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Abstract
Breast cancer, the most common cancer in women in Finland; its prognosis varies from very good
to poor. During the last two decades, mesenchymal stromal cells, carcinoma-associated fibroblasts
and normal fibroblasts of the breast have been investigated in the context of breast carcinomas
because of their presence in the tumor microenvironment. It has been shown that the properties of
the non-malignant tumor compartment possess prognostic value. The effects that these three
stromal cell types have on cancer progression have been studied, but their exact mechanisms
remain still largely unknown.
This experimental work was conducted in order to investigate whether the three cell types of
mesenchymal origin influence breast cancer cell proliferation in vitro and tumor growth in vivo.
Functional and structural differences between the stromal cell types were investigated using
multiple methods. A total of 19 primary human bone marrow derived mesenchymal stromal cell
lines, and six paired primary fibroblast and carcinoma-associated fibroblast lines of the breast
were used in the study. Co-cultures of labeled stromal cells and breast cancer cell lines MDA-MB231, M-4A4 and NM-2C5 were performed and the proliferation properties of each cell line were
assessed. An orthotopic murine breast cancer model was established by injecting NM-2C5 cancer
cells in the mammary fat pads of athymic mice either alone or with the three stromal cell types,
and tumor growth and histology were analysed.
Mesenchymal stromal cells increased the proliferation of breast cancer cell lines NM-2C5 and
MDA-MB-231, and carcinoma-associated fibroblasts increased the proliferation of NM-2C5 cells
in vitro. The effect was due to both soluble factors and direct cell-cell contact. In the in vivo
experiments, the mesenchymal stromal cells inhibited and the fibroblasts enhanced the growth of
breast cancer tumors. Histological analysis of the tumors revealed differences in the invasiveness,
necrosis and amount of connective tissue. Differences in the expression of CD105 and CD54 were
observed between tumors with mesenchymal stromal cells or fibroblasts. Carcinoma-associated
fibroblasts differed from mesenchymal stromal cells in their expressions of CD105 and CD54. The
fibroblast subtypes differed at the gene expression level in immunological, developmental and
extracellular matrix related pathways.

Keywords: breast cancer, carcinoma-associated fibroblast, fibroblast, in vivo,
mesenchymal stromal cell

Pasanen, Ilkka, Alkuperältään mesenkymaaliset strooman solut rintasyövässä.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Medical Research
Center Oulu; Oulun yliopistollinen sairaala
Acta Univ. Oul. D 1414, 2017
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Rintasyöpä on Suomessa naisten yleisin syöpä, ja sen ennuste vaihtelee erittäin hyvästä huonoon. Viime vuosikymmenten aikana mesenkymaalisia stroomasoluja, rinnan kasvainsidekudossoluja ja tavallisia sidekudossoluja on tutkittu rintasyövän yhteydessä johtuen kyseisten solujen
läsnäolosta syövän mikroympäristössä. Syöpäkudoksen hyvänlaatuisen solukon ominaisuuksilla
on osoitettu olevan ennusteellista arvoa, ja kolmen edellä mainitun strooman solutyypin vaikutuksia rintasyövän etenemiseen on tutkittu, mutta tarkat vaikutusmekanismit ovat vielä laajalti
tuntemattomat.
Tutkimuksen tarkoituksena oli tutkia edellä mainittujen solutyyppien vaikutusta rintasyöpäsolujen lisääntymiseen soluviljelmässä ja syöpäkasvaimen kasvuun koe-eläinmallissa. Lisäksi
strooman solujen rakenteellisia ja toiminnallisia eroavaisuuksia tutkittiin molekyylibiologisilla
menetelmillä. Tutkimuksessa käytettiin 19:ää luuytimen mesenkymaalista stroomasolulinjaa
sekä kuutta rinnan kasvainsidekudossolu–sidekudossolu paria. Leimattuja strooman soluja viljeltiin yhteisviljelmissä rintasyöpäsolulinjojen MDA-MB-231, M-4A4 ja NM-2C5 kanssa, ja kunkin solutyypin lisääntymistä mitattiin. Ortotooppisessa rintasyövän hiirimallissa immuunipuutteisen hiiren rinnan ihonalaisrasvaan injisoitiin NM-2C5-rintasyöpäsoluja yksinään ja yhdessä
strooman solujen kanssa, ja kasvainten kasvua ja histologiaa analysoitiin.
Mesenkymaaliset stroomasolut kiihdyttivät NM-2C5- ja MDA-MB-231-rintasyöpälinjojen ja
kasvainsidekudossolut NM-2C5-solujen lisääntymistä soluviljelmässä. Vaikutuksen aiheuttivat
sekä liukoiset tekijät että suora solujen välinen vuorovaikutus. Eläinmallissa mesenkymaaliset
stroomasolut hillitsivät mutta sidekudossolut lisäsivät rintasyöpäkasvaimen kasvua. Histologisissa analyyseissä paljastui eroavaisuuksia tuumorien paikallisessa invaasiossa, kudoskuolion määrässä ja sidekudoksen määrässä. Mesenkymaalisia stroomasoluja ja kasvainsidekudossoluja
sisältävien kasvainten välillä esiintyi eroja CD105- ja CD54-pinta-antigeenien määrässä. Kasvainsidekudossolut erosivat pintarakenteiltaan mesenkymaalisista stroomasoluista CD105:n ja
CD54:n ilmentämisessä. Sidekudossolut ja kasvainsidekudossolut erosivat toisistaan geenien
ilmentämisen tasolla immunologisten, kehityksellisten ja soluväliaineeseen liittyvien geenipolkujen osalta.

Asiasanat: in vivo, kasvainsidekudossolu, mesenkymaalinen stroomasolu, rintasyöpä,
sidekudossolu
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1

Introduction

Cancer, such as breast cancer, can occur when a cell escapes from normal regulation
of proliferation and cell death and starts to proliferate uncontrollably. In order to
achieve this state, the cell has to acquire certain properties, these are called the
hallmarks of cancer (Hanahan & Weinberg 2000). Ever since their initial
characterization, the concept of hallmarks of cancer has been adopted by numerous
scientists and different approaches to clarify this concept have been suggested
(Pietras & Östman 2010, Hanahan & Weinberg 2011, Cavallo et al. 2011). The
updated hallmarks of cancer are presented in the illustration below.

Fig. 1. Hallmarks of cancer. The already established hallmarks of cancer with four
emerging possible additional hallmarks and the presence of tumor-stroma interactions
affecting the individual hallmarks. Modified from Hanahan & Weinberg 2011.
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The tumor stroma has attracted considerable attention in cancer research and it has
become increasingly evident that the interactions between cancer cells and the
benign cells of the tumor stroma play an important part in many of the hallmarks
of cancer (Pietras & Östman 2011). If one examines the well-established hallmarks,
then it is clear that stromal cells of the tumor microenvironment are involved in
resisting cell death (Strnad et al. 2010), sustaining proliferative signaling
(Bhowmick et al. 2004), evading growth suppressors (Hiyoshi 2015), activating
invasion and metastasis (Allinen et al. 2004), inducing angiogenesis (Fukumura et
al. 1998) and avoiding immune destruction (Patel et al. 2010). With respect to the
emerging hallmarks, the stromal cells are likely to affect deregulating cellular
energetics (Martinez-Outschoorn et al. 2014) and tumor-promoting inflammation
(Yang et al. 2016).
It seems probable that by better understanding the interactions between the
malignant cancer cells and the benign cells of the tumor microenvironment, new
targets and tools may emerge for treating breast cancer.

20

2

Review of the literature

2.1

Breast carcinoma

2.1.1 Epidemiology and etiology
Breast cancer is the most common cancer in women in Finland with nearly 5000
cases annually, and an incidence of 93.1/100 000 women (Finnish Cancer Registry,
www.syoparekisteri.fi, updated 08.10.2015). Fig. 2 illustrates the incidence rate of
breast cancers in relation to other cancers in Finland between 1955-2014 (Finnish
Cancer Registry 2017).

Fig. 2. Rate of selected cancers per 100.000 persons in Finland in 1955-2014. Agestandardised. Figure from Finnish Cancer Registry (2017).

Of all women’s cancers in Finland, despite the excellent prognosis, breast cancer
still remains the leading cause of cancer-associated deaths with over 850 deaths
21

annually. Globally, in 2012 the incidence of breast cancer was 74.1/100 000 in the
more developed areas and 31.3/100 000 in the less developed areas (Torre et al.
2015). The highest incidence is encountered in western Europe and northern
America but the highest mortality was in western Africa (Torre et al. 2015). In 2012,
the amount of new breast cancer cases worldwide was estimated at over 1 670 000,
being the most common cancer in women (Torre et al. 2015, Ferlay et al. 2013).
Furthermore, the estimated numbers of deaths because of breast cancer globally
was 521 900 (Torre et al. 2015).
The risk for developing breast cancer is composed of a multitude of different
factors, including hormonal, environmental and genetic factors. The study of risk
factors for breast cancer extends long into the past, and even at the beginning of
20th century, the association of social and age-related factors had been empirically
proven (Lane-Claypon 1926). The genetic factors, such as high susceptibility
alleles and family history of cancer, pose the highest risk for developing breast
cancer (Easton et al. 1995, Nelson et al. 2012).
The most important of the genetic risk factors, are the mutations of the genes
BRCA1 and BRCA2 that cause a strong susceptibility to breast and ovarian cancers
among carriers, with a penetrance of 40% to 80% by the age of 70 (Antoniou et al.
2003, Easton et al. 1995). There are additionally genetic risk factors, e.g. mutations
in TP53 (OR 1.43) (Eskandari-Nasab et al. 2015), PTEN (risk 67%-85%) (Ngeow
et al. 2015), ATM (OR 1.69) (Stredrick et al. 2006), BRIP1 (relative risk 2.0) (Seal
et al. 2006), CHEK2 (relative risk 2.2) (Meijers-Heijboer et al. 2002) and PALB2
(2.3-fold higher risk) (Rahman et al. 2007) confer also high to moderate lifetime
risk for developing breast cancer, however it has been estimated that all the
aforementioned high to moderate risk genes together may be responsible for only
30% of familial breast cancer cases (Maxwell et al. 2013). A proportion of genetic
familial breast cancers are thought to be due to the aggregation of low-penetrance
cancer susceptibility alleles (Houlston & Peto 2004). According to a recent metaanalysis by Miao et al., blood group A may contribute to the risk of breast cancer
in Caucasian populations (Miao et al. 2014).
A family history with one or more 1st degree or 2nd degree relatives increases
the risk for developing breast cancer (Pharoah et al. 1997). One or more 2nd degree
relatives with breast cancer causes a risk ratio of 1.7, whereas three or more 1st
degree relatives with breast cancer cause a risk ratio of 12.05 (Nelson et al. 2012).
It is generally accepted that the time and degree of estrogen exposure increase
the risk for developing breast cancer. Hence, breast cancer is more common in older
women than in the young, with only 10.9% of new cases occurring in women under
22

the age of 45 in the USA (http://seer.cancer.gov/statfacts/html/breast.html,
Howlader et al. 2016). Additionally, the disease free survival from first treatment
of breast cancer to first relapse has been reported to be longer in women with lower
estrogen levels and correspondingly shorter with higher estrogen levels (Lønning
et al. 1996). Pubertal development is an important factor that affects the risk for
breast cancer. Tall adult height and early menarche together double the risk for
developing estrogen receptor positive breast cancer (Ritte et al. 2013). In addition,
there are findings suggesting that the risk of breast cancer is associated with the
early timing and long duration of breast development in puberty (Brinton et al.
1988, Bodicoat et al. 2014). Not surprisingly, also long-term hormone replacement
therapy increases the risk for breast cancer (Chen et al. 2002). Nulliparous women
i.e. women who have never given birth, are at greater risk for breast cancer (RR
1.16) (Nelson et al. 2012). Breastfeeding, on the other hand, reduces the risk for
breast cancer (RR 0.87) (Nelson et al. 2012).
Maintaining a healthy lifestyle seems to protect from breast cancer (McKenzie
et al. 2015). A high body mass index (BMI) in postmenopausal women is a risk
factor for breast cancer, and the elevation in risk associated with a 5 kg/m2 increase
in BMI is largely due to elevated estrogen levels that occur in individuals with
heavy body weights (Key et al. 2003). Furthermore, according to a recent metaanalysis, obesity is associated with poorer breast cancer survival (Chan et al. 2014).
In addition, the presence of the metabolic syndrome has been shown to be
associated with an increased breast cancer risk (Risk Ratio 1.47) (reviewed in
Bhandari et al. 2014). Other risk factors for breast cancer include alcohol
consumption, even at low doses since there is a positive-dose-risk relationship
(Seitz et al 2012.), smoking, especially for a long time before the first pregnancy
(Catsburg et al. 2011) and there is also evidence that some dietary factors, such as
red meat, polyunsaturated fat and sugar, and the size of the breast affect the risk of
developing breast cancer (Rossi et al. 2014, Jansen et al. 2014, Kusano et al. 2006).
Conversely, physical activity reduces the breast cancer risk (McKenzie et al. 2015).
Additionally, a higher breast density increases the risk for developing breast cancer
(RR 1.63-2.04) (Nelson et al. 2012). Ionizing radiation, especially before the age
of 20, is a risk factor for breast cancer, but also in older age groups, ionizing
radiation still remains a risk factor for breast cancer (Land et al. 2003, Preston et
al. 2007, Shuryak et al. 2010). The use of oral contraceptives containing estrogen
and progestin is regarded as not more than a modest risk factor for breast cancer
(OR 1.0-1.08) (Marchbanks et al. 2002, Zhong et al. 2015). Oral contraceptives are
safe, even for women with a family history of breast cancer (Gaffield et al. 2009).
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Table 1 presents a list of some of the known breast cancer risk factors and the
magnitude of the risk.
Table 1. Breast cancer risk factors.
Risk factor

Risk1

Mutations
High risk (BRCA)
Other
Family history

RR 15-200
2-4-fold increase in risk
RR 1.7-12.05

Long thelarche-menarche duration

RR 1.27 for ≥2 years

Early menarche

Relative Risk 1.3

Late menopause

Relative Risk 1.2-1.5

Long-term hormone replacement therapy

RR 1.70 for recent ≥5 year use

Nulliparity

RR 1.16

Tall adult height

HR 1.12 /1 SD increase

High age (40-60 years)

3.69-6.95 risk in +20 years

Breast size

RR 1.80 for D cup or larger, when BMI<25

Breast density 3-4 (BI-RADS)

RR 1.62-2.04

Obesity

RR 1.19 for 5 kg/m2 increase in BMI

Alcohol consumption

RR 1.5 at 40 g/day

Smoking

RR 1.19 for 40 pack years

Low physical activity

HR 0.87 for >134 METs/week

Unhealthy diet (red meat, sugar)

Varies

Ionizing radiation

Relative risk 4.5 for high dose at young age

Blood group A

OR 1.115

(Oral contraceptives)

OR 1.0-1.08

1

Risks not comparable. RR = risk ratio, SD = standard deviation, BI-RADS = breast imaging reporting

and data system, HR = hazard ratio, MET = metabolic equivalent task, OR = odds ratio

2.1.2 Breast cancer diagnosis
Breast cancer patients usually seek a doctor’s opinion because of symptoms, such
as a palpable lump in the breast. Self-detection done by the patient and clinical
breast examination performed by a healthcare professional are equally good
methods in detecting 22 millimeter sized tumors (Schwab et al. 2015). Breast
cancer is usually detected by radiographic imaging with mammography for women
over 40 years of age (Oeffinger et al. 2015), or with ultrasound for women under
40 years of age (Lehman et al. 2014). Currently there is no evidence justifying the
routine use of sonography in women with an average risk of breast cancer
(Gartlehner et al. 2013). According to Finnish legislation, women of 50-69 years
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of age should be screened every two years as a part of the national screening
program (Finlex data bank 2011). In 2014 of the women invited to mammography
screening 82.9% arrived and were screened. Of these screened women, 0.6%
(n=1835) were diagnosed with a malignant breast neoplasm (Finnish Cancer
Registry 2014). Thus, in 2014, 37% of new breast cancer cases were identified
through the screening program. A definitive diagnosis is established after
radiography combined with core biopsy or fine-needle aspiration cytology. Patients
with an increased risk for breast cancer due to family history or a genetic high risk
mutation can be also screened annually by magnetic resonance imaging (MRI)
(Griffin & Pearlman 2010). Symptoms for breast cancer can include a lump in the
breast, skin retraction, inversion of the nipple, secretion or scarring. Patients
screened for breast cancer are often questioned for these symptoms and at the time
of screening, the presence of some of these symptoms increases the risk of having
breast cancer (Singh et al. 2015).
2.1.3 Histological characterization and prognostic parameters
Prognosis of the disease is determined based on the histological characteristics and
prognostic markers, and the most suitable treatment for the patient can be selected
accordingly. Table 2 presents a list of factors affecting prognosis of the disease.
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Table 2. Prognostic factors in breast cancer.
Prognostic factor

Grading

TNM classification

Stages 0-IV

Tumor size

1-4

Nodal status

0-3

Metastasis

0-1

Histological subtype
Histological grade
Hormone receptor status
HER2 status
Molecular subtype1
1

IDC2, ILC3, Mucinous, comedo etc.
1-3 (well, moderately, poorly differentiated)
ER4 +/-, PR5 +/HER26 +/Luminal A and B, HER2-enriched, basal-type

Not routinely used in Finland, 2IDC = Invasive ductal carcinoma, 3ILC = invasive loblar carcinoma, 4ER =

estrogen receptor, 5PR = progesterone receptor, 6HER2 = human epidermal growth factor receptor 2

TNM classification
Breast cancers are further classified according to their TNM classification, where
T, N and M refer to the size of the primary tumor, presence of regional lymph node
metastasis and presence of distant metastasis, respectively (Tavassoli & Devilee
2003). TNM classification defines the stage (stages 0-IV) of the tumor (Singletary
et al. 2002). The higher the stage, the more severe the cancer of an individual is
likely to be (Escobar et al. 2007).
The regional lymph nodes in the axillary area are the most significant
prognostic factor, since their metastases correlate with both tumor size and the
amount of invasive lesions (Cabioglu et al. 2009). Furthermore, the greater the
number of positive lymph nodes is, the shorter the disease-free survival and overall
survival are (Nemoto et al. 1980). The metastases in the lymph nodes are further
divided into macrometastases (>0.2 cm diameter) and micrometastases (0.2 mm0.2 cm diameter), of which the latter do have statistical significance with regards
to prognosis, but their impact is so low that the value of an extensive search for
micrometastases in most cases is questionable (Weaver 2010). The lymphatic
vessels of the breast drain into one or two so-called sentinel nodes in the axillary
region. If these nodes are found to be negative for metastasis, less than 10% of the
patients have a metastasis in other lymph nodes (Edge et al. 2010). Some breast
cancers, like triple negative cancers, are less prone to metastasize to lymph nodes
despite their aggressiveness and in those cases, different prognostic factors other
than lymph node involvement provide more accurate information (Wiechmann et
al. 2009).
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Isolated tumor cells (ITC) are, as defined by American Joint Committee on
Cancer (AJCC), not larger than 0.2 mm in radius or under 200 cell in a cluster
(Tavassoli & Devilee 2003). ITCs do not usually proliferate more or evoke stromal
reaction. Therefore, according to WHO classification of tumors, in the case of ITC
in a regional lymph node the nodal status is staged as pN0, i.e. no regional lymph
node metastasis (Tavassoli & Devilee 2003). Some studies suggest, however, that
ITC positive carcinomas should be treated more aggressively, due to the increased
risk for unfavourable outcomes (Tjan-Heijnen et al. 2010). The debate on the
clinical significance of ITC is ongoing and more research on the matter is required
(Patani & Mokbel 2011).
Histological subtypes
Breast cancers can be classified as either in situ –carcinomas or invasive
carcinomas according to the histological finding in the breast biopsy. Histologically,
numerous subtypes of invasive breast cancer have been identified. When classified
according to WHO classification of tumours of the breast, the most common
subtypes are ductal and lobular invasive carcinomas (Tavassoli & Devilee 2003).
Approximately 75% of breast cancers are invasive ductal carcinomas (IDC) (or
invasive carcinoma of no special type) and 10% invasive lobular carcinomas (ILC)
(Li et al. 2003). Both ductal and lobular invasive carcinomas have non-invasive
precursors called in situ –carcinomas and the lobular and ductal carcinomas - in
situ and invasive - differ distinctly in their genomics by the occurrence of 16q
deletions in the lobular subtypes, resulting in CDH1 loss of function (Rakha et al.
2005). Breast cancers can also display features from both ductal and lobular
subtypes i.e. mixed ductal/lobular (MDLC) (Zengel et al. 2015). In addition, there
are many rare subtypes with distinct architectural patterns accounting for the
remaining 15% of these cancer subtypes, for example mucinous, comedo,
inflammatory, tubular, medullary and papillary carcinomas (Tavassoli & Devilee
2003). Distinct genomic patterns also have been detected among the rare subtypes,
such as mucinous carcinoma (Lacroix-Triki et al. 2010). The classification of breast
tumors into histological subtypes gives prognostic information, since for example
mucinous carcinoma tends to have a better prognosis when compared to other
histological sybtypes (Zhang et al. 2014). Furthermore, the prognosis in IDC is
generally speaking the same as in ILC (García-Fernández et al. 2015, Fortunato et
al. 2012).
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Histological grade
Breast cancers can be further classified by their grade of differentiation into well,
intermediately and poorly differentiated cancers. The histological grade is
estimated by defining the percentage of tubule formation, the degree of nuclear
polymorphism and the mitotic activity and by scoring each parameter from zero to
three. However, the accurate reproducibility of histological grading between
different institutions has proved to be rather challenging (Ignatiadis & Sotiriou
2008). In addition to counting the mitoses, different immunohistochemical
stainings have been developed to detect proliferating cancer cells. Currently, Ki67
staining is in routine clinical use (Colozza et al. 2005).
Receptor status
Breast cancers can be divided into groups according to their expression of estrogen
receptor (ER), progesterone receptor (PR) and human epidermal growth factor
receptor 2 (HER2). The receptor status of the tumor carries prognostic value.
Approximately 75% of breast cancers are ER positive, whereas 55% are PR
positive (Nadji et al. 2005). ER+ breast cancers can recur over time but the
recurrence rate is relatively low and patients with ER+ cancer are less likely to die
of breast cancer than patients with ER- breast cancer (Anderson et al. 2006). Bone
is the most common site of metastasis in ER+ breast cancer, whereas ER- breast
cancer is more likely to metastasize to viscera and soft tissues (Hess et al. 2003).
Breast cancers expressing both ER and PR have the best prognosis (Grann et al.
2005) and hormonal adjuvant treatment can be used in the treatment of these
cancers (Freedman et al 2015).
Overexpression of the oncogene HER2 due to gene amplification can be found
in 15%-30% cases of breast cancer (reviewed in Ross et al. 2009, Ludovini et al.
2008, Beeghly-Fadiel et al. 2008); this form was originally related to a higher risk
of death, a lower disease free survival and a lower overall survival (Kallioniemi et
al. 1991, Slamon et al. 1987). In the last decade, however, monoclonal antibodies
targeting the HER2 protein on the cell surface have proved to be efficient in treating
many HER2 expressing cancers, although there are still a part of them that remain
unresponsive to this kind of treatment (Menard et al. 2003). The search for
strategies to treat these problematic HER2 overexpressing cancers is ongoing
(Figueroa-Magalhães et al. 2014).
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Triple negative breast cancers (TNBC) i.e. cancers that as their name suggests,
are negative for ER, PR and HER2, are especially problematic to treat because of
their heterogeneity (Lehmann et al. 2011). These cases account for approximately
15% of all breast cancers (Lin et al. 2012, Millikan et al. 2008). Patients with
TNBC are more prone to develop brain or lung metastases, have worse overall
survival and their risk of death during the first two years after diagnosis is higher
than in patients with HR+/HER2- cancers (Lin et al. 2012).
Molecular subtyping
Microarray analysis of breast cancer has also provided a new prognostic
classificational tool called the intrinsic molecular subtypes of breast cancer (Perou
et al. 2000, Sørlie et al. 2001). However, this classification does not currently offer
sufficient information to modify the systemic treatment decisions that are based on
conventional immunohistochemical (IHC) methods (Guiu et al. 2012). The
intrinsic molecular subtypes are: Luminal A, Luminal B, HER2-enriched and
Basal-like subtypes (Goldhirsch et al. 2013). Table 3 summarizes the molecular
subtypes defined by Gene expression profiling (GEP) and their typical phenotypes
in IHC staining according to Guiu et al (2012).
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Table 3. Molecular subtypes of breast cancer.
Intrinsic subtype (GEP1)

IHC2 classification

Luminal A

”Luminal A”

Agreement IHC/GEP
73-100%

ER3 + and /or PR4 +
HER25 Ki-67<14%
Luminal B

”Luminal B (HER2-)

73-100%

ER+ and/or PR+
HER2Ki-67≥14%
”Luminal B (HER2+)
ER+ and/or PR+
Any Ki-67
HER2+
HER2-enriched

”HER2 + (non-luminal)”

41-69%

HER2+
ER- and PRBasal-like

”Triple negative”

80%

ER- and PRHER21

GEP = Gene expression profiling, 2IHC = Immuno-histochemical, 3ER = oestrogen receptor, 4PR =

progesterone receptor, 5HER2 = human epidermal growth factor receptor 2

Treatment of breast cancer
Treatment of breast cancer can be divided into three phases: preoperative treatment,
operative treatment and postoperative treatment. Preoperative treatment, usually
neoadjuvant chemotherapy, can be used in cases where the tumor size has to be
reduced before the actual surgical operation in order to enable breast-conserving
surgery (van Nes et al. 2009). Operative treatment aims at the removal of the breast
tumor and axillary lymph nodes where the cancer has metastasized. In breast
conserving surgery, instead of removing the whole breast as in total mastectomy,
the tumor is removed such that the healthy breast tissue can be largely spared. The
patient’s quality of life is likely to be better after breast-conserving surgery than
mastectomy (Sun et al. 2014). Additionally, problems with sexual functioning tend
to occur more frequently in the group of patients that undergo mastectomy when
compared to breast conserving surgery (Aerts et al. 2014). Breast conserving
surgery is postulated to be equally effective as mastectomy for eligible patients
(Wang et al. 2015, Fisher et al. 2002). However, for patients under 40 years of age
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having undergone breast-conserving surgery, the risk for local relapses may be
higher than after mastectomy (van der Sangen et al. 2011). Bilateral mastectomy is
deemed beneficial for patients with BRCA1 or two high-risk mutations, due to its
possibility to decrease mortality (Metcalfe et al. 2014).
Postoperative treatment consists of either radiotherapy or chemotherapy alone
or both combined. After breast-conserving surgery, in the group of node positive
patients, radiotherapy reduces the 15-year recurrence of breast cancer by 50% and
breast cancer deaths by 15% (EBCTCG, Darby et al. 2011), and after mastectomy
and axillary lymph node evacuation, the 10-year recurrence is reduced by about 15%
and the 20-year mortality by 10% (EBCTCG, McGale et al 2014).
In addition to traditional chemotherapeutic agents as adjuvant treatment
(usually taxane-based) (EBCTCG, Clarke et al. 2008, Gandhi et al. 2015),
hormonal treatment and specific antibodies can be used to treating cancers
expressing ER and PR or overexpressing HER2 (Freedman et al. 2015, FigueroaMagalhães et al. 2014). The anti-estrogen tamoxifen reduces ER+ breast cancer
recurrence and 15 year mortality, if administered for 5 years as an adjuvant
treatment (EBCTCG, Davies et al. 2011). Additionally, when compared to
tamoxifen, aromatase inhibitors reduce the risk of recurrence by 30% (EBCTCG,
Dowsett et al. 2015). The ovaries of premenopausal women produce estrogen, and
in ER+ cancers it is beneficial to block the production of estrogen. Because of this,
the determination of menopausal status is important in deciding the treatment for
hormone receptor positive breast cancers. Estrogen production can be blocked
either by removing the ovaries surgically or exposing them to ionizing radiation
(Freedman 2015). The use of LHRH agonists as a means to temporarily hamper the
estrogen production from the ovaries has been deemed beneficial but it is not in
routine clinical use (Goel et al. 2009, Mathew & Davidson 2015). Bisphosphonate
reduces the recurrence of breast cancer metastasizing in the bone and improves
survival when administered as an adjuvant for postmenopausal women (EBCTCG,
Coleman et al. 2015). Table 4 summarizes the postoperative adjuvant treatment
recommendations modified from to St Gallen International Expert Consensus on
the Primary Therapy of Early Breast Cancer 2015 (Coates et al. 2015).
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Table 4. Postoperative adjuvant treatment recommendations modified from to St Gallen
International Expert Consensus on the Primary Therapy of Early Breast Cancer 2015
(Coates et al. 2015).
Clinical grouping

Type of therapy

Triple-negative

Cytotoxic chemotherapy including anthracycline and
taxane (if BRCA, consider platinum)

ER– and HER+
T1a node negative

No systemic therapy

T1b,c node negative

Chemotherapy and trastutsumab

Higher T or N stage

Anthracycline -> taxane with concurrent
trastutsumab continued to 12 months

ER+ and HER2+

As above plus endocrine therapy appropriate to
menopausal status as below

ER+ and HER2- (luminal)
No markers of less endocine responsiveness
(luminal A-like)

Endocrine therapy alone according to menopausal
status

Premenopausal low risk

Tamoxifen 5 years

Premenopausal other

Tamoxifen 5-10 years or OFS1 and tamoxifen or

Postmenopausal low risk

Tamoxifen 5 years

OFS and exemestane
Postmenopausal other

AI2 preferably up front; extended adjuvant therapy

Markers of less endocrine responsiveness

Endocrine therapy as above and adjuvant cytotoxic

(luminal B-like)

chemotherapy in many cases

Factors supporting omission of cytotoxic

-

chemotherapy despite “luminal B-like”
phenotype
1

OFS = Ovarian function suppression, 2AI = Aromatase inhibitor

2.2

Tumor microenvironment in breast cancer

2.2.1 Components
The tumor microenvironment consists of many different cell types. The tumor
microenvironment and its components are illustrated in Fig. 3 below.
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Fig. 3. The cellular components of the tumor microenvironment in breast cancer.

Cancer cells, including the founding cancer stem cells (Al-Hajj et al. 2003) are
enclosed within the mammary tissue which consists of adipocytes (Ryu et al. 2015),
fibroblasts (Al-Rakan et al. 2013), endothelial cells (Cid et al. 2016), pericytes
surrounding them (Shrivastav et al. 2016), the endothelium of the lymphatic vessels
(Lee et al. 2014), the epithelial cells of the mammary duct (Russ et al. 2012) and
myoepithelial cells (Sternlicht & Barsky 1997) that surround them. Myofibroblasts,
contractile and fibroblastic cells that express α-SMA are also present in breast
cancer tissue (Yamashita et al. 2012). The word myofibroblast is often used as a
synonym for carcinoma-associated fibroblast. There are many microbes living in
the breast tissue and they form a certain signature, which is likely to be altered in
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malignancies (Hieken et al. 2016). The stromal cells in the immediate proximity of
the cancer cells are called cancer-associated fibroblasts, and they have been
suggested to have differentiated from tissue resident fibroblasts (Shukla et al. 2014),
but other sources of origin have been proposed, such as mesenchymal stem cells
(Mishra et al. 2008), endothelial cells (Zeisberg et al. 2007), adipose tissue derived
stem cells (Jotzu et al. 2010) or even epithelial tumor cells (Petersen et al. 2003).
At sites where the invasive cancer cells come into close contact with breast
adipocytes, the normal cells become transformed into adipocyte-derived fibroblasts:
these cells express fibronectin, collagen type I and fibroblast specific protein-1
(FSP-1) but not α-SMA (Bochet et al. 2013). Additionally, certain cells of the
immune system such as tissue macrophages (Fujimoto et al. 2009), T- and Blymphocytes (Ménard et al. 1997, Gobert et al. 2009, Cimino-Mathews et al. 2013),
neutrophils (Akizuki et al. 2007) and natural killer cells (Gao et al. 2015) may be
present. Furthermore, the tumor microenvironment is composed of the extracellular
matrix (ECM) that is being secreted by the cells of the tumor microenvironment
(Kadar et al. 2002). The ECM contains collagen, fibronectin, elastin and many
glycoproteins and proteoglycans (Insua-Rodríguez & Oskarsson 2016,
Schwertfeger et al. 2015). In addition, a plethora of growth factors and various
cytokines are being deposited in the ECM adding another level of complexity to
the tumor microenvironment (Lewis et al. 1995, Coussens &Werb 2002).
2.2.2 Mesenchymal cells of the tumor microenvironment
Mesenchymal stromal cells
Mesenchymal stromal cells (MSC) are multipotent cells residing in the bone
marrow as well as circulating in the bloodstream. Initially, they were described by
Friedenstein et al. (1966) as being fibroblastic, colony-forming cells of the bone
marrow, possessing the ability to form bone. Today, mesenchymal stromal cells are
regarded as spindle-shaped, plastic adherent cells with the capacity to differentiate
towards osteogenic, chondrogenic and adipogenic lineages and expressing CD105,
CD73 and CD90, but not expressing CD45, CD34, CD14 or CD11b, CD79alpha or
CD19 and HLA-DR on their cell surface (Dominici et al. 2006). They can be found
in and isolated from numerous tissues, including bone marrow, adipose tissue,
umbilical cord, Wharton’s jelly and skeletal muscle (Bourin et al. 2013, Hendijani
et al. 2014, Young et al. 1995). For this reason, mesenchymal stromal cells have
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been widely studied in the context of regenerative medicine. For example, bone
healing and regeneration as well as recovery from ischemic heart disease are
situations where MSCs could contribute to a better outcome (Manassero et al. 2013,
Jaussaud et al. 2013). Mesenchymal stromal cells possess also immunomodulatory
properties, i.e. they have been reported to modulate the functions of T-cells,
dendritic cells and B-cells (Di Nicola et al. 2002, Chiesa et al. 2011, Corcione et
al. 2006). Due to their immunoactive properties, MSCs have emerged as a possible
tool in treating graft-versus-host-disease (GVHD) and autoimmune diseases such
as Crohn’s disease (Le Blanc et al. 2008, Forbes et al. 2014). MSCs have been
reported to act as proinflammatory and anti-inflammatory agents (Waterman et al.
2010). MSCs have also been studied in the context of cancer, partly due to their
above-mentioned properties, but also because it is believed that they can migrate to
the site of cancer where they can give rise to some of the stromal components of
the tumor, namely carcinoma-associated fibroblasts (Dwyer et al. 2007, Direkze et
al. 2004, Mishra et al. 2008). Due to their migratory capability, they have been
proposed as representing a vehicle for delivering anti-tumor agents to the cancer
tissue (Dwyer et al. 2011). According to an increasing amount of data, however,
MSCs cannot be considered merely as passive vehicles because of their active role,
participating in many of the phenomena associated with the tumor stroma (Karnoub
et al. 2007). In vitro, MSCs secrete microvesicles that contain proteins related to
cell proliferation, adhesion, migration and morphogenesis (Kim et al. 2012).
Furthermore, there is very limited current knowledge concerning the possible
effects of MSCs on cancer cells, and more studies will be needed to clarify the exact
mechanisms through which they operate in tumor tissues.
Fibroblasts
Fibroblasts are cells which are part of the connective tissue. They secrete the
majority of proteoglycans, glycoproteins and collagen of the extracellular matrix
and they play an important role in wound healing. They are spindle shaped, adhere
to plastic, express vimentin and do not express endothelial, epithelial, histiocytic,
neural or smooth muscle markers, CD31, pan-cytokeratin, CD11b, GFAP or desmin
(Chang et al. 2002). Moreover, fibroblasts from different sites of the human body
express distinctive, differing transcriptional patterns suggesting site-specific
differentiation (Chang et al. 2002). As in the case of MSCs, there is currently not
one specific fibroblast marker that could easily distinguish fibroblasts from other
cell types (Reviewed in Kalluri & Zeisberg 2006). Fibroblasts possess
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immunomodulatory properties and can be transdifferentiated into osteoblasts,
chondrocytes and adipocytes (Haniffa et al. 2007) and they can cluster together
through a fibronectin-integrin interaction to form spheroids where they secrete
leukocyte-attracting chemotactic cytokines (Salmenperä et al. 2008, Enzerink et al.
2009). In breast tissue, fibroblasts participate in the regulation and organization of
the breast epithelium, resulting in the development of mammary glands (Simian et
al. 2001, Wiseman & Werb 2002, Kuperwasser et al. 2004).
Myofibroblasts
Myofibroblasts were originally identified in the granulation tissue of a wound and
they were described as modified fibroblasts with smooth-muscle –like features
(Gabbiani et al. 1971). Myofibroblasts express α-smooth muscle actin (α-SMA)
and fibronectin (FN); transforming growth factor β1 (TGF-β1) regulates the
expression of α-SMA and FN in these cells (Desmoulière et al. 1993, Serini et al.
1998). The myofibroblasts express also TGF-β which functions as an autocrine
regulator to maintain the myofibroblastic phenotype (Kojima et al. 2010) The
intracellular α-SMA fibers terminate in the fibronexus, which is an adhesion
complex at the cell membrane, connecting intracellular actin fibres to extracellular
fibronectin fibrils through transmembrane integrins (Burridge et al. 1996, Dugina
et al. 2001). α-SMA, fibronectin bundles and the fibronexus (FNX) structure can
be observed ultrastructurally in the electron microscope, where also another
myofibroblast feature, the dilated endoplasmic reticulum is visible (Karvonen et al.
2012). These structures allow myofibroblasts to contract and to transmit the
contractility effect to the surrounding stroma.
Carcinoma-associated fibroblasts
The tumor stroma contains activated fibroblasts that resemble those found in a
healing wound (Ryan et al. 1973, Ryan et al 1074, Durning et al. 1984). These cells
express α-SMA and are absent in histologically normal breast tissue (Sappino et al.
1988). These fibroblasts are often referred to as carcinoma-associated fibroblasts
(CAFs). CAFs are usually identified by their expression of α-SMA, fibroblast
activation protein-alpha (FAP-α) (Park et al. 1999) and fibroblast-specific protein
(FSP) which are also markers for myofibroblasts. Indeed, the word myofibroblast
is sometimes used as a synonym for CAFs. However, in addition to myofibroblasts,
the tumor stroma contains also un-activated, normal fibroblasts that do not express
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α-SMA. Thus, fibroblasts of the breast tumor stroma are a group of phenotypically
heterogeneous cells (Schor et al. 1988, Schor et al. 1994) that may possess differing
signaling mechanisms in the cancer-stroma –interplay (Schor and Schor 2001).
2.2.3 Phenomena of the tumor microenvironment
Growth and hypoxia
The ability of cancer cells to resist cell death, evade growth suppressors and sustain
proliferative signaling, lead to incessant growth, which is a characteristic of cancers
(Hanahan & Weinberg 2011). In order to acquire sufficient energy to support their
rapid growth, it has been postulated that cancer cells might induce aerobic
glycolysis (Warburg effect) in the adjacent stromal fibroblasts, which would then
in turn feed the cancer cells with energy-rich metabolites, such as lactate and
pyruvate to be used in the generation of ATP (Pavlides et al. 2009, MartinezOutschoorn et al. 2014). The oxygenation in invasive breast cancer decreases in
parallel with rising tumor grading, and the larger the tumor grows, the more
hypoxic areas will appear in the tumor (Hohenberger et al. 1998). The continuous
and rapid growth of the tumor leads eventually to the situation where nutrition and
oxygenation to the innermost parts have to be arranged via neoangiogenesis
(Folkman 1990). The newly formed vessels of the tumor however, can be chaotic
in their architecture, which in turn may lead to varying blood perfusion and
different levels of oxygenation in some parts of the tumor (Carmeliet & Jain 2000).
Thus, despite the newly formed vasculature, there may be an insufficient oxygen
supply and hypoxia can often occur in the deepest layers of malignant tumors
(Helmlinger et al. 1997) and in the most extreme, anoxic sites, this can be seen as
necrosis. In addition, due to the disease itself or to its therapy, breast cancer patients
can suffer from anemia, which in turn intensifies the intra-tumor degree of hypoxia
(Vaupel et al. 2005).
The effects of hypoxia are mainly regulated by hypoxia-inducible factors (HIF).
HIF exerts many effects, ranging from regulation of cell cycle progression,
angiogenesis, apoptosis and energy metabolism to immune cell recruitment
(Koshiji et al. 2004, Du et al 2008, Corn et al. 2005). HIFs are heterodimer proteins
consisting of two subunits; the α-subunit is O2-sensitive and the β-subunit is stable
(Jiang et al. 1996). The subunits HIF-1α and HIF-2α are responsible for the
majority of hypoxia-induced effects (Wang et al. 1995, Tian et al. 1997). However,
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HIF-1 can be overexpressed also in hypoxia-independent states as well, for
example, during glucose deprivation and oncogene activation (Semenza 2002).
According to a recent meta-analysis, those breast cancer patients with a high
expression of HIF1α have poorer overall survival, disease-free survival, distant
metastasis-free survival and relapse-free survival (Wang et al. 2014).
Invasion and metastasis
A carcinoma in situ breast tumor is fixed in its place and does not yet invade its
surrounding environment in the way encountered with an invasive carcinoma. It
has been proposed that the process of invasion and metastasis may start with the
cancer cells going through an epithelial-to-mesenchymal transition (EMT), thereby
losing cell-to-cell contact and transforming into mobile, mesenchymal-like cells
(reviewed in Hugo et al. 2007). The cancer cells can also acquire an amoeboid
migratory phenotype, allowing them to squeeze through tissues (Liu et al. 2015).
In the in situ phase, the carcinoma is surrounded by an intact myoepithelial layer
and in order to invade to its surroundings, the cancer cells have to penetrate this
layer as well as the basement membrane beneath the myoepithelial layer (Sternlicht
& Barsky 1997). Initially, the cancer cells invade the surrounding tissue at the
invasive front but from there, they can spread further by intravasation into blood
vessels and lymphatic vessels (Giampieri et al. 2009); this phenomenon will allow
these malignant cells to metastasize widely to different sites throughout the body.
The invasion may occur also directly into the vessels inside the tumor once there is
a vasculature present in the tumor (Beerling et al. 2011). At the site of metastasis,
the cancer cells extravasate, possibly passing through mesenchymal-to-epithelial
transition and then start to proliferate, thus creating a new colony of cancer cells
called a metastasis (Hugo et al 2007).
Many factors regulate the process of cancer cell invasion and metastasis.
Transforming growth factor β (TGF-β) plays a dualistic role in this process; early
on, it functions as a tumor suppressor but in later phases it promotes EMT, invasion
and metastasis to the lungs and bone (reviewed in Xu et al. 2009). In murine breast
cancer models (Liao et al. 2007), HIF-1α has been demonstrated to act as a positive
regulator of metastasis, and its effects have been successfully attenuated with HIF
inhibitors in vivo (Zhang et al. 2012). There is additional regulation of migration,
invasion and metastasis at the microRNA level, i.e. multiple miRNAs are known to
act either as suppressors (Park et al. 2008, Cochrane et al. 2010, Uhlmann et al.
2010, Scott et al. 2007, Dangi-Garimella et al. 2009) or promoters (Zhu et al. 2008,
38

Kong et al. 2008) of metastasis. The urokinase-type plasminogen activator (uPA)
is also involved in the regulation of metastasis (De Cremoux et al. 2009).
Additionally, matrix metalloproteinases (MMP), particularly MMP-2 and MMP-9,
are key players in invasion (Turpeenniemi-Hujanen 2005).
Desmoplasia
The word desmoplasia refers to a reaction where the stroma becomes hyalinized or
sclerotic and where stromal cells are sparsely distributed. Desmoplasia occurs in
both carcinomas where cancer cells and normal host cells interact and also in
numerous benign and reactive processes (reviewed in Abbas & Mahalingam 2011).
In cancer, the continuous infiltration of cancer cells to the surrounding tissue
induces a constant wound healing process with granulation tissue and scarring,
which is perceived as a desmoplastic response (Tamimi & Ahmed 1987). The
desmoplastic stroma is especially rich in type V collagen which has been proposed
to be expressed by myofibroblastic cells of the tumor stroma (Barsky et al. 1982).
The desmoplastic fibroblasts are known to express mRNA of matrix
metalloproteinase 2 (MMP-2) and its inhibitor TIMP-2 (Poulsom et al. 1993), and
their co-expression with MMP-1 may be connected to an increased invasive
potential of breast cancer (Brummer et al. 1999). Indeed, recently the collagen
fibers in the immediate, desmoplastic vicinity of the cancer cells and stromal
fibroblasts, were observed to be less dense than those fibers further away from the
cells (Jaafar et al. 2014). This observation in the study of Jaafar et al., in
conjunction with the localization of MMP-2 and MMP-9 in both the cancer cells
and stromal fibroblasts suggests that the lower density of collagen fibers may be
due to proteolytic enzyme activity. Wrapped in the desmoplastic stroma, there are
solitary, dormant primary tumor cells that express vimentin and cytokeratin-19,
suggesting that they have undergone EMT (Raviraj et al. 2012). Because of their
dormancy and migratory nature, these cells are thought to play a role in the
resistance to therapies and local recurrence in breast cancer.
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2.2.4 Stromal cells in breast cancer
In vitro
The question, of whether or not the stromal cells of the tumor microenvironment
increase the proliferation of cancer cells has been a topic of intensive debate and
investigated by numerous research groups in the last two decades. Table 5 below
describes some of the in vitro studies assessing breast cancer cell proliferation in
co-culture with stromal cells.
Table 5. In vitro co-culture studies of breast cancer cells and stromal cells (CAF, NF or
MSC) assessing breast cancer cell proliferation.  = increase,  = decrease,  = no
effect.
Stromal cell

Cancer cell line

In vitro effect

Proposed factor

Reference

BMSC1, 3T32

MCF-7

With BMSC: disperse growth,

-

Hombauer,

With 3T3: cluster aggregates

Minguell 2000

Proliferation 
BMSC

MCF-7

Proliferation 

VEGF, IL-6

Fierro et al. 2004

BMSC

MDA-MB-231,

Proliferation 

Soluble factors

Sasser et al. 2007

MDA-MB-468,

MDA-MB-231 proliferation

-

Martin et al. 2010

-

Peng et al. 2013

MSC exosomal

Ono et al. 2014

MCF-7, T47D,
BT474, ZR-75-1
BMSC

CAF3, NF4

MDA-MB-231,

Indirect co-culture:

T47D, SK-Br3

Proliferation 

MDA-MB-231

NF: BCC proliferation 
CAF: BCC proliferation 

BMSC

MDA-MB-231

Proliferation 

miRNA
BMSC, CAF, NF MDA-MB-231,

MSC: BCC proliferation 

M-4A4, NM-2C5 MDA-MB-231: MSC, NF and

Soluble factors,

Pasanen et al.

cell-cell-contact

2015

CAF proliferation 
CAF: NM-2C5 proliferation 
CAF: MDA-MB-231 and M4A4 proliferation 
NF: BCC proliferation 
1

BMSC = Bone marrow -derived mesenchymal stromal cell, 3T3 = mouse fibroblast cell line, 3CAF =

Carcinoma-associated fibroblast, 4NF = Fibroblast from normal breast area
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In vivo
There are many published studies assessing both in vitro and in vivo the effect of
co-culturing breast cancer cells with non-malignant stromal cells. A summary of
these studies is shown in Table 6 below.
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435, HMLER

4T1
MCF-7
MDA-MB-231
MDA-MB-231, MCF-7, BT474,

huFibroblasts

mBMSC4

Z3-MSC

BMSC

MRC-5. WS-1,
Proliferation 

Proliferation 

MCF-7 proliferation 

-

MDA-MB-231 proliferation 

SDF-1: proliferation 

Tumor growth 

Il-6 expressing

Tumor growth 

Tumor growth 

Tumor growth 

Effect with only BMSC

growth 

MDA-MB-435 tumor



HMLER tumor growth

MDA-MB-231 and

MCF-7tumor growth ,

metastasis ,

All cancer lines lung

4T1, MDA-MB-231
MDA-MB-231

hASC5, mASC6

UCBMSC7, ASC

02, skin fibroblasts

P163, P164, hMSC-

-

-

SDF-1

caspase-3

Tumor growth 

cleavage

PARP and

SDF-1/CXCR4

IL-6

-

Dkk-1

-

CCL5

Metastasis 

Tumor growth 

growth 

IL-6 production)

MCF-7, MDA-MB-231, MDA-MB-

BMSC, WI-38, BJ



Sun et al. 2009

Muehlberg et al. 2009

2008

Studebaker et al.

Mishra et al. 2008

Qiao et al. 2008

Chen et al. 2008

Karnoub et al. 2007

Orimo et al. 2005

Studeny et al. 2004

Proposed factor Reference

Lung metastasis growth -

Ped300, P162,

MCF-7-ras

CAF2, NF3

Proliferation 

In vitro effect

MDA-MB-231 proliferation (Own fibroblasts: tumor

MDA-MB-231

BMSC1

CCD-39sk, WI-38,

Cancer cell line

Stromal cell

In vivo effect

Table 6. Co-culture studies with BCCs and stromal cells (CAFs, NFs or MSCs) assessing proliferation and tumor growth in vivo and

in vitro.  = increase,  = decrease,  = no effect.
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Proliferation 

CAF)

BC-MSC (Breast

MSC9
MCF-7

Mammosphere formation 

-

MDA-MB-231, 293T, MCF-7

MDA-MB-231

hUMSC8, BMSC,

Tumor growth 

growth 

BAMBI-MSC: Tumor

MSC: Tumor growth 

Tumor growth 



hUMSC: tumor growth



BMSC: tumor growth

Proliferation 

growth 

fibroblasts: tumor

Proliferation 

PGE2 secreting

Metastasis 

Tumor growth 

Shangguan et al 2012

Ma et al. 2012

Chao et al. 2012

Xia et al. 2011

Rudnick et al. 2011

Mi et al. 2011

Liu et al. 2011

Rhodes et al. 2010

Klopp et al. 2010

pathway

EGF/EGFR/Akt Yan et al. 2012

pathway

TGF-β/Smad

suppression

PI3K and AKT

Soluble factor

-

PGE2, IL-6

OPN/CCL5

regulates

growth 

PgR

Soluble factor

CXCL7, IL6

proliferation 

BMSC, BAMBI-

MDA-MB-231, MDA-MB-435

BMSC

Proposed factor Reference
IL-17B/IL-17BR Goldstein et al. 2010

ALDH+ BMSC: Tumor

Tumor growth 

Tumor growth 

PGE2 media: CSC-like cell

Proliferation 

MCF-7

CAF, NF

-

MDA-MB-231, MCF-7

MDA-MB-231, MCF-7

BMSC

CSC proliferation 

hUMSC

SUM159, SUM149, MCF-7

BMSC (ALDH+/-)

Apoptosis 

MCF-7

BMSC

SUM/MCF: Mammospheres 
MDA: Mammospheres 

WI38, HS68,

MDA-IBC-3, SUM149, MCF-7

BMSC



SUM: Proliferation 
SUM: Tumor growth 

MDA: Tumor growth

MDA: proliferation 

231, MCF-7

In vivo effect
MCF:Tumor growth 

SUM1315, SUM1315-BP2, MDA-MB- MCF:proliferation 

BMSC

In vitro effect

Cancer cell line

Stromal cell
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HMT-3255 S3, HMT-3255 T4-2,

ASC

4T1
MDA-MB-231
MDA-MB-436, HCC1937, ZR75-1

pMSC11

hUMSC

hASC, WAT12

In vitro effect

MDA-MB-231, MCF-7
MDA-MB-231, MCF-7

MCF-7, MDA-MB-231, pirmary

s-UCMSC13

hUCESC14

hASC
breast cancer lines

4T1

PyMT Proliferation 

cancer cell lines, 4T1

In vivo effect

Proliferation 

MDA: Tumor growth 

and invasion 

MCF-7: Proliferation 

MDA: Tumor growth

cell cycle, induced apoptosis

Tumor growth 

Tumor growth 

Tumor growth 



mMSC: Tumor growth

CD44-/- MSC vs

Tumor growth 

Tumor growth 

Tumor growth 

Metastasis 

Tumor growth 

Tumor growth 

Tumor growth 

MDA: Proliferation , Delayed

migration 

Proliferation ,

Proliferation 

Proliferation 

NIH3T3: and RCAS-PyMT

MSC: RCAS-Neu and RCAS-

-

-

Proliferation 

-

Proliferation 

-

-

RCAS-Neu and RCAS-PyMT breast

mBMSC, hBMSC

mBMSC, NIH3T3

CD44-/- mMSC

BMSC, mMSC,
4T1, EO771

4T1

mBMSC

endothelial cells

MDA-MB-231

hWJSC10

MDA-MB-231

Cancer cell line

Stromal cell

Usha et al 2013

Spaeth et al. 2013

Orecchioni et al. 2013

Mandel et al. 2013

Ljujic et al. 2013

Lee et al. 2013

2013

Gauthaman et al.

HGF/c-Met

-

IL-6

IL-6, MIP-2

Eterno et al. 2014

Eiró et al. 2014

Di et al. 2014

TGF- β, VEGF, Zhang et al. 2013

-

CD44/Twist

-

interactions

Direct cellular

-

miR-16

Soluble factor

Zhao et al. 2012

Proposed factor Reference
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4T1
MDA-MB-231

mASC

BMSC
Metastasis 

Tumor growth 

Tumor growth 

Tumor growth 

Metastasis 

Skin invasion 

Tumor growth 

-

IL-6

-

multiple factors

vesicles) with

Meleshina et al. 2015

Wei et al. 2015

Weber et al. 2015

2015

EV(Extracellular Vallabhaneni et al.

EGFR signaling Lacerda et al. 2015

Jia et al. 2015

Proposed factor Reference
MCP-1

BMSC = Bone marrow -derived stromal cell, 2CAF = Carcinoma-associated fibroblast, 3NF = FIbroblast from normal breast area, 4mBMSC = Murine

Proliferation 

In vivo effect
Tumor growth 

WAT = White adipose tissue,

Mesenchymal stem cells from normal human uterine cervix.

Peripheral blood mesenchymal stromal cells,

12

13

hWJSC = human Wharton jenny stem cells, 11pMSC =

s-UCMSC = Senescent umbilical cord mesenchymal stem cells, hUCESC14 =

10

UCBMSC = Umbilical cord blood mesenchymal stem cell 8hUMSC = Human umbilical cord –derived mesenchymal stem cell, 9BAMBI-MSC = Mesenchymal

stromal cell with Bone Morphogenetic Protein and Activin Membrane-Bound Inhibitor encoding vector,

7

mesenchymal stromal cell, 5hASC = Human adipose tissue –derived mesenchymal stromal cell, 6mASC = Murine adipose tissue –derived stem cell,

1

-

MDA-MB-231, MCF-7

BMSC
Proliferation 

Anti-apoptotic/cell protective

-

function

SUM149

BMSC

In vitro effect
-

vesicles used)

MDA-MB-231-FLUC

mBMSC

BMSC (Extracellular MCF-7

Cancer cell line

Stromal cell

In addition to the above-mentioned stromal cell types, MSCs, CAFs and NFs, many
other stromal cell lines of mesenchymal origin have been used in similar co-culture
and in vivo –setting as shown in the table. The majority of the in vitro studies listed
in Table 5 have reported increased proliferation of BCC after co-culturing them
with the non-malignant stromal cells (Table 7).
Table 7. The effect of stromal cell co-culture or co-injection on breast cancer cell
proliferation or tumor growth in vivo and in vitro.
In vitro –studies (n)

In vivo –studies (n)

Increase

20

24

No change

8

6

Decrease

11

9

Effect on proliferation/tumor growth

However, there are many reports where stromal cells have also decreased BCC
proliferation in vitro, and furthermore in several studies they did not exert any
notable effect on BCC proliferation. Many of the published in vivo studies listed in
Table 6 have described a similar effect, i.e. most reporting increased tumor growth
due to MSC-injection with fewer studies reporting decreased or unchanged tumor
growth (Table 7).
Previously it has been revealed that MSCs express a wide array of growth
factors and cytokines (Schinkothe et al. 2008) both when cultured alone and in coculture with cancer cells. In the in vitro and in vivo –studies listed above, a plethora
of factors such as VEGF, IL-6, SDF-1, CCL5, CXCL7, OPN, PGE2, TGF-β, EGF,
MIP-2, HGF, IL-17B and MCP-1 have been proposed to be at least partly
responsible for the enhanced breast cancer growth. Conversely, MSC exosomal
miRNA, Dkk-1, PARP, PI3K and AKT suppression, miR-16, CD44 deficiency and
EGFR have been proposed as tumor growth restricting factors.
Stromal cell involvement in different steps of cancer progression
The factors that are listed in Tables 5 and 6 take part in many steps of cancer
progression. The pro-angiogenic factors VEGF, IL-6, TGF- β and MIP-2 are likely
to promote angiogenesis in the tumor microenvironment (Zhang et al. 2013). SDF1 secreted by stromal, α-SMA expressing myofibroblastic cells, has been suggested
to function as a chemoattractant for CXCR4-expressing breast cancer cells, thus
facilitating the migration and metastasis of breast cancer cells (Muehlberg et al.
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2009). SDF-1 has also been suggested to stimulate cancer cell proliferation directly
in paracrine fashion, and to increase angiogenesis via attracting endothelial
progenitor cells to the tumor milieu (Orimo et al. 2005). CCL5, which is secreted
by MSCs in response to their exposure to BCCs, increases cancer cell migration
and metastasis by interacting with its main receptor CCR5 on cancer cells (Karnoub
et al. 2007). OPN in turn promotes the expression of CCL5 (Mi et al. 2011).
CXCL7, which is secreted by mesenchymal stromal cells in response to the
secretion of IL-6 by SUM159 breast cancer cells, increases the secretion of IL-6 by
BCCs, forming a positive feedback loop. CXCL7 also inreases the secretion of IL8, CXCL6 and CXCL5, all of which can expand the cancer stem cell population
(Liu et al. 2011). PGE2 has been suggested to act as an autocrine regulator of
fibroblast IL-6 production, which in turn is required, but not sufficient for causing
a fibroblast driven increase in MCF7 cancer growth (Rudnick et al 2011). EGF
secreted by breast stromal cells has been linked to increased tumor growth and its
effect may be partially mediated via EGFR/Akt signaling (Yan et al. 2012). Breast
stromal cells have been suggested to produce HGF, when co-cultured with BCCs,
that in turn respond to stromal cell presence by producing c-Met. This crosstalk
between the two cell types may induce beta-catenin induction by GSK3 inhibition,
that ultimately may lead to increased tumor growth and metastasis (Eterno et al.
2014). IL-17B has been shown to act through its receptor IL-17BR, which may
increase the migration and metastasis of BCCs (Goldstein et al. 2010). Mouse
MSCs can secrete MCP-1, which attracts tumor-associated macrophages and
increases tumor vascularization and growth (Jia et al. 2015).
MicroRNA from MSC exosomes can induce BCC dormancy. These properties
have been associated with miR-23b, which suppresses the gene MARCKS, a cell
cycle and motility promoting protein, in BCC (Ono et al. 2014). Furthermore, mrR16 microRNA that also can be found in MSC-secreted exosomes, may downregulate VEGF expression in BCCs, thereby suppressing angiogenesis (Lee et al.
2013). Dkk-1 secreted by MSCs has been suggested to inhibit breast cancer cell
growth by hindering Wnt signalling (Qiao et al. 2008). Furthermore, MSCs may
induce apoptosis in BCCs by increasing PARP and caspase-3 cleavage, leading to
loss of BCC viability (Sun et al. 2009). Additionally, CD44 deficiency in MSCs
may impair MSCs capability to migrate and to provide angiogenic support via
upregulating TWIST expression (Spaeth et al. 2013).
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3

Aims of the present study

The specific aims of this study were:
1.

2.

3.

To determine whether human mesenchymal stromal cells, normal human breast
fibroblasts and human breast carcinoma-associated fibroblasts increase the
proliferation and invasiveness of human breast cancer cells MDA-MB-231,
NM-2C5 and M-4A4 in vitro. Another aim was to investigate if these breast
cancer cells can change the proliferation of the three stromal cell types.
Furthermore, it was intended to assess if the effect was due to direct cell-cell
contact, rather than soluble factors, and to examine the morphology of the cocultured cells microscopically and ultramicroscopically.
To examine mesenchymal stromal cells and the fibroblast subtypes in order to
identify structural and functional differences that could explain the findings
emerging from the in vitro studies.
To investigate if mesenchymal stromal cells, normal fibroblasts and
carcinoma-associated fibroblasts increase NM-2C5 cancer growth in vivo.
Another aim was to investigate the possible histological differences between
the tumors with different compositions.
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4

Materials and methods

4.1

Human cell lines

4.1.1 Breast cancer cells (I, II, III)
Three commercial human cancer cell lines were used, MDA-MB-231 (ATCC,
HTB-26™) (Distributed by LGC Standards GmbH, Wesel, Germany), M-4A4
(ATCC, CRL-2915™) and NM-2C5 (ATCC, CRL-2919™) of which the two latter
lines are derived from the parental cell line MDA-MB-435 and they were made to
express GFP through retroviral gene transduction (Cailleau et al. 1974, Urquidi et
al. 2002, Goodison et al. 2003). All of the three cancer cell lines have been used as
breast cancer lines, but recently the origin of the latter two cell lines has become a
topic of debate. It has been proposed that these two lines are in fact melanoma lines
because of a cross-contamination with the melanoma line, M-14. However, more
recently it has been postulated that the cell lines MDA-MB-435 and M14 are
identical, and more likely to represent breast cancer than melanoma (Chambers
2009, Hollestelle & Schutte 2009). Hence according to the current knowledge, the
use of cell lines M-4A4 and NM-2C5 in breast cancer studies is justified. The
culturing protocol of the cancer cells is described in article I. The cancer cell lines
were cultured with the same protocol as the MSCs.
4.1.2 Mesenchymal stromal cells (I, II, III)
Bone marrow-derived mesenchymal stromal cells were collected from patients
undergoing hip surgery for osteoarthrosis or hip fracture, or back surgery for
idiopathic scoliosis. Nineteen patients were randomly selected, of those 12 were
female donors and 7 male donors, with a wide age ranging from 13 to 87 years. All
patients participating in the study provided written consent after being adequately
informed. The cells used in the experiments were from passages 2 to 5. The cell
culture protocol for MSCs is described in article I.
4.1.3 Fibroblasts and carcinoma-associated fibroblasts (I, II, III)
The human fibroblasts were collected from patients undergoing breast ablation or
resection due to breast cancer. All donors provided written consent for participating
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in the study. The fibroblasts were taken freshly from two distinct sites of the
resection sample, the healthy breast tissue and the tumor tissue. The samples were
then mechanically chopped, digested enzymatically with collagenase and dispersed
into culture flasks, and the fibroblasts were allowed to adhere to the surface. The
cell culture conditions and protocol were similar to those in the MSC cultures. The
medium used for CAFs was the same as that utilized with MSCs, except that it was
supplemented with 2.5 mg/l amphotericin B (Sigma-Aldrich co., St. Louis, MO,
USA). The clinical information of the fibroblast donors is listed in the table below
(Table 8).
Table 8. Clinical information of the tumors and donors of the fibroblasts. Age
represents the age of the donor at the time of diagnosis. Estrogen and progesterone
receptor status were graded as follows: 0/weak/1+/2+/3+, where negative = 0, 1-9% cells
positive = weak, 10-29% cells postitive = 1+, 30-60% cells positive = 2+, >60% cells
positive = 3+. HER-2 positive stands for ISH-verified HER-2 amplification. Copyright
from Elsevier.
Donor

Age Histological type Largest Histological ER
diameter

grade

PR

HER-2 ISH Axillary lymph node
metastasis

1

55

Ductal

12 mm

2

3+

3+

Negative

2

65

Lobular

26 mm

2

3+

3+

Negative

No

3

56

Lobular

12 mm

1

3+

1+

Negative

Yes

4

25

Ductal

19 mm

3

1+

1+

Positive

No

5

55

Ductal

23 mm

2

3+

3+

Positive

No

6

53

Ductal

32 mm

3

3+ Missing

Negative

Yes

4.2

No

In vitro –experiments

4.2.1 Cell surface markers (I, II, III)
The MSCs, normal fibroblasts and carcinoma-associated fibroblasts were
characterized with flow cytometry using the modified mesenchymal stem cell
surface antigen minimum criteria panel (Dominici et al. 2006). We used antibodies
for cell surface structures CD73 (PE label, BD Pharmingen, San Diego, California,
USA), CD45 (PE, BD Pharmingen), CD34 (PE, BD Pharmingen), CD14 (PE, BD
Pharmingen), CD19 (PE, BD Pharmingen), HLA-DR (PE, BD Pharmingen), CD90
(FITC, Stemcell technologies, Grenoble, France), CD105 (FITC, abcam PLC,
Cambridge, UK) and HLA-ABC (APC, BD Pharmingen). Additionally, we used
antibodies CD54, CD200, CD44, CD49e.
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4.2.2 Cell proliferation assay – Direct co-culture (I)
The co-culture experiments were performed over 4 days. On the first day, the MSCs
were labeled in suspension with Vybrant CM-DiI (red) staining solution (Molecular
Probes, Eugene, Oregon, USA) and seeded at a density of 3600 cells/cm². On the
second day, breast cancer cells were added at a density of 1200 cells/cm². The
experiment was performed with control flasks containing labeled and unlabeled
MSCs and BCCs alone. On the fourth day, the cells were counted and analysed by
flow cytometry.
4.2.3 Flow cytometry (I, II, III)
The cells were suspended in PBS, or 1% PFA if flow cytometry was to be performed
later than on the same day. The cells from control flasks were used for determining
the appropriate voltages, compensations and gates. The proportions of MSCs and
BCCs in co-cultures were assessed using FACS Calibur (BD Biosciences, San Jose,
California, USA) equipped with dual lasers emitting at 488nm and 633nm. The
fluorescent emissions were measured at 530±30nm, 585±42nm 661±16nm. A total
of 10000 events were collected from the co-culture sample tubes, and 5000 from
the tubes containing only one cell type. The analyses of the results were performed
using FlowJo software (Tree Star inc., Ashland, Oregon, USA) and Cyflogic
(CyFlo Ltd, Turku, Finland). Article I, Fig. 1 illustrates the FACS gating and
confocal image of the labels GFP and DiI.
4.2.4 Cell proliferation – Indirect co-culture (I)
A total of 500 breast cancer cells were seeded per well into a 96-well plate. The
cells were allowed to attach to the surface for 24 hours. MSC conditioned medium
was collected from normal and serum free MSC cultures during medium change.
On the second day, normal medium, serum free medium, MSC conditioned medium
and serum free MSC conditioned medium were added to the MTT wells so that the
wells containing 50% of MSC conditioned medium (with and without serum)
contained also 50% of either normal medium (with or without serum). Three plates
were established, the first was measured after 24 hours, and the other two plates
were measured after 2 and 3 days of incubation. The media was not changed during
the incubation. The values from 72h exposure to conditioned media were used for
the
analysis.
The
MTT
method
(3-(4,5-dimethylthiazol-2-yl)-2,553

diphenyltetrazolium bromide; thiazolyl blue, 5mg/ml) was used for evaluating the
amount of cells with spectrophotometry at wavelengths 550nm against 650nm. A
more detailed description can be found in article I.
We also performed an indirect co-culture of three MSC lines and BCC lines in
a Transwell assay, where the proliferation of the cells was assessed with the MTT
method at 72h after starting the indirect co-culture. In all, 6000 MSCs were seeded
in 24 well plates and 2000 BCCs were added on the next day in the microporous
(pore diameter 0.4µm) inserts. Transwell Permeable Supports (Corning inc.,
Corning, NY, USA) were used.
4.2.5 Invasion assay (I)
Cultrex 96 Well BME Cell Invasion Assay (Trevigen, Gaithersburg, Maryland,
USA) was used in the invasion assay. On the first day of the experiment, two MSC
lines, one from a female donor and one from a male donor, and three breast cancer
cell lines suspended in serum free medium were seeded onto the invasion plate
either separately or together, each cell line in a quantity of 25 000 cells. The
invasion plate was incubated for two days, after which the cells were stained with
MTT-solution, photographed, and dispersed with DMSO and measured as
described above. The absorbances of the wells containing both MSCs and breast
cancer cells were compared with the sum of absorbances of the two cell types in
the separate wells. Medians of parallel samples were used for the comparison. From
6 to 8 parallel samples were used for each combination of cells. For a more detailed
description, see article I.
4.2.6 Differentiation (I, II, III)
Adipogenic differentiation
The adipogenic differentiation assay was performed as described in article I. Briefly,
in the adipogenic differentiation assay, cells were cultured on 24-well plates in
normal medium and in special α-MEM –based (Sigma-Aldrich co.) adipogenic
medium containing 2% fetal bovine serum (Biowest, Nuaillé, France), 1%
penicillin-streptomycin (Sigma-Aldrich co.), 1% glutamine (Sigma-Aldrich co.),
10µg/ml insulin (Actrapid Penfill, Novo Nordisk A/S, Bagsvaerd, Denmark),
0,1mM indomethacin (Sigma-Aldrich co.) and 0.1µM dexamethasone (Sigma54

Aldrich co.) was used. The adipogenic plate was cultured for 5 weeks and then
fixed with 3% PFA. Plates were stained with Sudan III (Sigma-Aldrich co.) after
fixation. The adipogeneity of the stained cells was assessed using light microscopy.
The MSCs used in this study displayed the characteristics of adipogenic
differentiation in the differentiation assays.
Osteogenic differentiation
The osteogenic differentiation assay is described in article I. For a more accurate
description of the osteogenic differentiation assay, see Leskelä et al. (2003). In
short, calcium and alkaline phosphatase (ALP) assays were used for assessing
osteogenic differentiation of MSCs, CAFs and NFs. These assays were performed
by culturing cells on 24-well plates using a special OS-medium consisting of αMEM based normal medium as earlier described and with the addition of 100nM
dexamethasone, 0.01M β-glycerol phosphate (Sigma-Aldrich co.), 0.05mg/ml
ascorbic acid (Sigma-Aldrich co.). The cells were cultured for 5 weeks in the
calcium assay. In the alkaline phosphatase assay, MSCs were seeded on a 24-well
plate at a density of 5000 cells/cm², and cultured for three weeks in normal medium
and OS-medium for defining the activity of ALP. The amount of calcium and the
ALP activity were measured with a spectrophotometer. ALP activity was related to
protein concentration. The MSCs used in this study showed characteristics of
osteogenic differentiation in the differentiation assays.
4.2.7 Light microscopy (I)
The morphology of the cells in co-cultures and when cultured alone was assessed
using light microscopy at 4x, 10x, 20x and 40x magnification after staining the
cells with hematoxylin.
4.2.8 Transmission electron microscopy (I, II)
The MSCs, breast cancer cells and fibroblasts were also imaged with transmission
electron microscopy (TEM), both in co-culture and alone. The TEM protocol and
equipment is described in detail in article I.
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4.2.9 Α-SMA immunofluorescence staining (II)
In order to assess the expression of α-SMA in cultured NFs and CAFs,
immunofluorescence microscopy was used. A total of 5000 cells were seeded on
glass in 24-well plates and after 72 hours, the cells were fixed and stained with anti
α –SMA antibody. For a detailed description of the procedure, see article II.
4.2.10

Gel contraction assay (II)

In the gel contraction assay, cells were suspended in a rat tail collagen gel consisting
of mainly collagen type I on a 24-well plate. The gels were transferred to a 6-well
plate, 1-3 gels per well, with 2-5 parallel wells. Serum free medium was used in
both the gels and on the 6-well plate. The cell concentration of the gels was 300 000
cells/ml. The 6-well plates were photographed and the area of the gels was
measured using MCID™ Core version 7.0 (InterFocus Imaging LTD, Linton, UK).
After the first measuring, TGF-β1 (Sigma-Aldrich co.) was added at a
concentration of 2ng/ml to half of the wells, with the other half serving as control
wells. The wells were photographed again after 1, 2, 3 and 4 days of TGF- β1
administration.
4.2.11

Microarray (II, III)

The microarray data was performed with Affymetrix GeneChip Arrays and the data
was normalized with Robust Multichip Average (RMA) for Affymetrix. The
hgu133plus2hsentrezg(hgu133plus2) custom chip type was used as the chip type.
Quality control was performed using RLE and NUSE and also Illumina was applied
to examine the distribution of the data. Chipster software (Kallio et al. 2011) was
used for analyzing the microarray data. The mRNA-expression of carcinomaassociated fibroblasts from six patients with breast cancer was compared to the
mRNA expression of normal fibroblasts from the same patients. The two groups
were tested for differences in the expression of individual genes and representation
of pathways. The statistical and pathway analysis methods are described in section
4.4.

56

4.2.12

Hypoxia assay (II)

The method for assessing the cells’ hypoxia responsiveness is described in detail in
article II. Briefly, for testing the cells’ response to hypoxic conditions normal
fibroblasts and carcinoma associated fibroblasts from the same donor were cultured
in both hypoxia and normoxia. After the cell culture, qPCR was performed for
measuring the amount of mRNA of genes CA9, PFKL, LDHA, GLUT-1, PDK1,
PDK4, HIF-1a, HIF-2a and LOX. These genes were chosen since they are
connected to hypoxia and energy metabolism and their relevance had been shown
previously in similar experiments (Palomäki et al. 2013). The resulting fold
changes were calculated so that the average of 2^(-∆Ct)-values in hypoxia was
compared with the average of normoxia values separately for CAFs and NFs. The
fold changes in the expression ratios of CAFs and NFs were derived by comparing
the 2^(-∆Ct)-values of CAFs and NFs from the same donor in normoxia and
hypoxia and calculating an average of all the donors.
4.3

In vivo –experiments

4.3.1 Murine model (III)
In this study, we injected NM-2C5 cancer cells together with MSCs, CAFs or NFs
subcutaneously in the mammary fat pads of immune-deficient female mice
Hsd:AthymicNude-Foxn1nu (Harlan Laboratories B.V., Venray, The Netherlands).
Mice with NM-2C5, MSCs, CAFs and NFs only served as controls. A caliper and
scales were used in order to measure the growth of the tumors and the weight of
the animals. The animal experiments were performed in the University of Oulu
Experimental animal centre and the animals were cared for according to good
laboratory practice. An ad libitum feeding method was used. After sacrifice, the
animals, the tumors were removed and fixed in formalin for later use. For animals
with no visible tumor at the time of sacrifice, the site of injection was taken as a
sample.
In the first in vivo –experiment NM-2C5 cancer cells (0.5 million cells) were
injected in suspension with MCSs (1.5 million cells). Mice with only NM-2C5 or
MSCs served as controls. The growth of the tumors was assessed at 7, 12, 19, 26,
33, 40, 47, 54 and 61 days after the inoculation.
The second in vivo –experiment was similar as the first. The measurements
however, took place at days 1, 4, 5, 6, 7, 12, 14, 18, 26, 33, 40, 47, 54, 61, 68, 75,
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82, 89, 96, 103, 110 and 117 after the inoculation. The results after day 75 were not
included in the analysis, since several mice had to be sacrificed on day 75 since
they had reached the pre-set ethically acceptable end point (tumor diameter 10mm).
In the third in vivo –experiment, NM-2C5 cells (0.5 million cells) were injected
in suspension with 1 million stromal cells, either MSCs, NFs or CAFs. Tumors with
NM-2C5, MSCs, NFs or CAFs alone served as controls. The growth was assessed
5, 8, 16, 21, 27, 36, 42, 50 and 56 days after the injection of the cells. The results
from the last measurement were not used in the analyses, because several animals
were sacrificed at the previous time point since they were at the ethically
predetermined end point (i.e. large tumor).
4.3.2 In vivo fluorescence imaging (III)
IVIS Spectrum (BD biosciences, Caliper, PerkinElmer, Waltham, MA, USA)
bioluminescence/fluorescence equipment was used for imaging the mice twice, on
day 8 and day 50, in the third in vivo –experiment. The fluorescence imaging is
illustrated in article III, Fig 1.
The animals were anesthesized with isoflurane prior to the live imaging and
the anesthesia was maintained through nozzles during the imaging. Fluorescence
was detected at wavelengths 580nm (535nm excitation) for DiI stain and 520nm
(465nm excitation) for GFP label. The analyses were performed using average
radiant efficiency ((p/s/cm2/sr)/(μW/cm2). The livers and lungs were taken as
samples after having sacrificed the animals and imaged with IVIS Spectrum.
Furthermore, they were fixed in formalin for later use.
4.3.3 Confocal microscopy (III)
In the second in vivo –experiment, two dissected tumors from a mouse that
developed visible tumors in the following days after the inoculation with both BCC
and MSC were frozen sectioned for confocal microscopy. To-pro-3 (Invitrogen,
Waltham, MA, USA) was used for staining the nuclei of the cells. Imaging of the
specimens was performed with Zeiss LSM 5 (Carl Zeiss Microscoy GmbH,
Göttingen, Germany) confocal microscope.
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4.3.4 Histological and immunohistochemical analysis (III)
Dako staining device (Dako, Agilent Technologies, Santa Clara, CA, USA) was
used for hematoxylin-eosinophil (HE) staining of the sections of formalin-fixed
paraffin-embedded tissue samples that were first deparaffinized. The incubation
times for Cole hematoxylin treatment and eosinophil treatment were 6 min and 7
min, respectively.
The samples were investigated and graded by two investigators (PK and IP) in
consensus using a microscope with 10x, 20x and 40x magnification.
Periodic acid-Schiff (PAS) was performed according to the routine laboratory
protocol with 0.5% periodic acid incubation for 15 min, Schiff’s reagent for 15 min
and hematoxylin for 6 min.
Diastase digestion and collagen IV staining were performed using AntiPolyvalent ready to use UltraVision Large Volume Detection System (Thermo
Fisher Scientific Inc., Waltham, MA, USA). The primary antibody was Collagen
IV monoclonal mouse anti-human (Dako, Agilent Technologies, Santa Clara, CA,
USA) and it was incubated for 60 minutes. Large Volume Biotinylated Goat AntiPolyvalent antibody was used with 20 minutes of incubation.
Verhoeff staining was performed according to routine protocol with a solution
containing 1g hematoxylin, 22ml abs. alcohol, 10% iron chloride (in H2O), and
iodine solution (2g iodine, and 4g potassium iodine in H2O). Additionally, 2% iron
chloride, 5% sodium thiosulphate (in H2O) and van Gieson stain (1% acid fuchsin
in H2O, saturated picric acid solution in H2O) were used.
The semi-quantitative classification was used for the conventional stainings for
connective tissue (PAS and Verhoeff). The stainings were classified as 0 = no or
very weak positivity, 1 = weak positivity in the tumor stroma, 2 = moderate
positivity in tumor stroma, 3 = marked positivity in tumor stroma. In the reticle
stain interpretation, criteria modified from the myelofibrosis assessment were used;
0 = no positive fibers, 1 = loose network of thin reticular fibers, 2 = some bundled
fibers, 3 = thick and dense fiber bundles. Collagen IV staining was interpreted as
positive/negative in the PAS-positive areas.
Gomori Reticulin staining was performed according to Manual of histologic
and special staining technics (Armed Forces Institute of Pathology, New York,
Blakiston Division, 1960, USA).
Ki67 was stained using Dako envision kit (Dako, Agilent Technologies, Santa
Clara, CA, USA) and Leica Bond (Leica Biosystems Nussloch GmbH, Germany).
Dako blocking solution was incubated for 15 minutes, Ki67 (Immuno diagnostic
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Oy, Hämeenlinna, Finland) primary stain was incubated for 30 minutes. Envisionpolymer was incubated for 30 minutes. The specimens were semi-quantitatively
graded as percentage of Ki67 positive cells.
Goat-on-Rodent HRP-Polymer Kit (Biocare Medical, Concord, CA, USA) was
used according to the manufacturer’s instructions for CD31 staining. The primary
antibody was diluted 1/300 and the incubation time was 60 minutes. Goat probe
and goat polymer HRP were incubated for 15 minutes. CD31 staining was semiquantitatively graded as +/- = weak, + = present, ++ = abundant.
A monoclonal mouse anti-human antibody clone SN6h (Dako, Agilent
Technologies, Santa Clara, CA, USA) and EnVision systems kit with
peroxidase/DAB (Dako, Agilent Technologies, Santa Clara, CA, USA) were used
for detecting CD105 in the samples. Anti-CD105 was diluted 1/50 and incubated
for 60 minutes at room temperature and Envision-polymer was incubated for 30min.
Endothelial cells and tumor cells were separately assessed for expression of CD105.
In tumor cells, the grading for CD105 was - = none, (+) = single group of cells, +
= present. In endothelial cells the semi-quantitative grading was - = none, +/- =
weak, + = present.
Novocastra NCL-CD54-307 antibody (Leica Biosystems Nussloch GmbH,
Germany) and EnVision systems kit with peroxidase/DAB (Dako, Agilent
Technologies, Santa Clara, CA, USA) were used for CD54 staining. Anti-CD54
diluted 1/50 was incubated for 60 minutes at room temperature. Envision-polymer
was incubated for 30 minutes. Inflammatory cell looking single cells and tumor
cells were studied separately for CD54 expression. The staining was graded as - =
none, + = single inflammatory cell looking cells in the border, not in the tumor, (+)t
= slight cytoplasmic expression in tumor cells.
4.4

Statistics

All of the statistical analysis was performed using IBM SPSS Statistics –software
(IBM Corporation, Armonk, New York, USA). The diagrams were made with IBM
SPSS Statistics versions 18, 19 and 20 and Microsoft Excel (Microsoft Corporation,
Redmond, Washington, USA). In the co-cultures, the result per single MSC-breast
cancer line pair was the mean value of four parallel samples. This mean value was
then compared to the mean value of the two parallel control samples. MannWhitney U –test and ANOVA were used for the statistical analysis. P-value of
p<0.05 was considered statistically significant.
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For statistics, IBM SPSS version 20 was used. We used Mann-Whitney U-test
for the surface marker analysis. P-value of <0.05 was considered statistically
significant. The microarray data was analysed statistically with Chipster software
(Kallio et al. 2011). The Rank Product test was used for statistical analysis of
individual genes in the microarray with a threshold level of p<0.001 since the data
was not normally distributed (Breitling et al. 2004). The fold change outside 1.0 on
a logarithmic scale was further used to detect relevant changes in mRNA expression
alongside Rank product method. For pathway analysis, hypergeometric test for
ConsensusPathDB was used alongside with hypergeometric tests for GO and
KEGG. In the pathway analysis, a p-value of lower than p=0.05 or p=0.01 was
considered statistically significant when using ConsensusPathDB and lower than
p=0.01 in hypergeometric tests for GO and KEGG.
4.5

Ethical considerations

The use of human MSCs, NFs and CAFs in this research was approved by the
ethical committee of Northern Osthrobothnia Hospital District (ETTMK 4/2000,
180/2001, ETTMK 53/2009, ETTMK 7/2001). The National Animal Experiment
board approved the use of NUDE mice in this study (ESLH-2009-07278/Ym-23,
ESAVI/6136/04.10.03/2011).
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5

Results

5.1

Effects of co-cultures (I)

Article I is devoted to answering research question number 1; do human
mesenchymal stromal cells, normal human breast fibroblasts and human breast
carcinoma-associated fibroblasts increase the proliferation and invasiveness of
human breast cancer cells MDA-MB-231 and cancer cells NM-2C5 and M-4A4,
and do the breast cancer cells affect the proliferation of the three stromal cell types
in vitro? If so, is this due to direct cell-cell contact or soluble factors?
5.1.1 Proliferation
Proliferation of BCCs with MSCs
Mesenchymal stromal cells were co-cultured in a monolayer model with three
cancer cell lines for three days, after which time the proportions of the cells were
calculated. We discovered that cancer cell proliferation was increased due to the
presence of human mesenchymal stromal cells in a MSC cell line-dependent
manner (I, Fig. 2A).
The proliferation of cancer cell lines MDA-MB-231 and NM-2C5 was
statistically significantly increased by fold changes of 1.24 (Interquartile Range
0.56, p=0.011, Mann-Whitney U-test) and 1.23 (IR 0.37, p=0.011, Mann-Whitney),
respectively. The third cancer cell line, M-4A4, showed no statistically significant
change in proliferation (Median 1.07, IR 0.51).
Cancer cell proliferation was more clearly increased in the presence of MSCs
from female donors (1.3-fold, IR 0.44, p=0.006, Mann-Whitney), whereas a 1.1fold change in cancer cell proliferation was caused by MSCs from male donors (IR
0.20, p=0.026, Mann-Whitney) (I, Fig. 2B). However, the difference between the
two sexes was not statistically significant. Interestingly, MSCs from women of
post- or perimenopausal age (ages 48 to 58) caused the most drastic effects in
cancer cell proliferation (I, Fig. 2C), but due to the small number of cases, no
further speculation on the significance of this finding can be made.
Moreover, we observed that the breast cancer cell proliferation reverted back
to its basal level after the end of the exposure of cancer cells to MSCs (Data not
shown).
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There was great donor dependent variability in the capability of MSCs to affect
the proliferation of BCCs in vitro. The properties of the MSC lines were not,
however, assessed apart from their surface marker expressions. Therefore, the
properties that make a specific MSC line to stimulate BCC growth in vitro, remain
unclear.
Proliferation of MSCs
In study I, the direct co-culture with MDA-MB-231 led to increased MSC
proliferation (1.24-fold, IR 0.43, p<0.001, Mann-Whitney) (I, Fig. 3A). The
proliferation of mesenchymal stem cells co-cultured with NM-2C5 and M-4A4
remained unchanged. This finding is interesting, since MDA-MB-231 is the most
aggressive line of the three cancer cell lines that were used in this study. A
statistically significant increase in fold change of 1.21 (IR 0.26, p=0.026, MannWhitney) was observed in the proliferation of MSCs from male donors. However,
MSCs from female donors showed no statistically significant change in cell
proliferation in co-culture with cancer cells (I, Fig. 3B). The apparent difference
between the cells from two sexes was not statistically significant. The highest single
value in fold change (1.5 fold) of MSC proliferation was seen in the group of
women over 50 years of age (I, Fig. 3C). The variability in the MSC proliferation
changes evoked by the three BCC lines was more subtle than the differences in
BCC proliferation.
Proliferation of fibroblasts
Normal fibroblasts, carcinoma-associated fibroblasts and cancer cells were also
studied using a similar co-culture setting as the MSCs and breast cancer cells. The
proliferation of CAFs and normal fibroblasts, was significantly increased in coculture with NM-2C5 and MDA-MB-231 (I, Fig. 4A and B). Like MSCs, the
fibroblasts seemed to proliferate more according to the aggressiveness of the cocultured BCCs; there was less change in proliferation with the least aggressive NM2C5 and the greatest change occurred when the fibroblasts were co-cultured with
the most aggressive of the three cancer cell lines, MDA-MB-231. The median fold
changes in the proliferation of normal fibroblasts were 1.14, 1.39 and 1.65 when
they were co-cultured with NM-2C5, M-4A4 and MDA-MB-231, respectively (I,
Fig. 4A). The median fold changes in CAF proliferation were 1.12, 1.21 and 1.45
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when co-cultured with NM-2C5, M-4A4 and MDA-MB-231, respectively (I, Fig.
4B).
Proliferation of BCCs with fibroblasts
In addition, we examined the effects of carcinoma-associated fibroblasts and
normal fibroblasts on the growth of the cancer cell lines. The proliferation of cancer
cells did not increase in the presence of CAFs or NFs in vitro, apart from the
enhanced proliferation of NM-2C5 in the presence of CAFs (p=0.037, ANOVA) (I,
Fig. 4C and D). In co-culture with CAFs, the fold change in cancer cell proliferation
seemingly varied according to the aggressiveness of BCCs (I, Fig. 4D). NM-2C5
seemed to proliferate the most and MDA-MB-231 the least when co-cultured with
CAFs (I, Fig. 4D). Interestingly, MDA-MB-231 seemed to respond to co-culturing
with NFs and CAFs reversely when compared to co-culturing with MSCs; the
fibroblasts attenuated the proliferation of MDA-MB-231 (I, Fig. 4C and D).
Proliferation in direct co-culture
According to the above-mentioned results, direct co-culture with BCCs evoked a
somewhat similar proliferation response in all assessed stromal cell types, MSCs,
NFs and CAFs; the stromal cell types proliferated less when co-cultured with NM2C5 and more when co-cultured with MDA-MB-231.
With respect to changes in BCC proliferation, the stromal cells evoked
differing results; the two fibroblast subtypes seemed to have no effect on the
proliferation of MDA-MB-231, whereas MSCs increased the proliferation of
MDA-MB-231. More importantly, in vitro, MSCs and CAFs increased the
proliferation of NM-2C5, whereas NFs had no effect on the proliferation of NM2C5. Interestingly, when comparing the in vitro results with the in vivo results
presented in this thesis, the effect of MSCs on NM-2C5 seemed to be completely
opposite. In contrast with the in vitro findings, in vivo NFs seemed to be
functionally equivalent to CAFs with respect to their tumor promoting quality.
Proliferation in indirect co-culture
In article I, the indirect co-culture between MSCs and cancer cells resulted in
increased proliferation of breast cancer cells (Data not shown). There was a weak
correlation in proliferation of MDA-MB-231 between indirect and direct co-culture
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(Spearman’s Rho 0,586). This data suggests that the influence of soluble factors
secreted by MSCs is only partly responsible of the increased cancer cell
proliferation. The conclusion that soluble factors partly contribute to the effect was
supported by the findings in the transwell assay.
5.1.2 Morphology
We performed microscopic analysis in order to describe in more detail the direct
interactions between MSCs and BCCs. In the phase contrast microscope, we
identified tunneling nanotube-like projections that had formed between MSCs and
BCCs in vitro (I, Fig. 5A, E and G). Similar structures could be seen when BCCs
were cultured alone (I, Fig. 5B, F and H).
In the electron microscope, one could also perceive cell protrusions or vesicles
between MSCs and cancer cells at sites of close contact (I, Fig. 6C and D).
The correlation between the the amount of these structures and increased cell
proliferation in direct co-cultures was not assessed. Thus, it can only be speculated,
whether or not these structures contribute to the observed changes in proliferation
in the co-cultures.
5.2

Invasion (I)

MSCs and cancer cells were cultured both alone and in co-culture and they were
allowed to invade through a membrane with pores in the invasion assay. MSC lines
from two donors, one from a female donor and the other from a male donor, were
used. With the other MSC line that was collected from a supposedly
postmenopausal female donor and two cancer cell lines NM-2C5 and M-4A4,
distinctly increased fold changes in invasion of 1.77 (p=0.002, Mann-Whitney) and
1.58 (p=0.002, Mann-Whitney) were observed, respectively (I, Fig. 7). MSCs from
the male donor did not affect the invasiveness. Interestingly, co-culture did not
increase the invasion of MSCs and MDA-MB-231 -BCCs in vitro. These findings
suggest that there might have occurred some kind of interaction between MSCs
from the female donor and the less aggressive two BCCs, that differs from the
interaction between MSCs from the male donor and BCCs.
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5.3

Characterization of stromal cell lines (II)

Article number II addresses the second research question; do mesenchymal stromal
cells and the fibroblast subtypes possess structural and functional differences that
could explain the findings in in vitro studies?
5.3.1 Structural characterization
In order to characterize the surface structure profiles of the MSCs and the two
fibroblast subtypes used in this study, we examined the expressions of some cell
surface markers with flow cytometry. Overall, the surface marker expression was
practically the same in NFs and CAFs. However, we found statistically significant
differences in the expressions of the cell surface proteins CD105 (p=0.02) and
CD54 (p=0.042), between CAFs and MSCs (II, Fig. 2A and B). The expressions of
CD105 and CD54 in NFs resembled those of CAFs, but perhaps due to the low
number of cases, the difference between NFs and MSCs was not statistically
significant.
In this study, there were no differences between CAFs and NFs in the
expression of α-SMA. Both NFs (II, Fig. 3A) and CAFs (II, Fig. 3B) showed weak
immunofluorescent staining for α-SMA (II, Table 7).
Furthermore, fibroblastic features as described by Karvonen et al. (2012) were
examined in TEM. When assessed in TEM, both CAF and NF specimens contained
fibroblastic cells and cells with myofibroblastic features (II, Table 8). The
myofibroblastic features that were examined in both NFs and CAFs are illustrated
in article II, Fig. 4.
As a summary of the above-mentioned results, it can be stated that NFs and
CAFs that were used in this study resembled each other closely with respect to the
structures that were assessed. Cells with myofibroblastic features were present in
both fibroblast subtypes.
5.3.2 Gene expression characterization
To examine the potential differences in the mRNA expression of the two fibroblast
subtypes, NFs and CAFs, a comparative gene expression microarray experiment
was performed. The analysis revealed several over-represented pathways. Rank
product method was used to detect biologically relevant mRNA expression changes,
that are summarized in article II, Table 2. The p-value threshold level was set at
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p<0.001 in the rank product test. Furthermore, genes with a fold change of over 2.0
or under -2.0 on a linear scale were listed. These two sets of genes are visualized
in heatmaps in article II, Fig. 1A and B. Finally, a gene list was generated using the
genes that were present in both of these aforementioned lists. This particular set of
genes is visualized in article II, Fig. 1C. Pathway analyses were performed using
these three lists of genes with the Hypergeometric test for GO, KEGG and
Consensus Pathway Database.
Rank product test
The pathway analyses based on the significant genes according to the Rank product
test, showed over-representation in pathways related to the extracellular region,
developmental and immunological processes (II, Supplementary tables 2A, 2C, 2D.
The decreased expression of IL33 in CAFs resulted in significant overrepresentation of immunological pathways when compared to NFs. The overrepresentation of the developemental Wnt pathways was due to genes SFRP4,
RSPO3 and DKK2, of which SFRP4 and RSPO3 were down-regulated.
Several pathways were under-represented (II, Supplementary table 2B).
However, the differences were relatively small, when taking into account the total
amount of genes belonging to the pathway. Nevertheless, among these pathways
were metabolic pathways and intracellular pathways.
Fold change
The pathway analyses based on the genes with a fold change of over 2.0 or under 2.0 on a linear scale, showed over-representation in pathways related to the
extracellular space and immunological processes (II, Supplementary table 3A).
Additionally, ABC-transporter-related pathways and pathways containing the
genes MMP1 and MMP3 were over-represented (II, Supplementary tables 3C and
3D).
Metabolic pathways and intracellular pathways were under-represented when
the fold change list was used (II, Supplementary table 3B). This result was in
concordance with the results that were obtained using the Rank product test list.
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Rank product test and fold change
A list of the genes that were present in both the Fold change list and the Rank
product test list was generated (II, Table 4). Pathways related to immunological
processes were over-represented in CAFs when compared to NFs (II, Table 5A).
The down-regulated IL33 was the gene responsible for this. Additionally,
developmental pathways were over-represented due to down-regulation of SFRP4
in CAFs. As expected, pathways related to the extracellular space were overrepresented like in the previous analyses (II, Table 5D).
In the hypergeometric test for GO, when using the combined gene list, only
two pathways were significantly under-represented, the pathways ” cellular
metabolic process” and ”intracellular organelle part”(II, Table 5B). This finding is
in line with the analyses based on the first two gene lists. As in the previous
analyses, two pathways, “Primary bile acid biosynthesis” and “ABC transporters”,
were statistically significantly over-represented (II, Table 5C).
The pathway analyses based on the three above-mentioned lists resembled each
other very closely. Despite the similarities between NFs and CAFs in our structural
analyses, at the gene expression level NFs and CAFs seemed to differ from each
other with respect to immunological, developmental and extracellular matrix
related pathways.
5.3.3 Functional characterization
Differentiation
In study II, NFs and CAFs were similar in their differentiation capacity towards the
adipogenic lineage (II, Table 9). Some differences were, however, observed in their
capacity towards osteogenic differentiation. The NFs and CAFs resembled each
other with respect to their ALP activity when they were exposed to osteogenic
medium in the osteogenic assay. However, NFs from 3 out of 4 donors showed
increased Ca-concentrations in the osteogenic medium group, whereas CAFs from
only one donor of four showed increased calcium concentrations in the osteogenic
medium group.
These findings suggest that the two fibroblast subtypes may differ in their
differentiation potential. However, duo to the low number of cases, further
verification with more cell lines is needed.
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Gel contraction
There were no clear differences in the contractility between NFs and CAFs in gel
contraction assay (II, Fig. 5A and B). This result is in line with our findings in TEM
analysis of myofibroblast features and α-SMA stainings, where cells with
myofibroblast features were present in both NF and CAF samples.
Hypoxia assay
In hypoxia, CAFs expressed less PDK1 (expression ratio 0.6) and PDK4
(expression ratio 0.4) than NFs (II, Table 6A). However, the expression of GLUT1 in CAFs resembled that of NFs in hypoxia. In normoxia, GLUT-1 and PDK1 were
expressed differently when CAFs and NFs were compared with the respective
expression ratios being 1.5 and 1.3. This might be evidence of increased glycolysis
in normoxia in CAFs when compared to NFs. Additionally, the expression ratio of
PDK4 was practically the same in normoxia as in hypoxia, with the epression ratio
of 0.4. Contrary to our expectations, none of the genes mentioned here appeared in
the microarray analysis. This is perhaps due to the fact that the fold changes were
more modest than considered statistically significant in the microarray analysis.
The hypoxia responses were almost uniformly codirectional between CAFs
and NFs when compared to their gene expression in normoxia. The genes HIF-1a
and HIF-2a were downregulated in both cell types and the genes CA9, PFKL,
LDHA, GLUT-1, PDK1 and LOX were up-regulated by 1.5 to 170 –fold. PDK4
was the only gene that was expressed differently, when comparing the hypoxia
responses of CAFs and NFs (II, Table 6B). PDK4 was upregulated in CAFs,
whereas in NFs it was downregulated.
One could speculate that the subtle differences between CAFs and NFs in the
expressions of energy metabolism related genes seems logical, since CAFs and NFs
were extracted from two distinctly different sites, from the supposedly hypoxic
tumor tissue and the disease free margin.
5.4

In vivo effects (III)

Article III answers research question number three; do mesenchymal stem cells,
normal fibroblasts and carcinoma-associated fibroblasts increase NM-2C5 cancer
growth in vivo, and are there histological differences between the tumors with
different compositions?
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5.4.1 NM-2C5 with mesenchymal stromal cells
In study III, the mesenchymal stromal cells inhibited the growth of NM-2C5 tumor
in vivo in two separate experiments. Article III, Figures 2A and B illustrate the
growth of the tumors in the first and the second in vivo experiments with the murine
model.
In both experiments, the growth restricting effect of MSCs was apparent and
also statistically significant from day 26 to day 61 (III, Tables 1 and 2). In the first
experiment, MSCs stopped tumor growth almost completely 20 days after the
inoculation. In the first mouse experiment, seven days after the injection, at the time
of the first measurement, there was no statistically significant difference between
NM-2C5 injected alone and NM-2C5 co-injected with MSCs. In the second
experiment however, the tumors were significantly different in size also on day 4.
The mice that were injected with only NM-2C5 developed tumors that grew at
a constant rate, beginning with a tumor that was barely visible (III, Supplementary
Figures 1A and 2A). The mice that were inoculated with MSCs alone did not
develop any kind of tumor during our surveillance time (data not shown).
Unexpectedly, co-injected BCC and MSC resulted in quickly forming, distinct
tumors that appeared and disappeared during the first two weeks. To further analyze
these tumors, in the second experiment, two animals with these quickly forming
tumors were sacrificed on day 5. Histological sectioning and confocal microscopy
revealed, that these tumors consisted entirely of MSCs and cells of murine origin
and surprisingly there were no signs of any BCCs (Fig. 4).
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Fig. 4. Confocal image of a sectioned NM-2C5 + MSC –tumor. Nuclei are shown in blue,
MSCs in red and NM-2C5 breast cancer cells in green.

It is notable, that in the second mouse experiment there was extensive variability
in the size of the tumors in the group of mice injected with BCC+MSC, with the
diameter ranging from 0 to 9 millimeters at 75 days.
5.4.2 NM-2C5 with fibroblasts and carcinoma-associated fibroblasts
In the third in vivo –experiment, CAFs and NFs increased the growth of NM-2C5
tumor in vivo. The results are illustrated in article III, Fig. 2C and article III,
Supplementary Fig. 3. The tumors consisting of only NM-2C5 rapidly started to
grow and proceeded with a steady growth throughout the experiment. CAFs and
NFs and co-injected NM-2C5 developed tumors that were very reminiscent of each
other with significantly larger tumor size up to day 8 when compared to NM-2C5
only containing tumors (III, Table 3). The co-injected BCC+MSC formed tumors
from the beginning. When injected alone, CAFs formed a clearly visible tumor
during the first five days, but the tumor dissolved later on and did not start to grow
again. NFs and MSCs, however, did not form any kind of tumor during the
surveillance time in the third experiment.
Contrary to the first two mouse experiments, in this third experiment the MSCs’
growth-restricting effect lasted for only 15 days: after this time, the tumors started
to grow swiftly. These tumors exhibited the fastest growth speed. The number of
tumors in this group was, however, limited (III, Table 3).
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5.4.3 Tumor composition
The live fluorescent imaging of the formed tumors revealed that 8 days after the
injection of BCCs and stromal cells, the tumors consisted mainly of stromal cells.
Mice that were injected with either any of the three stromal cell types alone or in
co-injection with NM-2C5 displayed similar fluorescent emissions shortly after
injection when assessed with IVIS-Spectrum bioluminescence equipment (III, Fig.
3A). The main form of emission at this point was at the wavelength of the red DiI
label, which was used for labeling MSCs, NFs and CAFs. Only a few tumors
showed significant emission of the green (GFP) stain expressed by NM-2C5.
The intensity of the green (GFP) stain increased during the experiment such
that at 50 days, the BCC-only tumors and BCC+stromal (CAFs, NFs, MSCs)
emitted mainly at the wavelength of GFP (III, Fig. 3B). This suggests that the NM2C5 population had contributed significantly to the growth of the mixed tumors.
The red stain remained detectable throughout the experiment (III, Fig. 3B: 18R). It
is highly likely however that the red stain had dissolved to some extent at 50 days
and the proportion of the stromal cells at 50 days is not entirely accurate. The
average compositions of mixed tumors acquired by counting the average ARE
(average radiant efficiency) of parallel samples is illustrated in article III, Fig. 3C.
We measured the in vitro fluorescence of DiI stained MSCs using flow
cytometry at four time points from days 0 to 50 in order to investigate the degree
of dissolution of the red DiI stain that would occur during the experiments (III,
Table 4). Immediately after the staining, the percentage of DiI-positive MSCs was
87%, but with time, the percentage declined considerably, and at 50 days of
culturing, the red stain could be detected in only 16% of the cells.
It is possible, that the stromal cells might have gone through some cell divisions,
which would lead to the decreased red fluorescent emission observed in this study.
A similar finding could have occurred if the stromal cells had migrated away from
the tumor site. This is possible but perhaps not likely, given the MSCs tropism for
tumors. The in vivo proliferation of stromal cells was not examined in this study
and therefore no conclusions can be made concerning the decrease of the red stain’s
intensity in vivo.
Metastases
The dissected lungs and livers, imaged with IVIS-spectrum, did not emit any more
fluorescence than measured in the background autofluorescence (data not shown),
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which suggests that there had been no metastasis to these organs. Furthermore, the
histological analysis of the dissected organs revealed no signs of metastasis (data
not shown).
5.4.4 Histological characterization
The tumors were sectioned and stained for histological characterization.
When analysed with Chi-Squared test, there were differences in the tumors in
the presence of invasion, necrosis and amount of connective tissue, collagen fibers
and reticular fibers (III, Tables 5 and 6). Mixed tumors containing BCC+NF or
BCC+CAF exhibited more invasive growth (p=0.046) than BCC only tumors (III,
Table 5). Furthermore, the BCC+NF and BCC+CAF tumors displayed significantly
more tumor necrosis (p=0.023), when compared to control tumors as separate
groups (III, Table 6). Mixed tumors displayed more pronounced connective tissue
component (p<0.001), collagen fibers (p=0.001) and reticular fibers (p<0.001)
when compared to BCC only tumors. High grade (3 out of 0-3) PAS was observed
only in mixed tumors with BCC+MSC (p=0.034).
The abovementioned data indicate that the stromal cell types increased the
amount of connective tissue in the tumors. More surprisingly, the fibroblast lines
seemed to increase the invasiveness and the amount of necrosis in the tumors. This
finding is in line with the more aggressive growth patterns of the fibroblast
containing tumors, that was observed in the third in vivo experiment (III, Fig. 2C).
The HE, Verhoeff, PAS digestion, Collagen IV, and Reticular fiber stainings of
a BCC only tumor, and a mixed BCC+CAF tumor are illustrated in III, Fig. 4. In
article III, Fig. 4F and H illustrate PAS-positive material that did not dissolve in the
diastase digestion and stained positive for the basement membrane component
collagen IV in BCC+CAF tumors. III, Fig. 4E and G display a control tumor
containing less of this material. A mixed tumor exhibiting a higher amount of
collagen fibers in Verhoeff staining is illustrated in III, Fig. 4D alongside with a
control tumor displaying less of this material. A mixed tumor displaying a higher
amount of reticular fibers is illustrated in III, Fig. 4J and a control tumor with a
lower amount is illustrated in III, Fig. 4J).
Furthermore, there were significant differences in the expression of the
markers CD105 and CD54, the same markers that were found significant in the in
vitro experiments. The tumor stainings for CD31, CD54, CD105 and Ki-67 are
illustrated in III, Fig. 5. Semi-quantitative grading and statistical analysis of the
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stainings were performed. The stainings of the mixed tumors were compared to the
stainings of BCC only tumors (III, Table 7).
BCC+Fibroblast and especially BCC+NF tumors expressed more CD31 and
vague cytoplasmic CD54 than BCC-only tumors (p=0.021 and p=0.017) (CD31
staining shown in III, Fig. 5A and CD54 in III, Fig. 5B, C and D).
BCC+MSC tumors displayed more CD105-positive cell groups (shown in III,
Fig. 5F) than BCC+Fibroblast tumors (p=0.050) (III, Table 8). Moreover, the
BCC+Fibroblast tumors expressed more frequently vague cytoplasmic CD54
(shown in III, Fig. 5C and D) than BCC+MSC tumors (p=0.034). These in vivo
expressions of CD105 and CD54 are perfectly in line with the in vitro findings
presented in article II (Fig. 2A and B).
The histological parameters (CD31, CD105, CD54 and Ki-67) were further
tested for differences in the timing of sacrifice (III, Table 9). For tumors that did
not express CD31, an endothelial cell marker, the median day of sacrifice occurred
clearly later than for CD31-positive tumors (p=0.009). Unexpectedly, the tumors in
the early sacrificed mice displayed lower positivity for Ki-67, a cell proliferation
marker (p=0.049).
The differently graded tumors for markers CD31, CD54, CD105 and Ki-67
were tested for differences in the size of the tumors. Our findings suggest, that the
sizes of the fibroblast containing tumors correlated with the expression of CD105,
and correspondingly the sizes of the MSC containing tumors correlated with the
proliferation rate (Ki-67) of the cells (p=0.018, Spearman’s Rho 0.691). These
findings may reflect the different mechanisms through which the stromal cell types
influence tumor growth.
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6

Discussion

This study was carried out in order to clarify the interactions between human breast
cancer cells and stromal cells within the tumor microenvironment. More
specifically the main focus of this research was to investigate the effects of the
stromal cells on the proliferation of breast cancer cells in vitro and tumor growth in
vivo. This particular subject has been a topic of intense research during the last
decade and many advances have been made in this field of research (Table 5 and
Table 6). The results concerning the proliferation of breast cancer cells obtained in
this study, complement the previous literature. Similar results as observed in our
study revealing how MSCs were able to enhance BCC proliferation, have been
published e.g. by Fierro et al. (2004), Sasser et al. (2007) and Liu et al. (2011)
using in vitro –models. Contradictory in vitro findings with attenuated BCC
proliferation, have been reported by other groups e.g. Qiao et al. (2008) and Martin
et al. (2010). In the present study, CAFs did not affect the proliferation of MDAMB-231 or M-4A4, which is at odds with the findings of Peng et al. (2013), who
reported increased MDA-MB-231 proliferation following co-culture with CAFs. In
this study, no specific mechanisms were found to be responsible for the effects on
proliferation. However, the findings of this research do suggest that the stromal cell
types undergo intimate cell-to-cell interactions with BCCs and it can be speculated
that this interaction may indeed be responsible for some of the observed effects.
The MSCs secrete a plethora of molecules (Schinköthe et al. 2008) and
extracellular vesicles containing microRNA, proteins and metabolites
(Vallabhaneni et al. 2015). The findings of this research also complement earlier
reports (Ono et al. 2014, Fierro et al. 2004 Orimo et al. 2005, Vallabhaneni et al.
2015, Zhang et al. 2013) by emphasizing the role of MSC-secreted soluble factors
in altering the proliferation rate of BCCs. One recent publication describes a
phenomenon where actual intercellular traffic of intracellular particles has occurred
between MSCs and BCCs (Pietilä et al 2013). In the present experiments, the MSCs
and BCCs formed networks through nano-tube –like projections, which may be a
manifestation of a similar phenomenon. It is therefore theoretically possible that
also genetic material could be transferred between the benign and malignant cells.
This in turn, would enable BCCs to adapt and modify their genetic properties to
promote their survival in ways that have previously been considered as unlikely.
This would also mean that the stromal, benign cells of the tumor microenvironment
would be, in fact, key players in all of the so-called ”Hallmarks of cancer” (Fig. 1).
This possible exchange of genetic material from MSCs to BCCs could also partly
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explain why the cells of the immune system do not always recognize the cancer
cells as being divergent, which allows the BCCs to avoid destruction.
The plastic nature of MSCs and their likely derivatives NFs and CAFs poses a
challenge, since still today there is not one specific marker that can clearly
distinguish between these stromal cell types (Haniffa et al. 2009). This research
further confirmed the concept of homology, or at least the very close resemblance,
between the MSCs, CAFs and NFs (Haniffa et al. 2009). Despite some of the
differences identified in this thesis, the line that separates MSCs from CAFs, as
well as CAFs from NFs and myofibroblasts seems very vague. Additionally, it has
been postulated the in vitro culturing of these cells will most likely trigger
alterations in their phenotype and this could ultimately be reflected in the results
observed here (Mindaye et al. 2015). The kinship between these cell types seems
plausible and it may be speculated that these cell populations are to some extent the
same, with different proportions of active and senescent cells. Furthermore, it is
possible that in fact, the MSCs from the bone marrow include many subpopulations
that are prone to develop different kinds of tissue and that are phenotypically and
functionally different sets of stromal cells (Aicher et al. 2011).
In our study, there was no apparent increase in the in vitro invasive capabilities
of MDA-MB-231, which contrasts with the in vivo findings reported by Karnoub
et al. (2007) and Muehlberg et al. (2009). In previous studies, myofibroblast-like
CAFs and induced normal mammary fibroblasts have promoted the invasion of
breast cancer (Siletz et al. 2013). The in vivo results observed in this research are
in agreement with this finding since we detected more infiltrative growth in the
margin of NF and CAF-containing mixed tumors. The effect of MSCs on tumor
local infiltrative growth were more subtle. In the published literature, it has been
shown that CAFs express high levels of α-SMA messenger RNA, when compared
to normal mammary fibroblasts (Siletz et al 2013). However, in the present work,
the amount of α-SMA was practically the same in the CAF and NF fibroblast
subtypes.
One of the notable findings in the gene expression microarray results in this
study was the clear presence of IL-33 in the pathway analyses differentiating
between the CAF and NF cell types. In previous research, IL-33 has been suggested
to inhibit tumor growth and affect cells of the immune system (Gao et al. 2015).
Furthermore, according to the literature, IL-33 is expressed by necrotic epithelial
cells and activated cells of the innate immunity system, and is considered to
represent a sign of danger (Gao et al. 2015). In the in vivo results of this study,
CAFs evoked a slightly more pronounced increase in tumor growth than NFs.
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Moreover, in the present study, the fibroblast containing mixed tumors more
frequently contained necrosis than BCC only –tumors. In the present study, IL-33
was not, however, investigated immunohistochemically in the sectioned tumor
specimens; this remains an interesting topic for future studies.
Another interesting result emerging from this project was the encapsulation
that occurred in the mixed MSC-BCC tumors during the first week of the in vivo
experiments. It could be speculated that perhaps this kind of process that in our
experiments was followed by inhibited tumor growth, could be partly involved in
tumor cell dormancy. Interestingly, late onset breast cancer relapses have a
tendency to occur in places where also MSCs typically reside, such as bone marrow
(Bussard et al. 2008). It remains unclear whether or not the stromal cells contribute
to this kind of scenario.
The MSC line that was used in the in vivo experiments in this research, was
also used in the in vitro co-cultures. Curiously, the in vivo effect of the
aforementioned MSC line was completely opposite to the effect observed in vitro.
In vitro, the cell line caused a distinct increase in proliferation in all of our cancer
cell lines whereas in vivo, the MSC line inhibited tumor growth. The mechanisms
governing these opposite mechanisms require further investigation. These findings
also emphasize the complexity of the tumor microenvironment and the challenge
of modeling the tumor milieu in vitro. Perhaps the in vitro setup could be improved
by adding into the assay, different cell types from the immune system, one at a
time. It is likely, however, that due to the complexity of the tumor biology, and the
poor predictability of in vitro results when compared to real-life events, in vivo
experiments will still be required in breast cancer studies in the future.
MSCs have been widely studied in the context of tissue regeneration (Klein et
al. 2015, Aicher et al. 2011). Additionally, due to their immunomodulatory
properties, autoimmune diseases have been the focus of MSC research (Cipriani et
al. 2015). Their tropism for cancer tissue would also enable their use as vehicles
for delivering anti-cancer treatment such as virus vectors to the site of the cancer
(Usha et al. 2013, Xia et al. 2011). As presented in this thesis, MSCs are a very
plastic and potent cell population, and their effects are rather difficult to predict.
Therefore, the exact mechanisms through which the MSCs operate in the tumor
microenvironment, should be clarified as thoroughly as possible before using them
in real cancer patients.
One of the major limitations of this study was the use of the label Vybrant DiI,
which due to its integration into membrane structures of the cell, becomes diluted
by every cell division. In previous research, the label has been reported to remain
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for a relatively long time in vivo (Ruhparwar et al. 2005). Unfortunately, the in vitro
sustainability of the stain in the present study was not ideal, considering the long
duration of the in vivo experiments. In addition, we did not investigate whether the
stromal cells proliferate more in vitro or in vivo, which is presumably the key factor
in the sustainability of the DiI label. Nevertheless, the results on the amount of
cancerous component should be reliable, since the GFP stain is integrated in the
genome of the cancer cells and is therefore stably expressed.
Another major limitation in this study was the use of athymic mice that cannot
mount a proper T-cell response. Since both MSCs and fibroblasts are immunoactive
and interact with the immune cells (Di Nicola et al. 2002, Chiesa et al. 2011,
Corcione et al. 2006, Haniffa et al. 2007), it is highly likely that in
immunocompromised mice, the response does not mimick accurately the tumorstroma –interactions encountered in an actual breast cancer.
Finally, the expressions of CD105 and CD54 proved to be different between
MSC and fibroblast –containing mixed tumors. This is interesting since these two
markers were those that were also highlighted as the only significantly differently
expressed surface markers in the in vitro assessment. It is possible that the
differential expression of these markers in the two mixed tumor types is a reflection
of some process that also was visualized in the opposite growth patterns of the
BCC+MSC and BCC+Fibro tumors.
The results presented in this thesis are not, due to the experimental nature of
this work, directly transferrable to clinical use. However, the findings related to the
extracellular matrix, developmental pathways and immunological signaling
together with the findings in the expressions of CD105, CD54, IL33 and other
genes found in the microarray, set up interesting grounds for future research.
Perhaps new prognostic markers and targets for treating breast cancer will emerge
in the future from these areas of interest.
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7

Conclusions

Based on the results presented in this thesis, the following conclusions were made:
1.

2.

3.

MSCs increased the proliferation of BCCs. Carcinoma-associated fibroblasts
increased the proliferation of NM-2C5 breast cancer cells, but not that of the
other two breast cancer lines. Normal fibroblasts did not affect the proliferation
of breast cancer cells. The in vitro invasiveness of human breast cancer cells
NM-2C5 and M-4A4 was increased in the presence of MSCs from a female
donor, but not from a male donor. MSCs did not affect the invasiveness of
MDA-MB-231 breast cancer cells in vitro. MSCs proliferated in vitro more in
the presence of the aggressive BCC line MDA-MB-231, but not in the presence
of the less aggressive breast cancer lines NM-2C5 and M-4A4. The fibroblasts
proliferated more in the presence of all breast cancer lines, but due to the low
number of cases, this result needs to be confirmed. The effects on proliferation
are thought to have been mediated by both soluble factors and direct cell-cell
contact. BCCs and MSCs formed nano tube –like projections through which
they were connected. However, in the ultramicroscopical assessment, the
cytoplasms of the different cell types did not seem to be in direct contact
The NFs and CAFs used in this study were very similar in terms of their
phenotype, with myofibroblast features present in all samples assessed with
TEM, and with both subtypes having practically identical expressions of their
surface marker. CAFs differed from MSCs in their expression of surface
markers CD105 and CD54. NFs and CAFs differed from each other at the gene
expression level in immunological, developmental and extracellular matrix
related pathways. The fibroblast subtypes differed from each other in their
expression of energy metabolism related genes when assessed in normoxia and
hypoxia.
MSCs inhibited the in vivo growth of NM-2C5 breast cancer tumors in athymic
mice. Both CAFs and NFs increased tumor growth. Differences were observed
in the tumors in terms of their invasiveness, necrosis and amount of connective
tissue. In addition, there were differences in the expression levels of two
markers, CD105 and CD54, between the MSC- and fibroblast-containing
mixed tumors.
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