture) was evaluated using the
Mann—Whitney test with GraphPad Prism 4 (GraphPad Software, La Jolla, CA,
USA). Using statistical software R (version 3.1.0 or newer, www.r-project.org), linear
mixed-effects models and model contrasts were applied to evaluate the BLI data and
body weight of mice. In addition, Kaplan—Meier method and the log-rank test was
used for time to the first metastasis observation. A P-value of less than 0.05 was

considered significant in all analyses.

412  Sequencing studies (Ill)

4121 BMP4 treatment and sample collection

MDA-MB-231 and T-47D cells were treated with BMP4 (100 ng/ml) and vehicle
for 3 h. For RNA-seq, total RNA was extracted from the cells using the Absolutely
RNA miRNA kit (Agilent Technologies, Santa Clara, CA, USA) according to the
manufacturer’s instructions. RNA quality was controlled using Agilent 2100
Bioanalyzer (Agilent Technologies).

For DNase-seq the nuclei were isolated from the treated cells as previously
described (Song and Crawford, 2010). DNase I digestion was carried out according
to the protocol by Ling and Waxman (2013). Briefly, the digestion reaction was
optimized and confirmed by the qPCR-based DNase hypersensitive site (DHS)
cleavage assay with positive control primers in known DHSs in the promoters of
housekeeping genes and negative control primers in intergenic insensitive sites
(Table 6). Based on the optimization, 40 units of DNase I for 15 min was selected
for the final protocol consisting of DNase I treatment followed by phenol-
chloroform extraction and size fractionation of the DNA fragments by sucrose
gradient ultracentrifugation. The most enriched fraction was identified by the qPCR-
based fragment release assay using positive control primers located inside known
DHSs in the promoters of housekeeping genes and negative control primers in gene-
free regions of different chromosomes (Table 6). The DNA fragments from this
fraction were used in the subsequent library construction and sequencing. As an
input control undigested DNA from both cell lines was utilized.
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4.12.2 Deep sequencing

All library construction and deep sequencing steps were performed at BGI
(Shenzhen, China) according to their standard practice. Briefly, the RNA for RNA-
seq was fragmented and synthesized into cDNA. The synthesized fragments were
connected to adapters and amplified by PCR. For DNase-seq, sequencing adapters
were added and 200-400 bp fragments selected. Both libraries were then sequenced
using Illumina HiSeq 2000.

412.3 RNA-seq analysis

RNA-seq reads were aligned and normalized (Kim et al., 2013; Love et al., 2014).
Log2 ratios were calculated between BMP4- and vehicle-treated samples for
comparison between treatments. Genes that had a log2 ratio of 0.75 or greater were
considered to be differentially expressed. In addition, the absolute difference in read
counts between the two treatments was required to be at least 50. Gene enrichment
of the differentially expressed protein-coding genes was performed with the DAVID
0.8 version (Huang da et al., 2009a; Huang da et al., 2009b). Fifteen differentially
expressed genes (DEGs) were selected for further analysis using MDA-MB-231, T-
47D, BT-474, MCF-7, MCF-10A, MDA-MB-361 and MDA-MB-436 cell lines
treated with BMP4 or vehicle for 3, 6 and 24 h, before measurement of gene
expression with qPCR (Table 6). Gene expression data from The Cancer Genome
Atlas (TCGA), a dataset of 1212 breast cancer patients, was used to analyze
association of the DEGs with survival. The difference in the survival times was
tested using the logrank test and Benjamini-Hochberg correction was applied to the
P-values. Further details can be found from the original publication (Study III).

4124 DNase-seq analysis

Reads were analyzed using bowtie2 and DHSs were detected with DFilter
(Langmead and Salzberg, 2012; Kumar et al., 2013). DHSs that were covered by less
than 20 reads (in samples or input controls) or were located in ENCODE blacklisted
regions (ENCODE Project Consortium, 2012) were omitted from further analysis.
Additionally, DHSs with a distance of 100 bp or less between peaks were merged
together and annotated from Gencode Genes version 19 using Bedtools (Quinlan
and Hall, 2010). For comparison of the two treatments, DHS change scores (ADHS)
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were calculated with a formula slightly modified from He et al. (2012). The DHSs
with ADHS equal or greater than 0.20 were selected for enrichment analysis using
GREAT version 3.0.0 (McLean et al., 2010) with default settings. In order to filter
out generic ontology terms, categories with more than 1000 genes were excluded.
Small categories, containing less than 10 genes, were also discarded. Transcription
start sites (TSSs) from GENCODE transcripts corresponding to protein-coding
genes were extended 1000 bases to both directions. For each gene, a weighted sum
of the coverages of the TSSs over all the transcripts associated to it was calculated.
The weight of each transcript’s TSS was based on its estimated expression compared
to total expression of the gene. The normalized expression values of the genes were
linked to the corresponding TSSs. Detailed protocols can be found from the original
publication (Study III).

4.12.5 Transcription factor binding site (TFBS) prediction, enrichment and
TF silencing

DHSs in the promoter regions (2000 bp upstream of TSS) of upregulated genes in
MDA-MB-231 and T-47D cell lines were scanned with Position Weight Matrices
(PWMs), in order to find potential transcriptional regulators of BMP4 response. Due
to the low signal-to-noise ratio in T-47D samples some DHS regions can be
narrower or absent compared to untreated T-47D cell line samples from ENCODE
DNase-seq datasets (Thurman et al., 2012; Natarajan et al., 2012). The promoter-
associated DHSs were combined with the samples from ENCODE in order to
increase the robustness of the analysis. The PWMs were retrieved from
HOCOMOCO database (version 9) (Kulakovskiy et al., 2013), and the score
calculated as previously described (Makeev et al., 2003). If the p-value was less than
or equal to 0.001, the PWM was considered to be a match. Protocol details can be
found from the original publication (Study III).

In order to find enriched TFBSs, DHSs of promoters from genes that were not
upregulated by BMP4 were scanned for TFBSs and based on the results, the
expected number of TFBSs were calculated for the promoter sets of upregulated
genes of MDA-MB-231 and T-47D cells. The ratio of enrichment was then
calculated by dividing the observed TFBSs by the number of expected TFBSs. For
co-localization enrichment analysis, CAGACA, GTCT, CAGC, CGCC, GGCGCC
and GCCGnCGC, previously reported as SMAD-binding elements (SBEs) (Kim et
al., 1997; Jonk et al., 1998; Zawel et al., 1998; Nakahiro et al., 2010), were selected.
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All TFBSs within 200 bp of a consensus motif were considered to be co-localized
with the motif.

In order to silence selected TFs, 10 nM siRNA (siGENOME SMARTpool
siRNAs, Dharmacon, Lafayette, CO, USA) and Interferin reagent (Polyplus-
Transfection, Illkirch, France) or DharmaFECT (Dharmacon) were used for
transfection of MDA-MB-231 and T-47D cells, according to manufacturer’s
instructions. ON-TARGETplus Non-targeting Control Pool was used as control
(Dharmacon). Following 48 hours of transfection, the cells were treated with BMP4
or vehicle for 24h. RNA was then extracted for confirming TF knock-down (80%
reduction in mRNA level was considered to be adequate) and for measuring BMP4
target gene expression (Table 0).
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5 Summary of the results

9.1 The effects of BMP4 on breast cancer cell proliferation in 3D
culture (1)

Previously BMP4 has been shown to reduce the proliferation of breast cancer cells
in normal 2D culture (Ketolainen et al., 2010; Guo et al., 2012a). In this study, the
persistence of this behavior was examined in 3D culture, which is a more
physiological environment for cells. Ketolainen et al. (2010) found BMP4 to reduce
growth of nine breast cancer cell lines to varying degrees. The endogenous
expression of BMP4 in the cell lines was variable, with BT-474, MDA-MB-31 and
T-47D having average expression values (Ketolainen et al., 2010). Other BMPs
(BMP2 - 8) were expressed at a similar or lower level compared to BMP4 and BMP
receptors were expressed by all nine cell lines (Alarmo et al., 2007). From the nine
cell lines, MDA-MB-361, T-47D and MDA-MB-231 were included in this study. BT-
474, which was first established to respond to BMP4 by reduced proliferation in 2D
culture (70% reduction on day 6, P<0.01), was additionally included. In addition, the
normal breast epithelial cell line MCF-10A was used as a reference and its growth
was also shown to be inhibited by BMP4 in 2D culture (50% on day 6, P<0.01).

For 3D culture two different materials were used: the basement membrane
extract Matrigel and the synthetic PEG gel. MCF-10A cells in Matrigel formed
ordered acini structures, with a hollow lumen and basal localization of «6-integrin, a
basal marker (Stewart and O’Connor, 2015). However, in PEG gel, the cells grew in
more irregular structures with no polarization. BMP4 treatment reduced the growth
of the MCF-10A cells in both Matrigel and PEG gel (Table 7). The breast cancer cell
lines formed disordered structures in both materials. The proliferation of T-47D
cells was inhibited by BMP4, in Matrigel as well as in PEG gel (Table 7). The
proliferation of MDA-MB-361 and MDA-MB-231 cells were unaffected by BMP4
in Matrigel, but inhibition of growth can be seen in PEG gel (Table 7). BT-474 cells
were only grown in Matrigel where the cells displayed a significant growth reduction
in response to BMP4 (Table 7).

It has been previously shown that BMP4 induces a G1 cell cycle arrest in breast

cancer cells (Ketolainen et al., 2010). G1 arrest was also confirmed to occur in MCF-

52



10A cells (G1 phase fraction 80% vs. 69% in BMP4- and vehicle-treated cells,
respectively, on day 5 of treatment, P < 0.05). Further, known cell cycle regulator
proteins were examined as possible mediators behind BMP4-induced inhibition of
proliferation. Using Western blot, the effect of BMP4 (24 h treatment) on the
expression of ten different cell cycle regulators was tested on 2D culture of MDA-
MB-361 and T-47D cells. In both cell lines a change was seen in p21, phosphorylated
CDC2 and Cyclins B1 and B2, with at least a 2-fold difference in one of the cell lines.
p21 was selected for further analyses, both in 2D and 3D Matrigel. After 24 h of
BMP4 treatment in 2D culture, p21 induction was seen in BT-474 and MDA-MB231
cells in addition to MDA-MB-361 and T-47D cells, as measured by Western blot
analysis. In MCF-10A cells, p21 induction was seen after 5 days of treatment. In
Matrigel, p21 induction was seen in all cell lines (after 4 or 7 days of treatment),
except for MCF-10A, where no change was evident.

Table 7. The effect of BMP4 on breast epithelial and breast cancer cell growth. The
proliferation percentage indicates the remaining level of proliferation (as measured
by alamarBlue) compared to vehicle (100%). The area percentage indicates the area
covered by the cells in BMP4 samples compared to vehicle (100%). Gray denotes
statistically significant change between treatments (P < 0.05).

Matrigel PEG gel
MCF-10A Day 7 Day 10 Day 14 Day 7 Day 9 Day 11
Prol. (%) 52 83 59 43 22 31
Area (%) 48 63 60 49 62 84
T-47D Day 7 Day 10 Day 14 Day 7 Day 11 Day 14
Prol. (%) 71 59 90 90 70 49
Area (%) 57 61 72 35 26 21
MDA-MB-361 Day 10 Day 14 Day 17 Day 11 Day 14 Day 18
Prol. (%) 93 75 94 85 78 72
Area (%) 139 113 112 52 69 56
MDA-MB-231 Day 7 Day 10 Day 14 Day 7 Day 11 Day 14
Prol. (%) 72 83 115 87 71 64
Area (%) 99* 145* 109* 74 64 74
BT-474 Day 7 Day 10 Day 14 ND ND ND
Prol. (%) 74 69 64 - - -
Area (%) 58 43 59 - - -

Prol. = Proliferation, ND = Not determined
* Due to the different cell morphologies between the treatments, area
measurements may not accurately reflect growth of the cells.
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5.2  BMP4-mediated effects on migration/invasion of MDA-MB-
231 cells in 3D Matrigel culture (1)

Ketolainen et al. (2010) showed that in addition to the shared growth-inhibiting
effect of BMP4, in three out of nine cell lines BMP4 induced migration as well. The
most prominent induction of migration was found in MDA-MB-231 cells, also seen
by Guo et al. (20122). MDA-MB-231 was thus chosen for further study using 3D
culture. In Matrigel BMP4 treatment caused a morphological change in the cells.
Vehicle-treated cells formed dense aggregates of cells, whereas BMP4-treated cells
grew in a stellate manner, with large branching structures (Figure 4). This behavior
was reversed by addition of gremlin, a BMP antagonist. However, no change in
morphology was apparent in PEG gel.

BMP4
+

Vehicle BMP4 Gremlin

Figure 4. The effects of BMP4 and gremlin on MDA-MB-231 cells in Matrigel.
The cells were treated with vehicle, BMP4 or gremlin together with BMP4.
Representative images from day 14 are shown.

The migratory behavior exhibited by the cells upon BMP4 treatment may require the
action of matrix metalloproteinases (MMPs). MDA-MB-231 cells in Matrigel were
treated with a broad spectrum MMP inhibitor, Batimastat, along with BMP4 or
vehicle. Batimastat alone caused a moderate reduction in proliferation of the cells.
However, Batimastat was able to completely reverse the stellate phenotype caused
by BMP4, resulting also in a reduction in the area covered by the cell structures.
Next, the expression of individual MMPs from the MDA-MB-231 cells were
studied. RNA was extracted from the cells after 14 days of BMP4 and vehicle
treatment in Matrigel and expression was measured by qPCR. No difference was

seen in the expression of ADAM17, and MMP2, MMP7 and MMP9 were expressed

54



at levels that were too low for accurate assessment. However, there was a 19-fold
increase in the expression of MMP3 (P < 0.05) and a 3.7-fold increase in the
expression of MMP74 (P < 0.05) after BMP4 treatment. A 4.3-fold increase in
MMP17 expression was seen but the difference was not significant. Additionally, the
expression of MMP3 and MMP74 was not induced by BMP4 in the non-stellate BT-
474 cells.

5.3  The impact of BMP4 on breast cancer metastasis in vivo (II)

Previous studies have shown that BMP4 induced migration and invasion in MDA-
MB-231 cells in 2D (Guo et al., 2012; Ketolainen et al., 2010) and 3D culture (as
described above). Here the effect of BMP4 on MDA-MB-231 cells was examined in
an in vivo model. The cells were first engineered to express luciferase and subsequent
culturing in 3D Matrigel confirmed that the migratory behavior due to BMP4
persisted after the manipulation. BMP4- and vehicle pretreated MDA-MB-231/TLuc
cells were then injected intracardially, into the left ventricle of the nude mice. The
mice were regularly injected with BMP4 or vehicle and metastasis followed by weekly
bioluminescence imaging (BLI), from week three until sacrifice. The BMP4-treated
mice developed metastases slightly earlier compared to vehicle-treated mice (Figure
5). However, the difference was not statistically significant. At end point, 13
metastases were found in the BMP4 group and 12 in the vehicle group (Figure 5), as
confirmed by H&E and epithelial cell marker pancytokeratin immunohistochemistry
(IHC) staining of the tissues. Most of the metastases occurred in bone, with the thigh
bone (femur) being the most common site. There were more bone metastases in
BMP4-treated mice (10 overall, 8 in thigh bone) compared to vehicle-treated (7
overall, 5 in thigh bone) (Figure 5). Noticeably, there were more adrenal gland
metastases in the vehicle-treated mice compared to BMP4-treated (5 and 1,
respectively). However, the numbers were too small to reach statistical significance
in any of the cases.

For characterization of the tumors, IHC and immunofluorescence (IF) of the
metastases collected at sacrifice were then performed using different markers. The
stainings revealed active proliferation (as measured by Ki67 staining), and the
presence of cancer-associated fibroblasts (CAFs, as measured by a-SMA staining) in
both BMP4-treated and vehicle-treated mice. Staining for phosphorylated
SMAD1/5/9 showed that BMP signaling was active in both treatment groups.
Endothelial cell marker MECA-32 marker revealed that the tumor masses seemed
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to contain deformed blood vessels, compared to the surrounding stroma, where
normal blood vessels were seen. In addition, the tumor cells expressed the epithelial-
to-mesenchymal transition (EMT) marker vimentin but not E-cadherin. However,

no differences in these stainings were seen between the treatment groups.

Number of BMP4  Vehicle
— Vehicle Mice 10 11
—— BMP4 Metastases 13 12
~. 1004
%’ 2 Soft tissue 3 5
2y i T
";' 2 50 Adrenal gland 1 5
o ® )
(S ] Bone tissue 10 7
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Femur 8 5
c L) L] L) L L
0 10 20 30 40 50 )
Metastasis/mouse (max) 2 3
Days
Mice without metastasis 2 3

Figure 5. The impact of BMP4 on metastasis formation. On the left, the Kaplan—
Meier plot shows the time to first metastasis. On the right, the metastases in
BMP4 and vehicle group are categorized.

Since bone was the most common site of metastasis in both treatment groups, bone-
specific stainings were employed for further characterization of the metastases.
Toluidine blue was used for illustration of the cartilage and bone tissue in the
epiphyseal plate of thigh bone metastases. The staining revealed that in some cases
the tumor mass had invaded into the joint area through the epiphyseal plate. The
osteoclast marker TRAP staining was found lining the epiphyseal plate, but also
unexpectedly inside the tumor mass. Neither staining revealed any differences

between the treatments.

54  Transcriptional regulation and chromatin landscape of
breast cancer cells after BMP4 treatment (Il1)

BMP4 target genes and gene regulation were studied using RNA expression analysis
(RNA-seq) and identification and mapping of open chromatin regions (DNase-seq),
after BMP4 and vehicle treatment of MDA-MB-231 and T-47D cells. Using RNA-
seq, 91 differentially expressed genes (DEGs) were found in MDA-MB-231 cells (59
upregulated and 33 downregulated genes) and 203 DEGs in T-47D cells (160
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upregulated and 43 downregulated genes). Ten DEGs were common to both cell
lines (ATOHS, BDKRB2, BMF, GS1-124K5.4, ID1, ID2, ID3, SKIL, SMADG, and
SMADY), all of them upregulated. ID7, ID2 and ID3 are known BMP4 target genes,
SMADY a receptor-regulated SMAD and SM.ADG6 an inhibitory SMAD. In T-47D,
other BMP pathway-related genes were also upregulated, such as the BMP antagonist
NOG and the pseudoreceptor BAMBI. In addition, 20 DEGs in MDA-MB-231 and
46 DEGs in T-47D, four of them shared (ATOHS, ID3, SMADG and SMADY) wete
associated with good or poor prognosis based on the The Cancer Genome Atlas
(TCGA) database. DNase-seq data of the transcription start sites (TSSs) showed that
in the majority of the DEGs, the chromatin openness did not increase upon to
BMP4 stimulation. These data indicate that at this time point, changes in the
chromatin status at TSS of the DEGs are not needed for transcription of the genes.

Gene ontology (GO) analysis was used for finding possible differences in the
biological processes of the non-common DEGs. GO analysis using DAVID
revealed that in MDA-MB-231 cell line migration-related categories were the most
enriched, whereas in T-47D cells organ development and morphogenesis along with
intracellular signaling were among the top GO terms.

For validation and expansion of the RNA-seq data, 15 DEGs compiled from
both cell lines were selected for qPCR analysis based on their expression levels and
cancer association as reported in the literature. In addition to MDA-MB-231 and T-
47D, six other cell lines and time points of 3, 6 and 24 h of BMP4 treatment were
used. The expression pattern of most of the genes was fairly similar across the cell
lines and time points, except for MDA-MB-436 cells, where expression changed very
little. In particular, the genes that were shared between MDA-MB-231 and T-47D
(ATOHS, 1D2, SKIL, SMADG and SM.ADY) were also consistently upregulated in
the other cell lines and time points, whereas a little more variation was seen with the
other selected DEGs.

Searching for DNase hypersensitive sites (DHSs) from the DNase-seq data of
MDA-MB-231 cells revealed 89,830 peaks in the vehicle-treated sample and 97,349
peaks in the BMP4-treated sample. The corresponding numbers in T-47D were
68,000 and 73,881. For confirmation, peak detection of promoters from the T-47D
cell line was compared with ENCODE data and the results were found to be
consistent between the data sets. The overlapping DHSs from both treatment
groups were then merged resulting in 106,154 peaks in MDA-MB-231 and 110,028
in T-47D. After the merging, 75% of the DHSs were shared between BMP4 and
vehicle-treated samples in MDA-MB-231, while 9% of the DHSs were unique in the
vehicle and 16% in the BMP4 sample. In T-47D cells, 27% of the DHSs were shared
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while 34% were unique in the vehicle and 39% in the BMP4 sample. Annotation of
DHSs to genomic features showed that in the vehicle-treated samples the
distribution did not differ between the two cell lines. After BMP4 treatment, there
was a shift to more DHSs in intronic and intergenic regions of both cell lines,
accompanied with less DHSs in other genomic regions.

Enrichment analysis using GREAT was used to characterize the functional
impact of BMP4-induced changes in the chromatin. With this analysis DHSs are
assigned to putative gene regulatory regions. Consistently with the RN A-seq-derived
DEGs, cell motility was one of the enriched categories in MDA-MB-231 cells, while

e.g. different developmental processes were enriched in T-47D cells.

5.5  Transcription factors in BMP4 target gene regulation (1)

Using DNase-seq data from BMP4- and vehicle-treated MDA-MB-231 and T-47D
cells, transcription factor binding sites (TFBSs) were searched for. The open
chromatin regions of promoters in the upregulated genes were scanned for
transcription factor motifs retrieved from the HOCOMOCO database. For the 401
individual TFs in the scan, an enrichment score was calculated in both cell lines. TFs
that were not expressed based on RNA-seq data were excluded and 15 top enriched
TFs from both cell lines were chosen as the most potential candidates for target gene
regulation.

For experimental analysis we selected three TFs (MBD2, CBFB and HIF1A) that
had 1) a motif with a quality category of A, B or C in the HOCOMOCO database,
2) relevant context to our model based on literature, 3) little or no other family
members and 4) a high enough expression level for our experimental assay (> 1000
reads). Additionally, SMAD4 was used as a positive control. The three chosen TFs
were also checked for SMAD4 binding site co-occurrence. MBD2 motif was found
to be significantly co-localized with the GC-rich SMAD4 consensus motifs (CGCC,
GCCGnCGC and GGCGCC; P < 0.001). Binding sites for CBFB and HIF1A in the
DEGs were less frequent and although in several promoters SMAD bindings sites
were co-localized with these factors, the associations were not significant.

The four TFs (SMAD4, CBFB, HIF1A, and MBD2) were silenced in MDA-MB-
231 and T-47D cells to find out their impact on BMP signaling. After 48 hours of
TF silencing, the cells were treated with BMP4 or vehicle for 24 hours before
measurement of BMP4 target gene expression. For this purpose, the 15 target genes
chosen for RNA-seq data validation and expansion were used (described above).
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The results showed that SMAD4 silencing reversed the BMP4-mediated change of
expression of all the tested target genes in both cell lines, with silencing of MBD2
reversing the change in most of the genes. On the other hand, HIF1A
downregulation resulted in upregulation of the target genes in MDA-MB-231 cells,
with an opposite effect or no change in T-47D cells. In MDA-MB-231, CBFB had
variable effects, but it was mainly an activator of target genes in T-47D cells. Taken
together, the effect of the TFs seemed to be cell line-specific.
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6 Discussion

6.1 BMP4 functions as a key regulator of breast cancer cell
growth in 3D environment

Previous studies have shown that BMP4 is able to inhibit the proliferation of breast
cancer cells grown in standard 2D cell culture (Ketolainen et al., 2010; Guo et al.,
2012a). However, 2D culture lacks many of the aspects that influence the behavior
of cells in the body (Hartung, 2014). 3D culture methods aim to provide more
physiological conditions for cell culture, providing e.g. a 3D environment and more
complex cell-cell interactions. In Study I, breast cancer cells and one normal breast
epithelial cell line (MCF-10A) were grown in two types of 3D materials, Matrigel (a
biological gel) and PEG gel (a synthetic gel). MCF-10A cells in Matrigel formed
round, hollow acini with polarization of the cells, corroborating previous findings
using MCF-10A in Matrigel (Debnath et al., 2003). Also primary breast epithelial
cells have been shown to form acinus-like structures in Matrigel (Petersen et al.,
1992). The results thus suggest that Matrigel is a more physiological environment
compared to PEG gel, where MCF-10A cells formed aggregates with no lumen and
no polarization of the cells. The difference may be due to the many biological
components of Matrigel, such as structural proteins and growth factors. For
example, it has been shown that laminin is needed for the polarization of primary
breast epithelial cells in collagen gels (Gudjonsson et al., 2002).

In contrast to MCF-10A, the breast cancer cell lines formed more disorganized
structures in both materials. In Matrigel, T-47D grew in extensive raft-like
formations, with BT-474 and MDA-MB-231 forming dense masses. These
morphologies are mostly similar to what has been reported by Kenny et al. (2007).
Large aggregates did not form in PEG gel, which may be due to the cells growing
completely inside the matrix, in contrast to Matrigel where cells were grown near the
surface (Debnath et al., 2003). Alternatively, Matrigel may provide a more growth-
promoting matrix, as it has been shown to support the growth of MCF-7 breast
cancer cells more than collagen, alginate or floating spheroid culture (Stock et al.,

2016).
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Previous studies have shown that BMP4 acts mainly as an inhibitor of
proliferation in cancer cells, both in vitro and in vivo (Table 2). However, the effect
of BMP4 seems to be context-dependent, as there is variation between and also
within cancers from different tissues (Table 2). In Study I, the proliferation of all
the cell lines tested in PEG gel was reduced after BMP4 treatment. In contrast, in
Matrigel BMP4 inhibited the proliferation of two breast cancer cell lines and MCF-
10A cells, while two breast cancer cell lines were unaffected (MDA-MB-231 and
MDA-MB-361). In Study II, BMP4 did not inhibit proliferation (as measured by
Ki67 staining) of metastases of MDA-MB-231 cells in mice, substantiating the results
from Matrigel culture. Together with the fact that MCF-10A did not form acini in
PEG gel, the results suggest that PEG gel does not offer an environment that
suitably mimics the conditions in vivo. The effects of BMP4 in PEG gel matched
those from 2D culture studies (Ketolainen et al., 2010; Guo et al., 2012a). In contrast,
the effects in Matrigel were less extensive and in line with the observation that the
behavior of cells may change in a 3D environment. For example, many anticancer
drugs are not as effective in 3D culture (Smalley et al., 2006; Stock et al., 2016).

In Study I, the effect of BMP4 on proliferation was shown to be dependent on
the cell cycle inhibitor p21. Its expression was induced in all the cell lines after BMP4
treatment in 2D culture. Previously BMP4 has been shown to induce p21 in gastric
carcinoma cells and osteoblasts (Chang et al., 2009; Shirai et al., 2011). However, in
breast cancer cells the effect of BMP4 on p21 has not been studied. Only BMP2 has
previously been shown to induce p21 expression in breast cancer cells (Ghosh-
Choudhury et al., 2000a; Ghosh-Choudhury et al., 2000b; Chen et al., 2012). In 3D
Matrigel culture p21 was induced in all of the cell lines except MCF-10A. Even
though growth reduction in MCF-10A 2D culture is apparent on day 3, p21
induction and G1 cell cycle arrest were evident only after 5 days of culture. In
addition, p21 was induced even in the cells where no effect on proliferation was seen
(MDA-MB-231 and MDA-MB-361). This suggests that p21 cannot solely explain
the BMP4-induced inhibition of proliferation.

6.2  BMP4 is implicated in increased breast cancer cell
migration/invasion in vitro and in vivo
BMP4 has been shown to inhibit the proliferation of many cancer types, including

breast cancer, which makes it a potential subject for cancer therapy (Kallioniemi,
2012). However, in many cancer types BMP4 increased migration and/or invasion
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(Table 2). In some breast cancer cell lines in 2D culture BMP4 has been shown to
increase migration and invasion (Ketolainen et al., 2010; Guo et al., 2012a). As
metastasis is the cause of death in most breast cancer patients (Redig and McAllister,
2013), the effect of BMP4 on the migration/invasion (Study I), metastatic ability
(Study II) and transcriptional responses (Study III) of breast cancer cells was
studied more closely.

The effect of BMP4 on transcription was studied in MDA-MB-231 cells, which
respond to BMP4 with increased migration and invasion. In order to obtain a
sufficient amount of material for the analysis, the expression of BMP4 target genes
was measured after BMP4 treatment in normal 2D culture. Gene ontology (GO)
analysis showed that motility-related pathways were enriched in BMP4 target genes.
In addition, when putative regulatory regions of the genome were scanned from
BMP4-treated MDA-MB-231 cells, some of the regions were also significantly
associated with cellular motility. Previously migration-related terms have been shown
to be enriched by BMP4 treatment in MDA-MB-361 breast cancer cells (Rodriguez-
Martinez et al., 2011). Other efforts to study the transcriptional effects of BMP4 in
more detail have focused on non-cancerous cells (Fei et al., 2010; Morikawa et al.,
2011; Genander et al., 2014).

In order to expand on the results from 2D culture, in Study I MDA-MB-231
cells were grown in a more physiological environment using 3D culture. BMP4 did
not have an effect on migration of the cells in the synthetic PEG gel. However, in
Matrigel BMP4 induced a branching, stellate morphology indicative of increased
migration, which was reversible by BMP antagonist gremlin. A broad spectrum
MMP inhibitor Batimastat was able to reverse the stellate phenotype. MMPs are
needed for breaking down of the physical barriers that restrict cancer cell invasion,
although they may have other roles as well (Gialeli et al., 2011).

A more detailed analysis on the expression of seven individual MMPs from
MDA-MB-231 cells in Matrigel showed that MMP3 and MMP714 expression was
induced by BMP4 in MDA-MB-231 cells but not in the non-stellate BT-474 cells. In
addition to increased invasion and EMT induction, MMP3 has previously been
shown to increase growth factor bioavailability and MMP14 has been shown to
participate in the induction of tumor angiogenesis and the proteolytic activation of
TFG-B (Suzuki et al.,, 1997; Mu et al., 2002; Egeblad and Werb, 2002; Devy et al.,
2009; Chen et al., 2013; Yan et al., 2015). However, there are no previous reports on
the effects of BMPs on MMP3 or MMP14. BMP4 and BMP6 have been shown to
inhibit MMP9 expression in retinal pigment epithelial cells and MCF-7 breast cancer
cells, respectively (Wang et al.,, 2011; Xu et al., 2012). However, one study found
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BMP4 to induce MMP2 and MMPY expression in breast cancer cells (Cyr-Depauw
et al., 2016). In MDA-MB-231 cells BMP4 has been found to inhibit MMP9
expression and either induce or not affect MMP7 expression (Shon et al., 2009; Guo
et al., 2012a). However, apart from Study I, the aforementioned studies have been
done in standard 2D culture. Taken together, the induction of MMP expression by
BMPs seems to be very context-dependent.

In Study II, the effect of BMP4 on MDA-MB-231 was studied in vivo using a
mouse metastatic model with BMP4 or vehicle treatment. Although no significant
difference was found, there was a trend toward earlier metastasis and more bone
metastases in the BMP4-treated mice. However, the number of metastases was too
small for statistical evaluation. Previously, the effect of BMP4 on breast cancer
metastasis has only been studied using mouse mammary cancer cells showing BMP4-
mediated reduction of metastasis formation (Cao et al., 2014). This reduction was
shown to be caused by increased antitumor immunity resulting from BMP4-induced
inhibition of granulocyte colony-stimulating factor (G-CSF) secretion (Cao et al.,
2014).

The metastases in Study II were also stained with different markers. Staining for
pSMAD/1/5/9 showed strong activation of BMP signaling but no difference was
seen between the treatment groups, although dosing of BMP4 was comparable to
other studies where BMP4 has been used (Buckley et al., 2004; Nishanian et al., 2004;
Piccirillo et al., 2006; Buijs et al., 2007; Farnsworth et al., 2011; Klose et al., 2011;
Tsuchida et al., 2014). Nevertheless, the signaling pathway is shared by many ligands
of the BMP family (Rider and Mulloy, 2010) and it is likely that the possible
additional effect of BMP4 cannot be seen on top of the basal BMP signaling level.
a-SMA staining suggests that cancer-associated fibroblasts (CAF) are equally present
in both treatment groups. CAFs are implicated in tumorigenesis, including metastasis
formation, in breast cancer (Buchsbaum and Oh, 2016). MECA-32 staining showed
possible  deformed  blood  vessels in  the tumor masses. As
mesenchymal/myoepithelial-like cells, MDA-MB-231 expressed vimentin but not E-
cadherin (Gordon et al.,, 2003). However, there were no differences between the
treatment groups in any of the markers used.

Staining of the bone metastases from Study II showed that the cells in thigh
bone formed metastases preferentially in the joint area. Sosnoski et al. (2012) showed
that more cytokines are present in the joint area compared to the shaft (diaphysis),
indicating that the cytokines may act as chemoattractants. In addition, metastases
formed by MDA-MB-231 cells increased the cytokine presence in the joint area but
not in the shaft (Sosnoski et al., 2012). Interestingly, osteoclast marker staining
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(TRAP) was found in the tumor mass in Study II, suggesting that there may be
osteoclasts in the tumor mass, or that the cells have started to express the TRAP
enzyme (Adams et al., 2007; Shishido-Hara et al., 2010). However, BMP4 treatment
did not change the morphology or osteoclast presence of the metastases.

Taken together, transcriptional analysis and 3D in vitro data with MDA-MB-231
cells supports prior findings that in most breast cancer studies BMP4 induces
migration (Ketolainen et al., 2010; Pal et al., 2012; Guo et al., 2012a; Owens et al,,
2013; Cyr-Depauw et al., 2016). The effect of BMP4 on metastasis formation in vivo
showed a non-significant trend of increased metastasis. Previously, BMP4
expression in breast cancer has been shown to be associated with increased
frequency of tumor recurrence (Alarmo et al., 2013). However, besides migration
and invasion capabilities, metastasis formation requires adaptation and growth of the
cells in the destination sites (Valastyan and Weinberg, 2011), making research into
metastasis more complicated. Thus more studies using in vivo models are needed to
uncover the possible effect of BMP4 on metastasis.

6.3  BMP4 target genes and their regulation is context-
dependent

BMP4 target genes have previously been studied in breast cancer cells that react to
BMP4 mainly by decreased proliferation (Rodriguez-Martinez et al., 2011). In Study
ITI, the differences in BMP4 target genes and their regulation were examined in a
cell line that responds to BMP4 by increased migration (MDA-MB-231) and a cell
line that responds by decreased proliferation (T-47D). RNA-seq and DNase-seq was
performed on the BMP4 and vehicle-treated cells. RNA-seq revealed that the set of
differentially expressed genes (DEGs) between the cell lines was very divergent. Out
of 91 DEGs in MDA-MB-231 and 203 DEGs in T-47D, only 10 genes were shared,
many of which were known to be related to the BMP pathway. Similarly, the number
of shared genes compared to the study by Rodriguez-Martinez et al. (2011) was low,
likely due to the different cell lines used. Moreover, Rodriguz-Martinez et al. (2011)
also found that different breast cancer cell lines have divergent responses to BMP4,
as seen here with MDA-MB-231 and T-47D. However, the 10 shared genes between
MDA-MB-231 and T-47D were the most consistently BMP4-responsive genes also
when additional breast cancer cell lines were used. In contrast to the shared genes,
GO analysis of the unique DEGs from the two cell lines revealed that the enriched
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categories reflected the response of the cells to BMP4. This was also corroborated
by GREAT GO analysis of putative open chromatin regulatory regions.

Comparison of open regions of the chromatin (DHSs) after BMP4 and vehicle
treatment showed that there was a shift to more intronic and intergenic DHSs in the
BMP4-induced peaks, with a reduction in promoter and exon peaks. The opening of
intergenic DHSs may be an indication of regulatory control through distal enhancers
or silencers. It has been shown that distal DHSs are more divergent between cell
lines compared to promoter DHSs (Thurman et al., 2012). Indeed, as described
above, the GREAT analysis reflected the different responses of MDA-MB-231 and
T-47D cells to BMP4. Based on the DNase-seq data, transcription start sites (T'SSs)
were mostly already open in BMP4-induced genes. It has been previously shown that
TSS openness varies little even between cell lines of diverse origins (Natarajan et al.,
2012), and thus a change in TSS openness is not necessarily expected.

The open chromatin regions of upregulated DEGs, as revealed by DNase-seq,
were scanned for transcription factor binding sites (TFBSs), in order to further
characterize BMP4 target gene regulation. From the top 15 lists of enriched TFs in
BMP4-treated MDA-MB-231 and T-47D cells, five have previously been shown to
regulate BMP target genes. E4F1 acted co-operatively with SMAD4 in C2C12 cells
and BE2F3 was recruited to the N-myc promoter in BMPO6-treated keratinocytes
(Chang et al., 2006; Nojima et al., 2010). In addition, XBP1, RELLA and CREB1 were
shown to influence BMP target gene expression, similarly in non-cancerous cells
(Cao et al., 2006; Zhao et al., 2009; Hirata-Tsuchiya et al., 2014). Other TFs that bind
to SMADs and influence BMP target gene regulation have been studied in various
cell types (Table 1). However, as these studies are still mostly looking at single TFs,
usually in non-cancerous cell lines, more data are needed to find out the extent of
the action of TFs that regulate BMP target genes, both in normal and cancer cells.

In Study III, three TFs (CBFB, HIF1A and MBD2) were selected and
experimentally studied using silencing of the TFs in MDA-MB-231 and T-47D cells
to uncover their effect on BMP4 target gene expression. In addition, SMAD4, as a
key component of BMP signaling, was used as a positive control. The silencing
experiments showed that SMAD4 was needed for the expression of all the target
genes tested, implying that they were regulated through the canonical pathway
instead of the possible alternative pathways available for BMP signaling (Miyazono
et al., 2010; Bragdon et al., 2011). The effects of the other TFs were more variable.

The transcription factor MBD?2 is a methyl-CpG-binding transcription factor that
plays a role in development (Klose and Bird, 2006; Menafra and Stunnenberg, 2014).

It has previously been associated with both repressive and permissive chromatin
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(Detich et al., 2002; Martinowich et al., 2003; Horike et al., 2005). In Study III,
MBD2 was an activator of transcription in all the genes tested in MDA-MB-231 cells
and in most of the genes in T-47D. Consistently with this, MBD2 had a large number
of binding sites across DEGs and it was highly expressed in both cell lines. In
addition, TFBSs for MBD2 were significantly associated with the SMAD GC-rich
motifs, in contrast to the other TFs where SMAD motif association was not
significant, likely due to having less TFBSs in the DEGs.

Hypoxia-inducible factor 1-« (HIF1A) is a key regulator of the hypoxia response
and has been linked to breast cancer progression (Wang et al., 2014c). In Study III
it was shown to repress target gene activation in MDA-MB-231 cells but to activate
transcription or have no effect in T-47D cells. When considering all the DEGs, four
hypoxia-related genes (BDKRB2, PDGFB, ANGPTI.+4 and UCN2) were found to
be upregulated in MDA-MB-231 cells, and three in T-47D cells (CBEA2T3, EGIN3
and FLTT7). Some of these genes have also been previously linked to cancer
progression, for example HIF1A-dependent upregulation of PDGFB and
ANGPTI A4 promotes metastasis of hypoxic breast cancer cells (Schito et al., 2012;
Zhang et al., 2012a). Even though HIF1A in the target gene panel did not act as an
activator in MDA-MB-231 cells, it is possible that HIF1A acts divergently on genes
that are relevant in hypoxia. Interestingly, HIF1A has also been shown to activate
BMP4 transcription in several tissues (Wu and Paulson, 2010; Wang et al., 2015;
Pramono et al., 20106).

The core-binding factor subunit beta (CBFB) had varying effects on the
expression of BMP4 target genes, but was generally an activator in T-47D cells. It is
the beta subunit of a complex with RUNX1 or RUNX2 as alpha subunit. CBFB has
been shown to be involved in hematopoiesis and skeletal development (Okuda et al.,
20005 Yoshida et al., 2002) and RUNX2 has been shown in many studies to regulate
BMP target gene expression (Table 1). Interestingly, CBFB promotes invasive
properties in breast, prostate and ovarian cancer (Davis et al., 2010; Mendoza-
Villanueva et al., 2010).

In summary, the different phenotypes induced by BMP4 in MDA-MB-231 and
T-47D cells are reflected in the transcriptomic and chromatin levels, as shown by
enrichment analysis of BMP4 target genes and open chromatin regions. In addition,

different TFs appear to be recruited to the target genes depending on the cell line.
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7  Conclusions

Breast cancer is the most common cancer in women worldwide and bone
morphogenetic proteins (BMPs) have been suggested to play a role in the
progression of the disease. BMP4 has previously been shown to inhibit proliferation
and increase migration in breast cancer cell lines, and its expression in breast cancer
has been associated with low proliferation index and increased frequency of tumor
recurrence. The aim of this study was to decipher the effects of BMP4 on breast
cancer cells in 3D cell culture and in an in vivo model, as well as to characterize
BMP4 signaling in breast cancer cells at the chromatin and mRNA level.

BMP4 was found to inhibit breast cancer cell proliferation in 3D culture, both in
the synthetic PEG gel as well as the basement membrane extract Matrigel. Growing
normal breast epithelial cells in the two different materials revealed that Matrigel
provided a more physiological environment. Notably, MDA-MB-231 cells, which
were shown to respond to BMP4 by increased migration in 2D culture, reacted
similarly in Matrigel but not in PEG gel. BMP4 induced in MDA-MB-231 cells in
Matrigel a branching, stellate morphology, indicative of increased migration, and this
phenotype was dependent on the action of matrix metalloproteinases (MMPs). In an
in vivo metastatic model of MDA-MB-231 cells, BMP4 caused a trend of eatlier
metastasis and slightly more bone metastases. However, due to the limited number
of metastases, statistical significance was not reached. The effects of BMP4 in 2D
culture, both decreased growth and increased migration, were thus recapitulated in
3D culture. Still, more studies are needed to confirm the role of BMP4 on in vivo
metastasis formation in breast cancer.

Analysis of BMP4 target genes revealed that the effects of BMP4 on proliferation
and migration were reflected in the target genes that were induced. In MDA-MB-
231 cells, which react to BMP4 mainly by increased migration, motility-related genes
were enriched. In T-47D cells, which respond to BMP4 by inhibition of
proliferation, developmental and signaling pathway genes were enriched. Similar
results were obtained when enrichment of putative chromatin regulatory regions was
analyzed. By examining open transcription factor binding sites, candidate TFs
involved in BMP4 target gene regulation were found. Experimental validation of
three TFs, MBD2, CBFB and HIF1A, showed that MBD2 was an activator of
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transcription in both cell lines, whereas the effects of CBFB and HIF1A were more
cell line-specific. HIF1A acted as a repressor in MDA-MB-231 cells and CBFB as an
activator particularly in T-47D cells. Taken together, BMP4 induced a phenotype-
specific gene expression pattern, which the experimentally validated TFs reflected.
Further study regarding chromatin regulation and TFs in the BMP signaling pathway,
including TFs not yet functionally characterized or uncovered in this study, will

hopefully expand the results to an even wider context.
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Abstract

Background: Bone morphogenetic protein 4 (BMP4) belongs to the transforming growth factor 3 (TGF-3) family of
proteins. BMPs regulate cell proliferation, differentiation and motility, and have also been reported to be involved in
cancer pathogenesis. We have previously shown that BMP4 reduces breast cancer cell proliferation through G1 cell
cycle arrest and simultaneously induces migration in a subset of these cell lines. Here we examined the effects of
BMP4 in a more physiological environment, in a 3D culture system.

Methods: We used two different 3D culture systems; Matrigel, a basement membrane extract from mouse sarcoma
cells, and a synthetic polyethylene glycol (PEG) gel. AlamarBlue reagent was used for cell proliferation
measurements and immunofluorescence was used to determine cell polarity. Expression of cell cycle regulators was
examined by Western blot and matrix metalloproteinase (MMP) expression by gRT-PCR.

Results: The MCF-10A normal breast epithelial cells formed round acini with correct apicobasal localization of a6
integrin in Matrigel whereas irregular structures were seen in PEG gel. The two 3D matrices also supported
dissimilar morphology for the breast cancer cells. In PEG gel, BMP4 inhibited the growth of MCF-10A and the three
breast cancer cell lines examined, thus closely resembling the 2D culture conditions, but in Matrigel, no growth
inhibition was observed in MDA-MB-231 and MDA-MB-361 cells. Furthermore, BMP4 induced the expression of the
cell cycle inhibitor p21 both in 2D and 3D culture, thereby partly explaining the growth arrest. Interestingly,
MDA-MB-231 cells formed large branching, stellate structures in response to BMP4 treatment in Matrigel, suggestive
of increased cell migration or invasion. This effect was reversed by Batimastat, a broad-spectrum MMP inhibitor, and
subsequent analyses showed BMP4 to induce the expression of MMP3 and MMP14, that are thus likely to be
responsible for the stellate phenotype.

Conclusions: Taken together, our results show that Matrigel provides a more physiological environment for breast
epithelial cells than PEG gel. Moreover, BMP4 partly recapitulates in 3D culture the growth suppressive abilities
previously seen in 2D culture and induces an MMP-dependent migratory phenotype in MDA-MB-231 cells.
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Background

Bone morphogenetic protein 4 (BMP4) is a growth factor
that belongs to the bone morphogenetic protein (BMP)
family, which comprises the majority of the transforming
growth factor B (TGF-P) —superfamily [1]. BMPs are
extracellular ligands that bind serine/threonine receptors
on the cell membrane and signal through intracellular
SMAD mediators as well as through other pathways such
as the MAP kinase pathway. BMPs were first found due to
their bone-inducing effects and later studies showed them
to be also powerful developmental regulators. For ex-
ample, BMP4 is involved in gastrulation, mesoderm for-
mation, hematopoiesis and the development of several
organs and tissues including mammary gland [2-4].

Due to their multifunctionality, BMPs have been in-
creasingly studied as potential players in cancer. BMP4
expression in cancer varies and both increased and
decreased expression has been reported depending on
the tissue of origin [5]. In breast cancer, strong BMP4
expression has been found in both cell lines and tissues
[6-8] and immunohistochemical data indicate that BMP4
protein is expressed in one fourth to half of primary
tumors [9]. Functional studies in multiple malignancies
suggest that BMP4 typically causes reduced growth and
increased migration of cancer cells [5]. We have previ-
ously shown, using a large set of breast cancer cell lines,
that BMP4 treatment systematically inhibits proliferation
in all cell lines and simultaneously increases migration of
MDA-MB-231, MDA-MB-361 and HCC1954 cells, but
reduces migrativeness of T-47D cells [10]. Similarly, Guo
and colleagues [6] demonstrated increased migration and
decreased proliferation upon BMP4 overexpression in
MDA-MB-231 and MCEF-7 breast cancer cells. These
data were corroborated by an in vivo study where inhib-
ition of BMP4 signaling decreased metastasis of MDA-
MB-231 breast cancer cells [11]. Yet there is one study
where BMP4 reduced migration of MDA-MB-231 cells
[12]. Nevertheless, the majority of the data implies that
BMP4 has a dualist effect on breast cancer cells, with
inhibition of cell proliferation and induction of a migratory
phenotype.

The aforementioned in vitro functional studies were
done using cells growing as two-dimensional (2D) mono-
layer. However, there is an increasing interest in culturing
cells in a more biologically relevant three-dimensional
(3D) environment [13]. This has been generally achieved
by growing cells in synthetic scaffolds or gels of biological
or synthetic origin [14]. Matrigel, basement membrane
extract from mouse sarcoma, is the most commonly used
biological scaffold and consists mainly of laminin, collagen
IV and various growth factors [15]. Other biological mate-
rials that are often used include collagen, alginate and
hyaluronic acid [14]. Synthetic gels have been developed
as alternatives to the biological gels due to the difficulties
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in defining the exact composition of the biological mate-
rials and the fact that they may suffer from batch-to-batch
variability [14]. Synthetic gels, mainly different polymers,
such as polyethylene glycol and polyvinyl alcohol, have
a constant composition and are easy to manipulate.
However, they may not adequately represent the com-
plicated extracellular matrix (ECM) that surrounds cells
in tissues [14,16].

Various cell types, including epithelial, neural and endo-
thelial cells, have been successfully grown in 3D and are
capable of forming structures that resemble the normal
tissue organization [15]. For example, normal immortal-
ized mammary epithelial cells, such as the MCF-10A cells,
form polarized acini structures in Matrigel, reminiscent of
the normal breast architecture [17], whereas breast cancer
cells generate more variable structures [18]. Similarly,
biologically appropriate cellular organization has been
observed e.g. for epithelial and neural cells in different
synthetic gels [19-21]. More importantly, the shift from
2D to 3D culture also results in changes in gene expres-
sion in multiple tissue types [13,22-25]. For example,
breast epithelial cells begin to produce milk proteins
when grown in Matrigel [25].

Previous data from us and others showed that BMP4
is able to reduce the growth of breast cancer cells whilst
inducing cell migration and invasion [6,10,11]. Here we
utilized two different 3D culture systems to evaluate
whether these phenotypes persist under more physio-
logical culture conditions and further explored the
mechanisms of BMP4-induced changes in cell prolifera-
tion and mobility.

Methods

Cell lines

The MCF-10A, MDA-MB-231, MDA-MB-361, BT-474
and T-47D cell lines were purchased from ATCC
(Manassas, VA, USA) and cultured according to ATCC
instructions, except for MCF-10A, which was maintained
as previously described [17]. In 3D experiments, MDA-
MB-231 and MDA-MB-361 cells were cultured in DMEM
(Sigma-Aldrich, St. Louis, MO, USA). For MCEF-10A cells
a reduced concentration of EGF (5 ng/ml) was used in
Matrigel [17].

BMP4 and inhibitor treatments

rhBMP4 (100 ng/ml, R&D Systems, Minneapolis, MN,
USA), BMP antagonist Gremlin (1 pg/ml, R&D Sys-
tems), MMP inhibitor Batimastat (10 uM, Millipore,
Billerica, MA, USA) or a combination of these was added
to the medium at the start of the experiments and rep-
lenished every two to three days as the medium was
exchanged. Vehicle-treated cells received BMP4 dilution
buffer (4 mM HCI with 0.1% BSA), Gremlin dilution buf-
fer (0.1% BSA in PBS), Batimastat dilution buffer (DMSQO),
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or a combination of these. All experiments were done in
two to six replicates and were repeated at least twice.

Cell proliferation assay

Medium with 10% alamarBlue (Invitrogen) was added to
the cells and incubated for 1 hour (2D culture) or 4 hours
(Matrigel and PEG gel). Medium was collected and fluor-
escence (excitation wavelength 560 nm, emission wave-
length 590 nm) measured using Tecan infinite F200 Pro
plate reader (Tecan, Méannedorf, Switzerland). Addition-
ally, the number of cells in 2D culture was counted using
the Z1 Coulter Counter (Beckman Coulter, Fullerton, CA)
at indicated time points. The experiments were done in
four to six replicates and repeated at least twice.

Cell cycle

MCEF-10A cells were cultured on 24-well plates and
analyzed 3 and 5 days after first addition of BMP4. The
cells were stained with PI as described [26]. The cell
cycle distribution was determined using the Accuri C6
flow cytometer (Accuri, Ann Arbor, MI, USA) and ModFit
LT 3.0 (Verity software house, USA). The experiment was
performed twice with six replicates.

3D Matrigel assay

Cells were cultured on growth factor-reduced Matrigel
(BD Biosciences, Franklin Lakes, NJ, USA) using the
overlay method [17]. Briefly, 4-chambered Lab-Tek
chamber slides (Nalge Nunc International, Rochester,
NY, USA) or 24-well plates were coated with Matrigel.
Cells (2.0 x 10* cells/ml for MDA-MB-231 and T-47D,
2.4 x 10* cells/ml for MCE-10A, 6.0 x 10* cells/ml for
BT-474 and 1.2 x 10° cells/ml for MDA-MB-361)
suspended in 2.5% Matrigel solution were added on
coated chamber slides and allowed to grow up to
17 days.

3D PEG gel assay

MMP-degradable polyethylene glycol (PEG) gel with
RGD peptides was purchased from QGel (Lausanne,
Switzerland). Briefly, 400 pl of Buffer A was mixed with
QGelTM MT 3D Matrix powder, before addition of
100 pl of cell suspension (given a final concentration of
1.4 x 10° cells/ml for MCF-10A, 1.0 x 10° cells/ml for
MDA-MB-231, 8.0 x 10* cells/ml for T-47D, and 4.0 x 10
cells/ml for MDA-MB-361). Drops of 40 ul were applied
into a disc caster and after 30 min incubation at 37°C the
gelled discs were removed and placed on 24-well plates
with 1 ml of medium per well. The cells were allowed to
grow up to 18 days.

Immunofluorescence
The MCE-10A cells in Matrigel and PEG gel were fixed
in 4% paraformaldehyde for 1 hour at 37°C followed by
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permeabilization with 0.1% Triton-X100 for 45 min at
room temperature and blocking with 3% BSA for
1.5 hours at 37°C. The fixed cells were incubated with
mouse monoclonal anti-a6 integrin antibody (1:300,
Abcam, Cambridge, UK) for 1.5 hours at 37°C. The
secondary goat anti-mouse Alexa Fluor 488 (1:200,
Invitrogen) was used similarly. The cells were stained
with DAPI (Invitrogen) and mounted with Vectashield
(Vector Laboratories, Burlingame, CA, USA). Images
were taken with Zeiss Axio Imager. M2 microscope
(Carl Zeiss, Oberkochen, Germany) connected to an
ApoTome slider module (Carl Zeiss).

Image analysis

Images were taken from the cells in Matrigel and PEG
gel using Olympus IX71 microscope (Olympus, Tokyo,
Japan) and processed with Image] (U.S. National Institutes
of Health, Bethesda, MD, USA). Four images from each
experiment at designated time points were analyzed and
the average area covered by the cells was calculated.

Protein extraction

The cells were collected 24 hours or 5 days (2D culture)
and 4 or 7 days (Matrigel) after first addition of BMP4.
Matrigel was first dissolved by adding cold PBS with
5 mM EDTA and the cells were kept on ice for 15 min.
The cell-Matrigel solution was then collected, kept on ice
for 30 min and centrifuged for 15 min at 3300 x g, at 4°C.
Cells were lysed and protein concentration measured as
previously described [10].

Western blot

Fifty pg of protein was loaded onto SDS-PAGE gels.
After gel electrophoresis, the proteins were transferred
to a PVDF membrane. The following primary antibodies
(Santa Cruz Biotechnology, CA, USA) and dilutions were
used: p21 (1:100), Cdk4 (1:1000), Cdc2 (1:1000), p-Cdc2
(Thr14/Tyrl5, 1:200), p27 (1:500), pl6 (1:100), p15
(1:200), Cyclin B1 (1:200), Cyclin B2 (1:100) and Cyclin
D1 (1:200). All antibodies were rabbit polyclonal, with
the exception of pl6 (mouse monoclonal) and Cyclin
B2 (goat polyclonal). In addition, a mouse monoclonal
anti-GTF2H1 antibody (1:1000, Abcam) was used. Pro-
teins were detected using the BM Chemiluminescence
Western Blotting kit (Roche, Mannheim, Germany)
according to manufacturer’s instructions. Anti-mouse/
rabbit secondary antibody (1:5000, Roche) was used for
all antibodies, except for Cyclin B2, which was detected
with anti-goat secondary antibody (1:5000, Santa-Cruz
Biotechnology). The membranes were stripped and
probed with p-tubulin (Sigma-Aldrich) as a loading
control.
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Quantitative RT-PCR

The expression of MMP-1, -2, -3, -7, -9, -14 and
ADAMI17 was examined in BMP4- and vehicle-treated
MDA-MB-231 and BT-474 (MMP3 and MMPI14 only)
cells grown for 14 days in Matrigel. The cells were
harvested as described above for protein extraction.
Total RNA was extracted using RNeasy Mini kit
(Qiagen, Valencia, CA) and was reverse transcribed
using SuperScriptTM III First-Strand Synthesis System
for RT-PCR (Invitrogen) as described [7]. qRT-PCR was
performed using gene specific primers and UPL probes
(Roche, Additional file 1: Table S1) and the LightCycler
equipment (Roche) as described [27] with 1.2 uM con-
centration of primers and probes and the following pro-
gram: 10 min denaturation at 95°C followed by 45 cycles
of 10 s denaturation at 95°C, 10 s annealing at 55°C and
15 s elongation at 72°C. The experiments were done in
three replicates and the expression levels were normal-
ized using Phosphoglycerate kinase 1 (PGKI) house-
keeping gene.

Statistical analyses

The difference between BMP4- and vehicle-treated sam-
ples in cell proliferation and area analysis was evaluated
using the Mann—Whitney test with GraphPad Prism
4 (GraphPad Software, La Jolla, CA, USA). A P-value of
less than 0.05 was considered significant.

Results

BMP4 inhibits the growth of MCF-10A cells in both 2D
and 3D cell culture

We began the study using an immortalized breast
epithelial cell line MCF-10A, which is widely used in 3D
cultures. However, since no previous data existed, we first
tested the effects of BMP4 on these cells in standard 2D
culture. Similar to breast cancer cell lines [10], BMP4
decreased the proliferation of the MCF-10A cells as deter-
mined by cell counting and alamarBlue (Figure 1A). A
highly significant decrease in cell number was evident at
day 3 and day 6 (42% and 50%, respectively, as compared
to vehicle; P < 0.01).

In 3D assays, both biological (Matrigel) and synthetic
(polyethylene glycol, PEG gel) materials were used. In
Matrigel, MCE-10A cells formed round acini-like struc-
tures with correct apicobasal polarity of the acini, as illus-
trated by the basal localization of a6-integrin (Figure 1B,
left panel). In contrast, MCE-10A cells grown in PEG gel
demonstrated a disordered structure with no obvious
lumen formation and no basal localization of a6-integrin
(Figure 1B, right panel).

When MCE-10A cells in Matrigel were treated with
BMP4 (100 ng/ml), there was no change in the acinar
morphology but proliferation of the cells was reduced
(Figure 2A-C). The proliferation rate (as measured by

Page 4 of 13

A MCF-10A proliferation
150~
100- - =
%
50+ H
0 T T -
1d 3d 6d

3 Vehicle T BMP4 alamarBlue =3 BMP4 cell count

B Matrigel PEG

Figure 1 Characterization of MCF-10A cells in 2D and 3D
culture. (A) BMP4 treatment significantly reduces the proliferation
of MFC-10A cells in 2D culture. Cells were grown in the presence of
100 ng/ml BMP4 or vehicle and proliferation was measured using
the alamarBlue reagent and by counting the cells at indicated time
points. Relative proliferation (mean + s.d.) compared to vehicle is
shown. *P < 0.05, **P < 0.01. (B) MCF-10A cells form polarized
structures in Matrigel but not in PEG gel. The cells were grown in
Matrigel for 14 and in PEG gel for 11 days, fixed, and
immunofluorescently labeled with polarization marker aé-integrin
antibody (green). The nuclei were stained with DAPI (blue). Images
were taken with Zeiss Axio Imager.M2 microscope. Scale bar 10 um.

alamarBlue) was decreased by 41% at day 14 in BMP4-
treated cells as compared to vehicle-treated cells (P < 0.05,
Figure 2B). Accordingly, BMP4 also significantly decreased
the size of the acini structures as evidenced by a 40%
reduction in the total area covered by the cell clusters
at day 14 (P < 0.05, Figure 2C).

In PEG gel, vehicle-treated MCF-10A cells mainly
formed round cell clusters with occasional protrusions
whereas BMP4-treated cells formed irregularly shaped
elongated structures with high numbers of protrusions
(Figure 2D). In addition, BMP4 inhibited the proliferation
of the MCF-10A cells by 69% at day 11 as compared to
the vehicle (P<0.005, Figure 2E). Analysis of the area
covered by cells revealed a maximum reduction of 51% at
day 7 after BMP4 treatment (P < 0.05, Figure 2F).

BMP4 induces different phenotypes in breast cancer cells

in 3D

Next we examined the effects of BMP4 in 3D cultures
of four breast cancer cell lines. The cell lines were
chosen based on our previous data showing a prominent
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MCF-10A

Figure 2 BMP4 inhibits MCF-10A cell growth in 3D cell culture. Cells were grown in Matrigel (A-C) or in PEG gel (D-F) supplemented with
100 ng/ml BMP4 or vehicle. Images were captured with Olympus IX71 microscope and representative examples from day 14 (Matrigel, panel

A) and day 11 (PEG gel, panel D) are shown. Scale bars 200 um. (b, e) Cell proliferation was measured using the alamarBlue reagent at indicated
time points and relative proliferation (mean + s.d.) compared to vehicle is presented. (C, F) The area covered by cell clusters was measured from
images taken at indicated time points using ImageJ and the relative mean area and s.d. compared to vehicle is shown. *P < 0.05, **P < 0.01.
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phenotype upon BMP4 stimulation in 2D; either G1 cell
cycle arrest and growth inhibition (T-47D, BT-474, MDA -
MB-361) and/or increased migration (MDA-MB-231,
MDA-MB-361) [10, unpublished]. T-47D cells formed
irregular raft-like structures in Matrigel (Figure 3A).
BMP4 treatment did not induce any obvious changes in
the morphology of the cell clusters but inhibited cell
proliferation (29% at day 7, 41% at day 10 and 10% at
day 14 as compared to vehicle, P <0.05, Figure 3A-B).
The size of the area covered by cells was similarly
reduced by 43% and 39% at days 7 and 10, respectively
(P <0.05, Figure 3C). At day 14 the difference was 28%
but just failed to reach statistical significance (Figure 3C).
In PEG gel, the T-47D cell structures were either round or
polygonal in shape, in both BMP4- and vehicle-treated
samples (Figure 3D). BMP4 induced a distinct decrease in
cell proliferation at days 11 and 14 (30% and 51%,

respectively, as compared to vehicle, P < 0.01, Figure 3E).
Consequently, there was a significant reduction in the size
of the cell area, ranging from 64% at day 7 to 79% at day
14 (P < 0.05, Figure 3F).

For BT-474 cells, the consequences of BMP4 treatment
were first examined in 2D culture due to lack of previous
information. A significant decrease in cell count was
detected in BMP4-treated cells as compared to vehicle
(30% at day 3 and 70% at day 6, P < 0.01, Additional file 2:
Figure S1). In Matrigel the cells formed dense, mostly
round structures (Figure 4A). Proliferation was reduced by
26% already at day 7 and continued to decrease up to 36%
at day 14 after BMP4-treatment (P <0.05, Figure 4B). A
concomitant reduction of 40% to 50% on average could be
seen in the area measurements (P < 0.05, Figure 4C).

MDA-MB-361 cells grew very slowly in both 3D envi-
ronments and therefore were allowed to grow up to
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Matrigel
day 14

PEG
day 14

Figure 3 BMP4 inhibits T-47D cell growth in 3D cell culture. Cells were grown in Matrigel (A-C) or in PEG gel (D-F) and supplemented with
100 ng/ml BMP4 or vehicle. Images were taken as indicated in Figure 2 and representative examples from day 14 are shown. Scale bars 200 pm.
(B, E) Cell proliferation and (C, F) area covered by cell clusters were measured and are presented as in Figure 2, *P < 0.05, **P < 0.01.
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18 days (Additional file 3: Figure S2). In Matrigel, the
cells formed small mostly round masses, and BMP4
treatment induced no consistent changes in prolifera-
tion, area or morphology of the cells (Additional file 3:
Figure S2A-C). In contrast, in PEG gel BMP4 significantly
decreased proliferation at day 11 through day 18 (15%
and 28%, respectively, as compared to vehicle, P <0.01,
Additional file 3: Figure S2E). In addition, BMP4 de-
creased the size of the area covered by cells, with a max-
imum reduction of 48% at day 11 (P <0.05, Additional
file 3: Figure S2F). However, no changes in the morph-
ology of the cell structures were observed in PEG gel with
both BMP4 and vehicle treatments resulting in round cell
clusters.

MDA-MB-231 cells formed mostly dense and compact
round or oval structures in Matrigel with occasional
branches (Figure 5A). Interestingly, BMP4 had a major
impact on the morphology of the cells. It induced the

formation of large branching stellate structures, which
extended over large areas of the gel (Figure 5A). The
first evidence on this effect was seen already at day 7, but
it became prominent after 10 days in culture (Figure 5A).
On the other hand, BMP4 did not have an effect on the
proliferation of the MDA-MB-231 cells as measured by
alamarBlue or the area covered by the cells (Figure 5B
and 5C). It should be noted that the latter result is
hindered by the difficulties in accurately measuring the
area of the BMP4-induced stellate structures. In PEG
gel, no branching was observed and the MDA-MB-231
cell masses were typically round or irregularly shaped in
both BMP4- and vehicle-treated samples (Figure 5D).
Interestingly, BMP4 significantly inhibited proliferation
of the MDA-MB-231 cells in PEG gel, with a 36% reduc-
tion by day 14 (P <0.01, Figure 5E). Similarly, the area
covered by the cells was diminished by a maximum of
36% at day 11 (P < 0.05, Figure 5F).
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Figure 4 BMP4 inhibits BT-474 cell growth in 3D cell culture. (A) Cells were grown in Matrigel and supplemented with 100 ng/ml BMP4 or
vehicle. Images were taken as indicated in Figure 2 and representative examples from day 14 are shown. Scale bars 200 um. (B) Cell proliferation
and (C) area covered by cell clusters were measured and are presented as in Figure 2, *P < 0.05.
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BMP4-induced growth arrest is partly explained by
induction of p21 expression

We have previously shown that the growth inhibition
caused by BMP4 in breast cancer cell lines growing in
monolayer culture is due to a G1 cell cycle arrest [10].
To investigate this further, the effect of BMP4 on the ex-
pression of 11 known cell cycle regulators was measured
in T-47D and MDA-MB-361 cells grown for 24 hours in
2D. A change in the expression of the cell cycle inhibitor
p21, phosphorylated CDC2 and Cyclins B1 and B2 was
seen in both cell lines, with at least a 2-fold difference in
one of the cell lines (Additional file 4: Figure S3).
Among these, induction of p21 was the most prominent
(4.1-fold in MDA-MB-361 and 2.2-fold in T-47D) and was
thus selected for further evaluation. We verified that p21
expression was also induced by BMP4 in 2D culture of
MDA-MB-231 and BT-474 cells (Figure 6A). In MCF-10A
cells, distinct p21 induction (1.8-fold) was evident only
after a prolonged (5 days) BMP4 treatment (Figure 6A)
and was accompanied by a G1 cell cycle arrest (G1 phase
fraction 80% vs. 69% in BMP4- and vehicle-treated
cells, respectively, P < 0.05, Figure 6B). In Matrigel, the
p21 levels were determined at day 4 or 7 after BMP4
treatment. BMP4 had no effect on p21 expression in
MCEF-10A cells whereas it did induce p21 expression in
T-47D, BT-474, MDA-MB-361 and MDA-MB-231
cells (Figure 6A).

Induction of a stellate phenotype in MDA-MB-231 cells is
MMP-dependent

To confirm that the stellate phenotype induced in the
MDA-MB-231 cells in Matrigel was indeed dependent on
BMP4, the cells were treated with BMP4 together with a

BMP antagonist Gremlin, which inhibits the actions of
BMP2, -4 and -7 [28]. Gremlin (1 pg/ml) alone had no
effect on the morphology of the cells (Figure 7A). The
cells treated with both Gremlin and BMP4 had similar
morphology than vehicle-treated cells and thus Gremlin
was able to reverse the stellate phenotype (Figure 7A).

We then speculated that the stellate phenotype may
require the action of matrix metalloproteinases (MMPs).
A broad-spectrum MMP inhibitor Batimastat was employed
to test its potential in inhibiting the BMP4-induced
phenotype. Batimastat (10 uM) alone resulted in a mod-
erate reduction of growth of the cells as compared to
vehicle-treated cells (Figure 7B). However, Batimastat
was able to inhibit the formation of BMP4-induced stel-
late structures and, somewhat surprisingly, the combin-
ation of Batimastat and BMP4 resulted in a pronounced
reduction in the size of the cell structures (Figure 7B).

As the stellate phenotype was reversed by an MMP
inhibitor, we next examined the contribution of individual
MMPs to this phenotype. Using quantitative RT-PCR,
the expression levels of seven MAMPs known to be
targeted by Batimastat were measured in BMP4- and
vehicle-treated MDA-MB-231 cells grown in Matrigel
for 14 days. MMP2, MMP7 and MMP9 were not
expressed in the MDA-MB-231 cells at a sufficient level
to allow accurate measurements and there was no
difference in ADAMI17 expression between BMP4-and
vehicle-treated cells (data not shown). In contrast,
there was a dramatic 19-fold increase in MMP3 expres-
sion (P <0.005) and a 3.7-fold increase in MMPI14 ex-
pression (P < 0.05) in BMP4-treated cells as compared
to vehicle-treated cells. In addition, MMPI expression
was 4.3 times higher in BMP4-treated cells but the



Ampuja et al. BMC Cancer 2013, 13:429
http://www.biomedcentral.com/1471-2407/13/429

Page 8 of 13

A MDA-MB-231 B
Vehicle BMP4 . Proliferation
. - . 7 + »
...g'. :"‘.&" ‘, '. '_.;. }.:h‘ . iy .' |
- SSALEE | R MR A
~F &, ". ‘.0.' ..’.‘m (.: 33 100
. . &
‘>“~ .. N , .‘r » . ;ﬁ-, e %
T . s .’. . -~y . 50
Beg'¥: s
t't o T A
- — 3 R 0d 4d
e & W 1 4
g e ™
—_— L LY
2 .w % g
gz C A
s 200 rea
150
% 100
T 50
>
] 0
© 7d 10d 14d
E Proliferation
150
100 — —
%
50
0 y r :
7d 11d 14d
F
Area
150
100 £
%
50
0 v
7d 11d 14d
T Vehicle & BMP4
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difference was not statistically significant. To further
verify that the induction of MMP3 and MMP14 was ex-
clusively related to the BMP4-induced stellate pheno-
type in MDA-MB-231 cells, we measured MMP3 and
MMPI14 mRNA levels in one of the non-stellate cell
lines, BT-474, under similar conditions and found that
in this case BMP4 did not induce the expression of
these MMPs (data not shown).

Discussion

We have previously shown that BMP4 reduces prolifera-
tion and increases migration of breast cancer cells
in vitro [10]. As these results were derived from cells
grown in 2D monolayer culture, we set out to analyze
the effect of BMP4 in a more physiological setting by
employing 3D culture systems. We approached this issue
by using both a biological gel (Matrigel, the standard 3D
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culture environment) and a synthetic material with RGD
peptides and MMP-degradable peptide links (PEG gel).
The two materials studied provided dissimilar 3D envi-
ronments as first evidenced by differences in the morph-
ology of the normal and cancer cell clusters. The MCF-10A

BMP4

Gremlin

Batimastat

Figure 7 BMP4 antagonist Gremlin and MMP inhibitor
Batimastat reverse the stellate phenotype of MDA-MB-231 cell
clusters in Matrigel. The cells received 1 pg/ml Gremlin, 10 pM
Batimastat and/or 100 ng/ml BMP4. Vehicle-treated cells were used
as a control. Images were taken as indicated in Figure 2 and
representative examples from day 14 are shown. Scale bar 200 um.

normal mammary epithelial cells had a polarized acini
structure in Matrigel, as previously shown [17], while in
PEG gel the cells formed irregular non-polarized struc-
tures. Similarly, the morphology of the different cancer
cells varied between the two 3D models, with the struc-
tures formed in Matrigel again corresponding to those
previously reported [18]. On a functional level, the growth
response of cells to BMP4 treatment in PEG gel mirrored
the 2D data, whereas in Matrigel more diverse effects were
observed. These data could be explained by several factors.
Matrigel contains multiple biologically active molecules,
such as laminin, collagen IV and many growth factors
[15], that are likely to impact the results obtained. Of
these biologically active molecules, e.g. laminin-1 has been
shown to be essential for correct polarization of primary
luminal epithelial cells in collagen gels [29]. It has also
been reported that 50 mM RGD peptide is an optimal
concentration for acinar growth of MCF-10A cells in poly-
ethylene glycol tetravinyl sulfone (PEG-VS) gel [30]. A
lower concentration of RGD (50 uM) was present in the
PEG gel used here, possibly explaining the lack of acinar
formation. In addition, the stiffness and elasticity of the
matrix is known to influence the cellular phenotype, in-
cluding proliferation, differentiation and migration, in 3D
environments [31-33]. To summarize, the differences in
cell morphology and BMP4 response between the two ma-
terials tested demonstrate that the mere 3D architecture is
not sufficient to mimic the biological effects of tissue en-
vironment. Based on the morphological characteristics,
Matrigel seems to provide a more appropriate milieu for
breast epithelial cells. While many synthetic 3D materials
are entering the market, they should be used cautiously
until their biological properties have been explored.
Previous data from us and others [6,10] clearly demon-
strate that BMP4 reduces the proliferation of breast cancer
cells in 2D culture, and similar results have been reported
in other tumor types [5,34-37]. Here we extend these find-
ings and first show the same growth suppressive effect of
BMP4 in MCF-10A normal immortalized breast epithelial
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cells both in 2D and 3D environment. The 3D data from
the breast cancer cell lines were more diverse. In PEG gel,
BMP4 administration led to reduced cell proliferation
for all cell lines tested, whereas in Matrigel two out of
four cell lines (MDA-MB-231 and MDA-MB-361) did
not display growth inhibition upon BMP4 treatment. In
the case of MDA-MB-361, the very slow growth rate of
the cells in 3D may have contributed to these findings,
although the difference between responses in PEG gel
and Matrigel implies an actual effect triggered by the
different environments. Furthermore, the growth suppres-
sive action of BMP4 seen in MDA-MB-231 cells in 2D
[10] disappeared in 3D Matrigel and was overcome by a
migratory phenotype. The response of the cells to bio-
logical molecules is known to change drastically in 3D, for
example, many anticancer drugs are less effective in 3D
culture [38]. Our data now suggest that the ability of
BMP4 to reduce cell growth in 3D strongly depends on
the material used. Nevertheless, cell line specific differ-
ences also exist and further highlight the importance of
testing the impact of biological factors, including BMP4,
in a proper environment.

BMP4 has been reported to induce G1 cell cycle arrest
in cancer cells [10,39-41]. We now show for the first
time that the mechanism behind this cell cycle arrest in
breast cancer cells is the increased expression of the cell
cycle inhibitor p21. This result is in concordance with
previous reports in 2D culture of various normal and
neoplastic cells [41-45]. Additionally, BMP2 has been
shown to induce p21 expression in breast cancer cells
[39,40,46]. Interestingly, BMP4 induced p21 expression
in MDA-MB-231 and MDA-MB-361 cells in 3D even in
the absence of growth inhibition, suggesting that p21
alone is not sufficient to induce growth arrest in these
cells in 3D. Furthermore in MCF-10A cells, p21 induction
and G1 cell cycle arrest were not evident until day 5 in 2D
culture, even though a significant growth reduction was
seen already at day 3. Likewise, in MCF-10A 3D culture
no p21 induction was observed even after 7 days of BMP4
treatment. Therefore it seems likely that other factors are
involved in the BMP4-mediated growth regulation in
MCE-10A cells. Examination of a panel of cell cycle regu-
lators in T-47D and MDA-MB-361 cells in 2D showed
that BMP4 influenced the expression of multiple cell cycle
proteins, including pCDC2, Cyclin Bl and Cyclin B2.
These or other cell cycle regulators could thus contribute
to the observed growth inhibition in MCF-10A cells as
well. Previous studies have reported dysregulation of
several cell cycle associated proteins, including Cyclin
B1, CDC2, Rb, and E2F, after different stimuli in MCF-10A
cells [47,48], emphasizing the fact that multiple factors
may be simultaneously involved. Further research is
needed to identify the specific cell cycle regulators
influenced by BMP4 treatment in MCF-10A cells.

Page 10 of 13

In most cases, BMP4 had no effect on the morphology
of the cells grown in 3D environment, with the excep-
tion of MDA-MB-231 cells and MCF-10A cells. In PEG
gel, MCF-10A cells formed irregular structures with
small protrusions, the number of which increased upon
BMP4 stimulation, indicating increased migration and/or
invasion. This is consistent with previous results showing
BMP4-induced invasive properties in mouse mammary
epithelial cells in collagen gels [49]. In Matrigel, MDA-
MB-231 cells formed stellate, branching structures in
response to BMP4, which is in concert with previous
observations of increased migration and invasion in 2D
experiments [6,10]. Such structures were not observed
in PEG gel, highlighting again the variation between the
different 3D materials.

The MDA-MB-231 cells are known to be triple negative
and represent the so-called basal subtype, whereas the
remaining breast cancer cell lines used in this study are
of luminal type [50]. We thus speculated whether the
molecular subtype could explain the migratory response
to BMP4 treatment seen only in MDA-MB-231 cells.
To address this issue, we examined another triple negative
basal breast cancer cell line, MDA-MB-436. However, the
MDA-MB-436 cells were inherently migratory in Matrigel
and BMP4 did not induce any additional effects (data not
shown). Thus we conclude that the effects of BMP4
cannot be simply explained by the molecular subtype of
the cell line. Neither could we link the BMP4-induced
phenotypes to other known cell line characteristics,
such as the histological type, mutational status, or
tumorigenicity [18].

The BMP antagonist Gremlin was able to reverse the
MDA-MB-231 stellate phenotype, demonstrating that the
effect is truly due to the action of BMP4. Similarly, a broad
spectrum MMP inhibitor Batimastat was able to inhibit
the BMP4-induced branching of the MDA-MB-231
cells, indicating that the phenomenon required the
action of matrix metalloproteinases (MMPs). Unexpect-
edly, Batimastat also reduced the growth of the cells, both
with and without BMP4. MMPs have been shown to
cleave intracellular or transmembrane proteins, thereby
releasing factors that regulate cell proliferation, apoptosis,
invasion and angiogenesis [51-54]. MMP9 has been
particularly shown to possess growth-promoting effects
[55,56]. Shon et al. [12] found BMP4 to suppress the activ-
ity of MMP9 in MDA-MB-231 cells, albeit in 2D culture,
but in our 3D experiments the expression level of MMP9
was too low to allow accurate measurements and thus
MMP9 is unlikely to explain the growth suppressive
effects of Batimastat. Nevertheless, examination of the
expression of MMPs targeted by Batimastat revealed
upregulation of MMP3 and MMPI4 in BMP4-treated
compared to vehicle-treated cells. Similar induction of
MMP3 or MMPI14 expression was not seen in the non-
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migratory BT-474 cells, further suggesting a mechanistic
link between these MMPs and the stellate phenotype in
MDA-MB-231 cells. A recent study also showed that
BMP4 induces the expression of multiple MMPs, includ-
ing MMP3 and MMP14, in mouse mammary fibroblasts
and it also modestly induces the expression of MMP3 in
cancer associated human mammary fibroblasts and to a
greater degree in normal human mammary fibroblasts
[57]. In contrast, Otto et al. [58] found BMP4 to inhibit
MMP3 mRNA and protein expression in C3H10T1/2
stem cells, and this inhibition was related to adipogenetic
differentiation. These opposing results are likely to reflect
cell-type and context-specific differences.

The exact mechanisms behind MMP3 and MMP14
induction upon BMP4 treatment in MDA-MB-231 cells
remain to be revealed. MMP3 has in its promoter a
binding element for AP-1, which is in turn known to be
regulated by BMP4 [59,60], thereby representing a likely
link between BMP4 and MMP3. However, previous data
from other BMP/TGF-$ family members suggest that
additional signaling pathways may also contribute to the
MMP induction. In MDA-MB-435 melanoma cells, TGF-
B-induced upregulation of MMP14 has been shown to be
dependent on the ERK1/2, PI3K, and JNK pathways [61]
and in MDA-MB-231 cells TGF-f induced the expression
of many MM@Ps, including MMP14, through the p38 MAP
kinase [62]. Similarly, BMP2 has been shown to increase
the expression of MMP9 in gastric cancer cells through
AKT, ERK and NF-«B signaling cascades [63]. Taken
together, multiple signaling pathways may be involved in
the BMP4-induced upregulation of MMP expression.

Conclusions

In conclusion, the data provided in this study demonstrate
that Matrigel provides a more relevant environment to
study the effects of biological factors on breast cancer cell
behavior than the synthetic PEG gel. The responses of
MDA-MB-231 and MDA-MB-361 cells to BMP4 were
partly different in 2D than in 3D culture, thus strongly
arguing for validation of 2D data in an appropriate 3D en-
vironment. Nevertheless, BMP4 retained its bifunctional
role of reducing cell proliferation and inducing migration
in 3D, albeit not in the same cell line. Finally, this study
also delivered further evidence on the molecular mecha-
nisms behind the BMP4-induced phenotypes.

Additional files

Additional file 1: Table S1. Gene specific primers and probes. UPL
(Universal Probe Library) probes were purchased from Roche.

Additional file 2: Figure S1. BMP4 treatment reduces BT-474 cell
growth in 2D cell culture. Cells were grown in the presence of 100 ng/ml
BMP4 or vehicle and proliferation was measured using the alamarBlue
reagent and by counting the cells at indicated time points. Relative
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proliferation (mean + s.d.) compared to vehicle is shown. *P < 0.05,
**P <001,

Additional file 3: Figure S2. BMP4 does not influence MDA-MB-361
cells grown in Matrigel but decreases cell proliferation in PEG gels. Cells
were grown in Matrigel (a—c) or PEG gel (d—f) supplemented with
100 ng/ml BMP4 or vehicle. Images were taken as indicated in Figure 2
and representative examples from day 14 are shown. Scale bars 200 um.
(b, e) Cell proliferation and (c, f) area covered by cell clusters were
measured and are presented as in Figure 2, *P < 0.05, **P < 0.01.

Additional file 4: Figure S3. BMP4 influences the expression of cyclin
B1, cyclin B2, pCDC2 and p21. The expression levels of a set of known
cell cycle regulators were examined using western blotting. MDA-MB-361
and T-47D cells were grown as monolayers and harvested 24 hours after
the treatment with 100 ng/ml BMP4 (+) or vehicle (=). Tubulin was used
as a loading control and relative expression levels were calculated with
Imagel.
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Bone morphogenetic protein 4 (BMP4) is a key regulator of cell proliferation and differentiation. In breast
cancer cells, BMP4 has been shown to reduce proliferation in vitro and interestingly, in some cases, also
to induce migration and invasion. Here we investigated whether BMP4 influences breast cancer metas-
tasis formation by using a xenograft mouse model. MDA-MB-231 breast cancer cells were injected
intracardially into mice and metastasis formation was monitored using bioluminescence imaging. Mice

Ié?;] ‘2";;‘3)5; hogenetic protein treated with BMP4 developed metastases slightly earlier as compared to control animals but the overall
BMP4 phog P number of metastases was similar in both groups (13 in the BMP4 group vs. 12 in controls). In BMP4-

treated mice, bone metastases were more common (10 vs. 7) but adrenal gland metastases were less
frequent (1 vs. 5) than in controls. Immunostaining revealed no differences in signaling activation, pro-
liferation rate, blood vessel formation, EMT markers or the number of cancer-associated fibroblasts between
the treatment groups. In conclusion, BMP4 caused a trend towards accelerated metastasis formation, es-
pecially in bone. More work is needed to uncover the long-term effects of BMP4 and the clinical relevance

Breast cancer
In vivo metastasis model
Bioluminescence imaging

of these findings.

© 2016 Elsevier Ireland Ltd. All rights reserved.

Introduction

Bone morphogenetic protein 4 (BMP4) is a member of the trans-
forming growth factor § (TGFB) superfamily of extracellular signaling
molecules. BMP4 is one of 20 BMPs that were first identified based
on their ability to form bone at extraskeletal sites but are now known
to have multiple roles both during development and in adult tissues
[1,2]. In the cellular context, BMPs regulate fundamental pro-
cesses such as cell proliferation, differentiation, migration and
survival, i.e. characteristics that are of great relevance also in cancer
pathogenesis [3]. The versatile functions of BMPs are conveyed
through the canonical SMAD pathway where the extracellular ligands
first bind to specific cell surface serine-threonine kinase receptor
dimers [4]. Intracellular SMAD proteins, which include receptor-
regulated SMADs (SMAD1/5/9) and SMAD4, transmit the BMP signal
by forming a complex that translocates to the nucleus in order to
control the expression of BMP target genes [2,5]. The signals gen-
erated by BMPs may also be transferred via ERK, JNK and p38
mitogen-activated protein kinases (MAPKs) [6]. In addition, there
is evident crosstalk between BMP and other signaling pathways, such
as Wnt, JAK/STAT and Notch [5].

* Corresponding author. Tel.: +358 50 437 2645.
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In breast cancer, the expression of several BMPs is deregulated
[7,8]. In the case of BMP4, overexpression as compared to normal
mammary gland has been described both in cancer cell lines [9,10]
and in primary tumors [11,12]. Functional assays in multiple breast
cancer cell lines implicated BMP4 as a strong inhibitor of cell pro-
liferation through the induction of G1 cell cycle arrest [9,10].
Interestingly, BMP4 also influenced the migratory properties of breast
cancer cells. BMP4 treatment increased migration and invasion of
a subset of breast cancer cell lines either directly or via the func-
tions of cancer-associated fibroblasts [9,10,12,13]. The MDA-MB-
231 cells demonstrated an especially prominent increase in migration
and invasion upon BMP4 stimulation. However, in a study by Shon
and colleagues [14], MDA-MB-231 was reported to respond to BMP4
stimulation with reduced migration and invasion. Yet, data from 3D
breast cancer cell models, which better mimic the in vivo environ-
ment, further sustained that BMP4 indeed enhances the migratory
capacity of MDA-MB-231 cells [15]. The functional role of BMP4 as
an inhibitor of cell growth and promoter of cell migration and in-
vasion is further supported by breast cancer patient data. Strong
BMP4 protein expression, which was detected in 25% of breast
tumors, associated with low proliferation index and increased fre-
quency of tumor recurrence [11].

The impact of BMP4 on breast cancer formation in vivo has been
studied surprisingly little, but results from other tissue types mainly
point to its role in tumor suppression [16]. For example, direct
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manipulation of BMP4, either through overexpression or adminis-
tration of recombinant protein, led to reduced tumor growth in
xenograft models of brain, colorectal and lung cancers [17-21],
whereas enhanced proliferation was seen in hepatocellular carci-
noma [22]. Using mouse mammary cancer cells and an orthotopic
xenograft model, Cao and colleagues [23] showed that overexpression
of BMP4 had no effect on either in vitro cell proliferation or primary
tumor growth. Nevertheless, BMP4 inhibited the metastatic ability
of mouse mammary cancer cells in this model [23]. Other in vivo
experiments in breast cancer have not focused on direct effects of
BMP4 but have instead used manipulation of the BMP pathway and
thus these data might not exclusively reflect BMP4 activity. For
example, administration of DMH1, a BMP antagonist, and deletion
of BMP receptor BMPR1A resulted in reduced mammary tumor
growth in MMTV.PyVmT mouse model [24,25]. Furthermore, ex-
pression of dominant negative BMPR1A in a mouse model of breast
cancer bone metastasis resulted in smaller osteolytic lesions and
improved survival [26]. Manipulation of upstream regulators im-
plicated BMP4 as a metastasis promoter in two breast cancer
xenograft models [12,27] and a metastasis suppressor in one study
[14]. Taken together, in vivo data on the functional effects of BMP4
and especially its possible role in breast cancer metastasis forma-
tion are very limited and contradictory. Here we sought to address
this issue using intracardiac injection of MDA-MB-231 cells into nude
mice together with direct treatment of the animals with BMP4. The
MDA-MB-231 cells were specifically selected for this study since
they exhibit distinct increase in migration and invasion in re-
sponse to BMP4 treatment in vitro [9,10,15]. Metastasis formation
was followed with bioluminescence imaging (BLI) and the possi-
ble contribution of BMP4 to basic characteristic of the metastasis
samples as well as the surrounding tumor stroma were evaluated
using immunohistochemistry and immunofluorescence.

Materials and methods
Cell lines

Breast cancer cell line (MDA-MB-231) and embryonic kidney cells (293T) were
obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) and main-
tained under the recommended culture conditions.

Plasmids, virus production and transduction

Lentiviral plasmid vector pHIV-Luciferase (pHIV-Luc) that contains the firefly Lu-
ciferase as a reporter gene was obtained from Addgene (plasmid no. 21375 provided
by Bryan Welms, Addgene, Cambridge, MA, USA). Plasmid identity was verified by
sequencing with ABI3130x] Genetic Analyzers using vector specific primers. GenElute
Endotoxin-free Plasmid Maxiprep kit (Sigma-Aldrich, St. Louis, MO, USA) was used
for plasmid purification. Altogether, 7 ug of lentivector was used to produce con-
centrated lentiviruses in 293T cells according to instructions in Lenti-X Tet-On
Advanced Inducible Expression System (Clontech, Mountain View, CA, USA). Con-
centrated lentivirus was used to transduce 8.0 x 104 of MDA-MB-231 cells (6-well
plates) in the presence of 8 ug/ml polybrene and normal culture medium for 24 h.
Transduction medium was discarded the next day and cells were passaged five times
in a ratio of 1:4 to ensure that they were free of viral particles before performing
any experiments. Luciferase expression was confirmed using Luciferase Assay System
(Promega, Madison, WI, USA) and luminescence was measured with Luminoskan
Ascent (Thermo Fisher Scientific, Waltham, MA, USA).

3D Matrigel assay

Recombinant human BMP4 (rhBMP4) was obtained from R&D Systems (Min-
neapolis, MN, USA). Cells were cultured on growth factor-reduced Matrigel (Corning,
Corning, NY, USA) using the overlay method as described previously [15]. Briefly,
24-well plates were coated with Matrigel. Cells (1.0 x 10% cells/ml) suspended in 2.5%
Matrigel solution containing 100 ng/ml BMP4 or vehicle control (4 mM HCl with 0.1%
BSA) were added on coated wells. Medium with BMP4 or vehicle control was re-
plenished every two to three days and the cells were allowed to grow up to 14 days.

BMP4 treatment for the in vivo experiment

Before intracardiac inoculation, MDA-MB-231/Luc cells were pretreated with
rhBMP4 (100 ng/ml) or equivalent volume of vehicle control for seven days and fresh

medium was replenished every third day. For the dosage of mice, rhBMP4 was diluted
to a concentration of 20 pug/ml in PBS with pH ca. 3.8. The vehicle control stock so-
lution was similarly diluted before dosage.

Mice

All experiments were performed by Pharmatest Services Ltd (Turku, Finland) that
holds the ethical approval of the National Committee for Animal Experiments. Female
athymic nude mice (athymic nude Foxn1nu, Harlan, The Netherlands) were used for
this study. BMP4- or vehicle control-treated MDA-MB-231/Luc cells (2 x 10° cells in
0.1 ml of PBS) were inoculated into the left cardiac ventricle of the mice under an-
esthesia and analgesia at day 0. Mice were given 100 pug/kg rhBMP4 or vehicle control
through tail vein injection starting at day O, three times a week for seven weeks.
Animal welfare was monitored daily. The animals were weighed before each dosing
and appearances of any clinical signs were recorded. Four mice died or were eu-
thanized due to complications related to the cell inoculation and one mouse due
to a dosing-related complication. These animals were excluded from the analyses,
thus leaving 10 mice in the BMP4 group and 11 in control group. There was no sta-
tistical difference in the weight of the animals between the groups either during
or at the end of the study.

Bioluminescence imaging (BLI) and sample collection

Whole body tumor burden and the number of metastases were quantified by
imaging the bioluminescence emitted by the MDA-MB-231/Luc cells using IVIS Lumina
imaging system (PerkinElmer, Waltham, MA, USA). 100 mg/kg of D-luciferin (Gold
Biotechnology, St Louis, MO, USA) was administered intraperitoneally and the animals
were anesthetized and imaged within 10-30 minutes after the luciferin adminis-
tration. Imaging was performed weekly from week 3 until sacrifice at 7 weeks after
inoculation.

Gross necropsy was performed on all animals at the end of the study, and all
macroscopic signs were recorded. Samples from all tissues with metastases as well
as corresponding control tissues with no signs of metastases were harvested, and
collected. The tissues were fixed in 10% formalin, bone tissues were decalcified with
EDTA, and all were embedded on paraffin (BiositeHisto, Tampere, Finland). 5 pm slides
were cut and the tissue sections were deparaffinized and rehydrated for subse-
quent analyses. Hematoxylin and eosin (H&E) staining was performed using routine
procedures.

Immunostainings

Antigen retrieval using citrate buffer was performed. In immunohistochemis-
try (IHC) with mouse antibodies, M.O.M. kit was used (Vector laboratories, Burlingame,
CA, USA). The following primary antibodies were used in IHC: Phospho-Smad1/5/9
(1:200, cat 9511, Cell Signaling Technology, Danvers, MA, USA), Ki67 (1:200, cat KI67-
MM1-L-CE-S, Leica Biosystems, Nussloch, Germany) and MECA32 (1:100, cat 550563,
BD Biosciences, Franklin Lakes, NJ, USA). The following primary antibodies were used
in immunofluorescence (IF): vimentin (1:500, cat 919101, BioLegend, San Diego, CA,
USA), keratin 5 (1:500, cat 905501, BioLegend), keratin 14 (1:500, cat 905301,
BioLegend) and o-SMA (1:500, cat A2547, Sigma-Aldrich, St. Louis, MO, USA). An-
tibodies in IHC were diluted in goat or rabbit serum or Normal antibody Diluent
(ImmunoLogic, Duiven, the Netherlands) and for IF the dilution was done in 12%
BSA. Secondary antibodies for IHC stainings were biotinylated goat anti-rabbit IgG
and biotinylated rabbit anti-rat IgG (both at a dilution of 1:100, from Vector labo-
ratories) or Simple Stain MAX PO (MULTI) Universal Immunoperoxidase polymer
(Nichirei biosciences, Tokyo, Japan). DAB based detection was used to visualize target
proteins. The three secondary antibodies used in IF were goat anti-chicken, anti-
rabbit or anti-mouse Alexa Fluor 488 antibody (at a dilution of 1:200, all from Thermo
Fisher Scientific). The IHC slides were counterstained with hematoxylin. IF slides were
mounted in SlowFade +DAPI (Molecular Probes/Invitrogen) and IHC slides in
AquaPolyMount (Polysciences, Inc., Warrington, PA, USA) or dehydrated and mounted
in DPX Mountant (VWR, Radnor, PA, USA). Stainings were performed as described
[24].

Bone stainings

The tissues were stained with Toluidine blue for bone and cartilage visualiza-
tion. TRAP (tartrate-resistant phosphatase) staining for osteoclasts was performed
by incubation in naphthol AS-BI phosphate solution (cat N-2125, Sigma Aldrich) fol-
lowed by color reaction in sodium nitrate and pararosaniline dye (cat P-3750, Sigma
Aldrich).

Image analysis

IHC and H&E images were taken with an Olympus microscope (Olympus, Tokyo,
Japan) connected to Surveyor software (Objective Imaging, Cambridge, UK) and IF
images with Zeiss Axio Imager M2 microscope (Carl Zeiss, Oberkochen, Germany)
connected to an ApoTome slider module (Carl Zeiss). Quantification of Ki67 data was
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performed using the NIH Image] software (http://rsbweb.nih.gov/ij/docs/examples/
stained-sections/index.html) by calculating the percentage of positively stained areas
within the tumor masses.

Statistical analyses

Statistical analyses were performed with statistical software R (version 3.1.0 or
newer, www.r-project.org). Linear mixed-effects models and model contrasts were
used to evaluate the BLI data. Time to the first metastasis observation was exam-
ined using the Kaplan-Meier method and the log-rank test.

Results

MDA-MB-231 cells retain their BMP4-induced migratory capacity
after introduction of a luciferase reporter gene

We have previously shown that MDA-MB-231 cells respond to
BMP4 treatment with increased migration and invasion, both in 2D
and 3D environments [9,15]. Here we used the 3D Matrigel assay,
to confirm that this effect was maintained after lentiviral introduc-
tion of the luciferase reporter gene into the cells. Identical to the
parental cells [15], the luciferase-expressing MDA-MB-231 cells re-
sponded to BMP4 administration by forming branching, stellate
structures indicative of increased cell mobility (Fig. S1).

BMP4 treatment has a small impact on metastasis formation

Intracardiac injection of MDA-MB-231/Luc breast cancer cells was
established to study the effect of BMP4 on metastasis formation. The
mice were treated with BMP4 (n =10) or vehicle control (n=11)
intravenously and metastasis formation was followed by weekly bio-
luminescence imaging (BLI), starting at week three. The first
indications of metastases were observed at day 28 in both groups.
There was a slight but non-significant trend of earlier metastasis
occurrence in BMP4-treated mice compared to control-treated
animals (Fig. 1). According to the BLI data, nine out of ten (90%)
animals in the BMP4 group and eight out of eleven (73%) animals
in the control group showed signs of metastasis during the course
of the experiment.

BMP4 influences the pattern of metastasis sites

Tissues were collected after sacrifice based on BLI data and mac-
roscopic inspection of the animals. Metastases were verified using
hematoxylin and eosin (H&E) staining and immunostaining using
a pancytokeratin antibody that identifies cells of epithelial origin
(Fig. 2). In the BMP4 group, we were unable to histologically as-
certain the presence of metastasis in one mouse with positive BLI
signal. Thus, a total of 13 metastases were confirmed in the BMP4
treatment group with six animals having two metastases (Table 1).
Twelve metastases were observed in the control group with two
animals having two and one three metastases (Table 1). Most of the
metastases occurred in bone or adrenal glands. Notably, in the BMP4
treatment group there was only one case of adrenal gland metas-
tasis compared to five in the control mice (Table 1). In contrast, there
were ten bone metastases in the BMP4 treatment group com-
pared to seven in the control group (Table 1). Of these, the thigh
bone was the most common location in both groups with eight me-
tastases (on average 0.8 thigh bone metastases/mouse) in the BMP4
group and five metastases (on average 0.45 thigh bone metastases/
mouse) in the control group (Table 1).

Treatment groups show similar tumor cell and stromal features

In order to find out if BMP4 had an effect on the characteristics
of tumor cells and the surrounding stroma, the metastatic tissues
were stained with a set of markers. SMAD pathway activation was

control
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Fig. 1. Metastasis formation according to BLI data. Representative BLI images (top)
of control- and BMP4-treated mice on day 49 (sacrifice). The measured photons are
shown in a color scale with red as the highest value. The Kaplan-Meier plot (bottom)
illustrates the time to first metastasis observation with BLI imaging in BMP4- and
control-treated groups.

assessed with phospho-Smad1/5/9 antibody. Strong staining was
seen in both BMP4 and control group, but there were no observ-
able differences in the staining intensity (Fig. S2). Strong staining
of Ki67 revealed similar proliferation activity in both groups (Fig. 3).

Staining for EMT markers vimentin and E-cadherin showed that,
independent of BMP4 stimulation, MDA-MB-231/Luc cells ex-
pressed vimentin but not E-cadherin (Fig. 4, data not shown). Keratin
5 (K5, tumor cell marker) stained all MDA-MB-231/Luc cells in both
BMP4 and control animals whereas basal cell marker keratin 14 posi-
tivity was observed in individual cells in both groups (Fig. 4).

To examine the metastases for possible presence of cancer-
associated fibroblasts (CAF), alpha-smooth muscle actin (a-SMA)
staining was used. In both treatment groups the ~-SMA staining re-
vealed that CAFs were present in the tumor mass but no change in
the staining intensity or patterns were detected (Fig. 4).

We also wanted to examine possible changes in the stroma of
the metastases. With MECA-32 staining of blood vessels, faint pos-
itive signal possibly representing incomplete vessels was observed
in the tumor mass in the metastases, compared to regularly struc-
tured strongly stained blood vessels in the surrounding tissue.
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Fig. 2. Identification of tumor cells in mouse tissues using histological analyses. Rep-
resentative examples of H&E staining and pancytokeratin (epithelial cell marker)
IHC staining of (A) bone and (B) adrenal gland samples in control- and BMP4-
treated mice. Scale bar 25 pm.

However, no apparent differences were seen between the treat-
ment groups (Fig. 5).

BMP4 treatment does not influence bone morphology

Next we examined the possible effect BMP4 treatment might have
had on bone health. Toluidine blue staining was used to visualize
bone and cartilage in the epiphyseal plate. In both BMP4 and control
groups, the cancer cells disturbed the epiphyseal plates in a similar

Table 1
Metastasis occurrence in BMP4 and control treatment groups.
Number of: BMP4 Control
Mice 10 11
Metastases 13 12
Soft tissue 3 5
Adrenal gland 1 5
Bone tissue 10 7
Femur 8 5
Metastasis/mouse (max) 2 3
Mice without metastasis 2 3

control
=10
=
=
25
N~
©
I N
(]
) 0
.}‘g\:s Gl : 2 : 4 N\ ™
A e IR Bl «© 8
KR vy A & TN T c,o° Q@

Fig. 3. Characterization of proliferation activity in the tumor samples. Representa-
tive images of proliferation marker Ki67 IHC staining (brown color) of bone tissue
are shown for control and BMP4 treatment groups. Image] was used to quantify the
percentage of positive staining within the tumor areas. Scale bar 25 um.

manner, disrupting the integrity of the plate (Fig. S3). Unexpect-
edly, TRAP staining (marker for osteoclasts) was seen in the tumor
mass in addition to bone tissue (Fig. S4) but again no change was
observed between the treatment groups.

Discussion

Despite multiple in vitro studies indicating that BMP4 en-
hances breast cancer cell migration and invasion [9,10,12,13] as well
as clinical data demonstrating an association between strong BMP4
expression in the primary tumor and increased frequency of re-
currence [11], the specific impact of BMP4 on human breast cancer
metastasis formation in vivo has not been adequately addressed.
There is a single study reporting BMP4-mediated reduction of me-
tastasis formation but using mouse mammary tumor cells [23].
Others have evaluated indirect manipulation of the BMP pathway
with contradictory results regarding the effects on metastatic ability
[12,14,26,27]. In this study a mouse xenograft model was utilized
to evaluate the influence of BMP4 in the metastasis formation of
MDA-MB-231 breast cancer cells. In terms of the experimental set-
tings, we used BMP4 pre-treatment of the MDA-MB-231 cells
together with subsequent administration of BMP4 through tail vein
throughout the course of the experiment. Similar methods with com-
parable doses have previously been successfully used in the
evaluation of the in vivo effects of BMPs in other cancer types
[18-20,28-31].

A tendency towards accelerated development of metastases was
observed in BMP4-treated animals as compared to controls, al-
though statistical significance could not be reached. In addition to
this overall trend, there were noticeable differences in the metas-
tasis sites. BMP4-treated mice developed more bone metastases and
less adrenal gland metastases than control animals. Adrenal gland
metastases are rare in breast cancer, although they do occur par-
ticularly in lobular breast carcinomas [32]. Yet, MDA-MB-231 cells
were also previously found to form adrenal gland metastases in a
rat xenograft model [33]. The fact that BMP4 may inhibit adrenal
gland metastasis is intriguing; however, additional studies are needed
to confirm this observation. In any case, the overall clinical rele-
vance of this finding is minor. In contrast, the increase in the number
of bone metastases after BMP4 treatment, although small, is highly
interesting since bone is the most common site of metastasis in
human breast cancer. Importantly, our previous clinical data indi-
cated that, in addition to the overall increase in tumor recurrence,
28% of the patients with high BMP4 expression in primary tumor
developed bone metastases compared to only 19% of those with low
expression [11]. Together these findings may have clinical rele-
vance in identification of breast cancer patients with an elevated
risk of bone metastasis. However, while considering the applica-
bility of the data obtained to human disease, one must take into



242 M. Ampuja et al./Cancer Letters 375 (2016) 238-244

vimentin

control

BMP4

K14

control

BMP4

a-SMA

control

BMP4

K5

A
3,

X
o

Fig. 4. Immunofluorescence analysis of EMT, basal and stromal cell markers in the control and BMP4 samples. (A) Vimentin (green) staining in bone, (B) K14 basal cell
marker (green) staining in adrenal gland and (C) -SMA cancer-associated fibroblast marker (green) staining in bone. Keratin A (K5, red) is a marker of the tumor cells.

Representative images are shown. Scale bar 25 pm.

Fig. 5. Characterization of blood vessels in the tumor samples and surrounding stroma.
Representative images of endothelial marker MECA32 IHC staining (brown color)
of bone tissue are shown for control and BMP4 treatment groups. Asterisks indi-
cate blood vessels in normal tissue and arrows point to irregular vascularization within
the tumor tissue. Scale bar 25 pm.

account the short duration (seven weeks) of the study. Metastasis
development is a long process and especially in breast cancer may
take years, even decades. Unfortunately, it is impossible to fully assess
such long-term effects using an animal model.

The intracardiac injection of tumor cells typically leads to bone
metastases. Whether the slight elevation in the number of bone me-
tastases in BMP4 treatment group is indicative of increased
metastatic ability in general, increased ability to home to bone, or
increased ability to survive in bone is presently unknown. Numer-
ous genes or markers have been associated with bone-homing
characteristics both in breast cancer and in other tumor types (re-
viewed in [34]) but the current literature on this subject is still
incomplete and at the same time somewhat inconsistent. Our
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previous data indicated that the expression levels of several MMPs,
including MMP1, are increased in MDA-MB-231 cells upon BMP4
treatment in the 3D Matrigel model [15]. This finding is in line with
data demonstrating increased MMP1 expression in MDA-MB-231
subpopulations with high metastatic potential to bone [35]. Re-
cently, we have also shown that BMP4 induces the expression of
several genes, such as PMEPA1, NOG, and CXCL1 (|36] and unpub-
lished data), that have been likewise associated with bone metastasis
formation [37-39].

BMPs, especially BMP2 and BMP7, are nowadays frequently used
in the clinic to treat bone fractures in conjunction with surgery but
there are some reservations due to their possible ability to induce
cancer [40,41]. BMP4 has also been applied in bone regeneration,
although with less efficient results than BMP2 [42,43]. In both BMP4
and control animals, the cancer cells caused massive distortion of
the growth plate of the long bones. As already mentioned, slightly
more bone metastases were observed upon BMP4 treatment, but
BMP4 did not appear to influence the morphological features of the
bone metastases. Altogether, the short duration of this study makes
it impossible to conclude whether the use of BMP4 may attribute
to cancer risk.

Immunostainings confirmed that MDA-MB-231 cells retained
their characteristic proliferation rate in the in vivo environment,
despite the BMP4 treatment. Our previous data showed a small re-
duction in the growth of MDA-MB-231 cells upon BMP4 treatment
in standard 2D culture but no changes in 3D Matrigel, although dis-
tinct inhibition of proliferation was seen both in 2D and 3D in several
other breast cancer cell lines [9,15]. These findings suggest that the
antiproliferative effects of BMP4 are context dependent and, in the
case of MDA-MB-231 cells, are counteracted by the cues present in
3D and in vivo environments. Previous studies have implicated BMP4
in the induction of EMT, for example, in ovarian and pancreatic cancer
as well as in mammary epithelial cells [44-46]. The MDA-MB-231
cells are known to express vimentin and lack the expression of
E-cadherin [47] and the in vivo environment or the BMP4 treat-
ment did not change this typical mesenchymal phenotype. Thus our
data does not provide any additional information on the possible
EMT-inducing effects of BMP4 in breast cancer. Strong phospho-
SMAD1/5/9 staining was observed in both BMP4 and control
metastases. This observation likely reflects the fact that other BMPs
also signal through the same pathway [4], which is therefore active
irrespective of the BMP4 treatment.

We also assessed the effect of BMP4 on the stromal component of
the metastases. Staining with MECA32 revealed structures that likely
represent the formation of leaky, incomplete microvascularization in
the tumor mass [48]. K14 is known to be expressed by basal myoepi-
thelial and squamous epithelial cells [49] and K14 staining was seen
in individual tumor cells in both treatment groups. o-SMA was used
as a marker for cancer-associated fibroblasts (CAFs) [50] and the stain-
ing indicated that CAFs were equally present in both BMP4 and control
samples. Positive staining for TRAP (an osteoclast marker) was seen in
the lining of the bone epiphyseal plates but unexpectedly also inside
the tumor mass in both BMP4 and control samples. There is some ev-
idence that breast cancer cells express TRAP [51], but in our samples
the staining pattern with random positive cells within largely nega-
tive tumor mass was quite different from that reported by Adams and
colleagues. Thus our result may better correspond to another study re-
porting osteoclast giant cells in breast tumors [52]. Taken together, these
data imply that the BMP4 treatment did not influence the tumor cell
characteristics or the stromal composition of the metastases.

In conclusion, this is the first study to assess the direct impact
of BMP4 on breast cancer metastasis formation using human cells.
The data obtained point towards a slight trend towards acceler-
ated metastasis formation upon BMP4 treatment, although statistical
inferences could not be made. In concordance with our previous clin-
ical data [11], BMP4 seemed to increase the occurrence of bone

metastases. This finding may have direct clinical relevance since bone
is the most common metastasis site for breast cancer. BMP4 treat-
ment did not alter the tumor characteristics of the metastases.
Further studies are needed to evaluate the possible long-term effects
of BMP4 signaling in breast cancer metastasis formation.
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