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ABSTRACT 

Breast cancer is the cancer form responsible for the most cancer-related deaths 
among women worldwide, and novel targeted therapies are highly needed. The 
tumor microenvironment consists of several components, including different 
cell types, extracellular matrix, oxygen and nutrient gradients and soluble 
factors that plays a key role in cancer progression.  Cancer cell secretion affects 
tumor characteristics, such as proliferation, migration, invasion and priming of 
the pre-metastatic niche. In this thesis, we have investigated the effect of tumor 
microenvironmental-induced secretion by studying hypoxia and the 
extracellular matrix and the induction of secretion in relation to cancer 
progression and subpopulations of breast cancer cells. We demonstrated that 
hypoxia-induced secretion affects the cancer stem cell subpopulation, but in 
opposing directions depending on estrogen receptor status. Moreover, by 
developing a novel in vivo-like model based on decellularized breast cancer 
tissue we could show induced changes in reintroduced cell lines in gene 
expression and cell secretion, both towards a more dedifferentiated cell state 
compared to monolayer cells. In addition, we demonstrated that one subgroup 
of decellularized breast cancers induced secretion of proteins such as 
interlukin-6, chemokine (C-C motif) ligand 2 and plasminogen activator 
inhibitor 1, all associated with cancer stem cell characteristics and priming of 
the pre-metastatic niche. This subgroup also included tumors of higher grade 
and with shorter patient relapse-free survival, further displaying the 
aggressiveness of these microenvironments. Further, we revealed that the well-
known cancer stem cell inducing cytokine interlukin-6 increased after 
treatment with the hypoxia-induced growth factor progranulin and that 
interlukin-6 increased the cancer stem cell propagation in a sortilin dependent 
way. In conclusion, in this thesis we explored the importance of the tumor 
microenvironment and continued to unravel the complex network of tumor 
microenvironmental-induced secretion and the significance for breast cancer 
progression and patient outcome.  
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SAMMANFATTNING PÅ SVENSKA 
Bröstcancer är den vanligaste cancerformen hos kvinnor i världen och det finns 
ett ständigt stort behov för nya läkemedel och behandlingsstrategier. Det är 
inte bara cancercellerna i sig själva som bidrar till tillväxt av cancer, utan även 
den miljö som cellerna växer i, den så kallade mikromiljön. Den påverkar 
många av cancerns egenskaper så som tillväxt, spridning och motståndskraft 
mot läkemedel. Tumörens mikromiljö består av många olika delar så som olika 
celltyper, proteiner som bygger upp tumörskelettet, tillväxtfaktorer och andra 
signalmolekyler. Signalmolekylerna produceras i cellen, men transporteras 
sedan till utsidan för att signalera till andra celler i närheten, eller andra delar 
av kroppen. De olika signalmolekylerna påverkar cancern genom att bland 
annat reglera tillväxt och genom att via blodet cirkulera till andra organ i 
kroppen för att cancercellerna skall kunna börja växa där. I den här 
avhandlingen har vi studerat utsöndring av proteiner och hur denna kan 
påverkas av olika faktorer i mikromiljön. Vi har bland annat visat att låga halter 
av syre påverkar vissa cancerceller som kallas cancerstamceller. 
Cancerstamceller har föreslagits vara de cancercellerna som är ansvariga för 
och kan initiera spridning av cancern samt påverka hur tumören svarar på olika 
behandlingar. Vi visade här att celler som uttrycker östrogenreceptorn på sin 
yta utsöndrar proteiner som ökar mängden cancerstamceller och celler som 
saknar receptorn utsöndrar proteiner som minskar antalet cancerstamceller. Vi 
har även utvecklat en metod för att kunna studera den unika mikromiljön av 
specifika tumörer från patienter, genom så kallade cellfria tumörskelett som 
består av allt från en tumör förutom celler. När vi tillsatte cancerceller till 
tumörskeletten kunde vi se att de inducerade förändringar i cellernas 
genuttryck samt utsöndring av olika proteiner. Dessa förändringar påverkades 
av karaktärsdrag så som grad av den ursprungliga tumören som användes för 
att genera modellen. Från dessa tumörskelett identifierade vi en grupp av 
patienter vars tumörer fick cellerna att utsöndra höga mängder av proteinerna 
IL-6, CCL2 och PAI. Dessa proteiner är sedan tidigare kända för att påverka 
cancerstamceller och spridningen av cancer. Därefter kunde vi visa att IL-6 
påverkar cancerstamcellerna via en receptor på cellernas yta som heter sortilin. 
Vidare studier krävs, men eventuellt kan receptorn sortilin användas för att 
designa nya läkemedel för att behandla bröstcancer. Sammanfattningsvis, i 
denna avhandling har vi visat att mikromiljön i bröstcancer är mycket viktig 
och avslöjar tidigare dold information om patienter. 
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INTRODUCTION 
BREAST CANCER 

Malignancies were the second most common cause of death in Sweden 
2019 [1] and new treatment options and targeted therapies are highly 
needed. In 2018, breast cancer affected 5% of women under the age of 75 
years and was therefore the most common cancer amongst women 
worldwide [2]. The risk of developing breast cancer increases with age and 
numerous intrinsic factors including sex, race and genetic background also 
affect the risk. Mutations in oncogenes, which are genes that contribute to 
cancer progression when activated, or in suppressor genes, that are genes 
where loss of function contributes to cancer progression, are drivers of 
cancer [3]. Approximately 5-10 % of all breast cancer cases are familial, 
and caused by known inherited genetic factors. The most common 
mutations in breast cancer are mutations in the tumor suppressor breast 
cancer type 1 susceptibility protein 1 and 2 (BRCA1 and BRCA2).  
Mutations in these genes increases the risk of developing breast cancer up 
to 40-80 %. In addition, mutations in several other genes also increases the 
risk of developing breast cancer, such as TP53 and PTEN. Additional 
factors such as body mass index (BMI), environmental factors and 
consumption of hormonal contraceptives also affects the risk as well as 
early menarche and late childbearing [4-6].   

 

Breast cancer subtypes 

Breast cancer is a heterogeneous disease and is divided into subgroups 
based on cell origin, growth pattern and expression of hormone receptors 
and molecular markers. These subgroups have different behaviors and 
demands individual treatment approaches depending on subgroup 
properties.   

Histological subtypes 

The most common breast cancers are carcinomas, which are malignant 
tumors arising from the epithelial cells surrounding both inner and outer 
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surfaces in the body. When carcinomas arise in the breast, they usually 
develop in the milk ducts (ductal carcinomas) or in the lobules (lobular 
carcinoma) and these two forms account for 90-95 % of all breast cancer 
cases. In the breast, 18 different invasive cancer types have been identified 
including medullary carcinoma, mutinous carcinoma and tubular carcinoma 
and the more rare forms account for only 5-10 % of breast cancers [7, 8]. 
Carcinoma in situ (ductal and lobular) are sometimes treated as breast 
cancers and are non-invasive tumors in the duct or lobules of the breast. 
These tumor types can progress to invasive cancers and thereafter act as 
invasive carcinomas [7, 9]. There are other types of cancers arising in the 
breast including sarcomas, which arise in the connective tissues in the 
breast, but these types are extremely rare [10].  

Molecular subtypes 

Breast cancers are also subdivided based on expression of molecular 
markers, were the most common ones are estrogen receptor (ER), 
progesterone receptor (PR) and amplification of human epidermal growth 
factor receptor 2 (HER2) gene. The expression of these markers are usually 
assessed by immunohistochemical stainings, chromogenic in situ 
hybridization or fluorescent in situ hybridization. Expression levels are 
strongly correlated with patient outcome and are therefore guiding 
treatment decisions. PR is the receptor of the hormone progesterone and ER 
is the nuclear receptor for the estrogen hormones (estrone, estradiol, estriol 
and estretrol) [11]. ER exists in two forms, ERα and ERβ. ERα is expressed 
predominantly in sex organs including breast and ovary whereas ERβ is 
also expressed in breast but can additionally be found in the skin, bone and 
brain. ERα is mainly responsible for the estrogen signaling in the breast and 
its expression results in cell growth and differentiation [12, 13]. The HER2 
protein is encoded by the ERBB2 gene and is overexpressed in 20-30 % of 
breast cancers. HER2 overexpression is associated with a more aggressive 
cancer and is correlated to poor survival [14].   

The expression of molecular markers together with evaluation of growth 
pattern by the proliferation marker Ki-67 collectively result in molecular 
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Breast cancer treatments 

The value of subclassification of breast cancer is related to the importance 
of treating every patient with the most appropriate strategy. Treatment 
options includes surgery, radiation, endocrine treatment, treatment 
targeting HER2 and chemotherapy (Figure 2). Surgery is the primary 
treatment for all non-metastatic breast cancers with a complete mastectomy 
or partial mastectomy to remove the tumor. Upon diagnosis, 90% of breast 
cancer cases are non-metastatic, and the aim with disease treatment is then 
to eradicate the tumor and prevent it from relapse and spreading in order to 
cure the patient. For metastatic breast cancers the aim is to prolong life and 
palliate symptoms [19].  

Figure 2. The most commonly used treatments for breast cancer patients. Created with 
Biorender.com 

In ERα+ patients, endocrine therapies are administrated to block the 
estrogen signaling and thereby prevent proliferation and survival of the 
estrogen dependent cells. Endocrine therapies include (1) selective estrogen 
receptor modulators (for example Tamoxifen) that binds to ER and thereby 
hinders downstream signaling; (2) ER downregulators (for example 
Fulvestrant) that reduces the levels of ER in the cells and (3) aromatase 
inhibitors that interfere with estrogen production and thereby reduce 
estrogen/ER signaling [20]. For patients with HER2 amplifications the 
monoclonal antibody Trastuzumab (Herceptin) is used to bind to the 
extracellular part of the HER2 receptor and thereby prevent proliferation 
and cancer cell survival [21, 22]. For triple negative breast cancer 
chemotherapy is the only available treatment option, since the tumor is 
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lacking known targetable receptors. However, chemotherapy in triple 
negative breast cancer have been suggested to be more effective than in 
ERα+ cancer, possibly due to higher proliferation [23, 24]. 
 

THE CANCER MICROENVIRONMENT 

Cancer cells interact with their surroundings and the tumor 
microenvironment is an important part of tumor development and cancer 
progression [25-27]. The microenvironment is both complex and dynamic, 
and changes throughout cancer progression. It affects tumor growth in 
several steps, from disease initiation to metastasis formation and patient 
outcome [28]. The tumor microenvironment consists of several 
components, including different cell types, extra cellular matrix, soluble 
factors as well as physical properties like oxygen concentration and pH 
levels. The tumor microenvironment has been shown to affect multiple 
cellular characteristics such as proliferation, differentiation, invasion and 
angiogenesis (Figure 3) [29-31]. 

Figure 3. Schematic picture of the cancer microenvironment, including several cell types 
and extracellular matrix. Created with Biorender.com 
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Extracellular matrix 

In the mammary glands the extracellular matrix consists of the basement 
membrane and interstitial matrix, and is a complex network of several 
proteins including collagens, laminins, fibronectin, glycoproteins and 
proteoglycans. This network contributes with a three-dimensional structure, 
interactions with cell surface receptors and with biomechanical properties. 
The biomechanical properties, including matrix stiffness, are correlated to 
breast cancer progression by increasing focal adhesions and thereby 
enhancing integrin signaling [32, 33].  

Collagens 

Collagens account for approximately 30 % of the protein mass in the human 
body and is a major contributor to the extracellular matrix. Collagens are 
glycoproteins built up by at least one triple-helix and there are at least 28 
collagens, which can be categorized into four subgroups in humans [34, 35]. 
The crosslinking of collagens contributes to matrix stiffness and 
biomechanical properties [35]. Dysregulation of collagens are linked to 
cancer progression, including collagen I and collagen XIII that are 
associated with tumor invasion, metastasis and poor prognosis for patients 
[36, 37]. 

Laminins 

Laminins are the most abundant non-collagen proteins of the epithelial 
extracellular matrix. It consists of three polypeptide chains that can vary 
between 11 different types. Even though many combinations of these 11 
chains could theoretically be possible, only 16 have been found 
experimentally.  The most important laminin function is to interact with 
receptors in the plasma membrane of cells adjacent to the basement 
membrane, and through that regulate a number of cellular processes and 
signaling pathways [38]. Laminins have been suggested to have several 
different effects on cancer progression. Laminin (LM)-332 is highly 
expressed in triple negative breast cancers and have been linked to cell 
migration and invasion [39], while LM-511 has been shown to promote 
pluripotency of mouse embryonic stem cells in vitro [40].  
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Matrix-bound nanovesicles 

Matrix-bound nanovesicles are, similarly to other extra cellular vesicles, 
small vesicles containing RNA, lipids and proteins secreted from cells. 
Recent studies have shown that these matrix-bound nanovesicles were 
embedded within the extracellular matrix [41] and their content differed 
significantly from other secreted liquid-phase vesicles [42]. Matrix-bound 
nanovesicles were tightly associated with the collagen network and could 
only be isolated after strong enzymatic digestion with proteinase K. 
Previous studies have also shown that the content from isolated matrix-
bound nanovesicles have biological effects including macrophage 
activation and neurite extension in neuroblastoma cells [41]. This research 
area is still poorly understood, and the effect of matrix-bound nanovesicles 
in breast cancer is still unknown. 

 

Cell types 

Cancer associated fibroblasts 

Cancer-associated fibroblasts is a heterogeneous cell population and the 
most abundant stromal cell type within breast tumors [43, 44]. Their origin 
is debatable, but recent studies suggests that they emerge from transformed 
normal fibroblast due to changes induced by tumor cells and the tumor 
microenvironment [45]. Cancer-associated fibroblast are involved in 
creating both the tumor microenvironment and the pre-metastatic niche by 
secretion of several factors with pro-tumorigenic properties including 
transforming growth factor beta (TGF-β), hepatocyte growth factor (HGF), 
platelet-derived growth factor PDGF and extra cellular matrix-related 
proteins such as collagen and matrix metallopeptidases (MMPs)[44, 45]. 
Even though cancer-associated fibroblasts have several characteristics that 
drive cancer progression, depletion of these cells could be a dangerous 
approach. Studies have shown that depletion of cancer-associated 
fibroblasts in a mouse model of pancreatic cancer resulted in poorly 
differentiated and aggressive tumors and in clinical trials, at best, no effect 
were seen for this approach [46]. In breast cancer, several subtypes of 
cancer-associated fibroblasts are proposed and further studies of these 
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subpopulations and their effect on breast cancer progression are needed 
[47]. 

Immune cells 

Chronic inflammation is known to promote cancer progression and many 
cell types, both in the innate and adaptive immune system, have pro-and/or 
anti-carcinogenic properties [48]. Dendritic cells, macrophages, natural-
killer cells (NK-cells) and granulocytes are part of the innate immune 
system and the first line of defense for the human body [49]. Both NK-cells 
and granulocytes are involved in targeting cancer by secretion of several 
granules, cytokines and chemokines [48, 50]. However, as for many 
immune cell types granulocytes have also been demonstrated to be involved 
in cancer progression, for example by secreting pro-angiogenic factors. 
[51]. T-lymphocytes are cells in the adaptive immune system, and is the 
primary immune cell in targeting cancer [52]. T-lymphocytes is a 
heterogeneous cell population that target cancer cells via secretion of 
several cytotoxic factors or by direct interaction with apoptosis inducing 
receptors [53, 54].  

 

Soluble factors 

Soluble factors secreted by cancer cells and other cell types in the cancer 
microenvironment are affecting cancer formation in many aspects. Secreted 
factors promote key events in cancer progression including recruitment of 
cancer-promoting stromal cells, angiogenesis, migration, invasion and 
resistance to therapeutics. Secreted soluble factors that affects the 
microenvironment includes, cytokines, chemokines, growth factors and 
enzymes [27, 55]. 

Progranulin 

Progranulin, also called acrogranin, prostate cancer cell-derived growth 
factor or proepithelin, is a cysteine-rich, secreted 88kDa glycoprotein 
encoded by the GRN gene. The full-length protein is comprised several 
domains called granulins. There are seven full-length domains (G, F, B, A, 
C, D and E) and one half-length domain, paragranulin (p). The cleavage 
from progranulin into the domains are accomplished by several different 
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neutrophil secreted proteins such as elastase, MMP-9, MMP-12, MMP14 
and proteinase 3. Cleavage of progranulin can result in the 7.5 domains with 
active biological functions [56-58]. In contrast, high-density 
lipoprotein/apolioprotein A-I (HDL/Apo A-I) and secretory leucocyte 
protease inhibitor protein (SLPI) can protect progranulin from cleavage and 
keep the full-length protein intact (Figure 4) [56].  

Figure 4. Schematic picture of structure of progranulin and cleavage into the granulin 
domains. Addapted from [59] Created with Biorender.com 

 

Progranulin has been demonstrated to bind four receptors, sortilin, tumor 
necrosis factor receptor 1 (TNFR1) and 2 (TNFR2) and ephrin type-A 
receptor 2 (EphA2). Sortilin is a receptor in the vacuolar protein 
sorting/targeting protein 10 (VPS10) family that binds the C-terminus of 
progranulin via a beta propeller structure [56, 57]. The direct binding of 
progranulin toTNFR1 and TNFR2 has been debated, and previous studies 
have found opposing results regarding their interaction [60, 61]. However, 
recent evidence suggest that progranulin do bind TNFR1 and 2 with high 
affinity [62] and it was proposed that due to complex tertiary structure of 
progranulin several studies have failed to show these interactions [60]. 
Progranulin interactions with the TNFR receptors could lead to less 
inflammation, since it is blocking the signaling between TNFα and the 
receptors, which has an inflammatory response. Progranulin has also been 
identified to bind the EphA2 receptor of the receptor tyrosine kinases 
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family, with similar affinity as to the sortilin receptor, and is thereby 
suggested to autoregulate the expression of the GRN gene [63].  

Progranulin is involved in several biological processes including 
modulation of immune response, growth stimulation, wound healing and 
neural functions [56]. In cancer, progranulin have been demonstrated to 
increase the cancer stem cell propagation [57], migration and invasion [64, 
65] and high serum levels in metastatic breast cancer patients were 
associated with worse prognosis and shorter overall survival [66]. 

Interleukin-6 

Interleukin-6 (IL-6) is a 21-26kDa cytokine encoded by the IL6 gene. IL-6 
has pleiotropic effects in the body and is involved in inflammation, 
stimulation of antibody production in B-cells and angiogenesis [67]. The 
cytokine is synthesized by numerous cell types and affect cells by binding 
to several receptors. The classical IL-6 signaling pathway is through 
binding to the transmembrane IL-6 receptor (IL-6R) which subsequently 
interacts with the signal transducing receptor glycoprotein 130 (gp130) that 
initiate a cellular response. Interestingly, the IL-6R is only expressed on 
hepatocytes and some subgroups of leukocytes, and the signaling through 
this receptor is suggested to be anti-inflammatory. IL-6 is well-known for 
the involvement in pro-inflammatory responses and this is suggested to be 
by trans-signaling through the secreted form of the IL-6R (sIL-6R). The 
receptor sIL-6R can either be a cleaved form of the IL-6R, were cleavage 
occur by metalloproteases ADAM10 and ADAM17, or secreted as a sIL-
6R translated from a spliced version of mRNA. IL-6 can bind sIL-6R and 
then interact with gp130 that is expressed on all cells in the body. In this 
way, IL-6 signaling can occur even though the recipient cell do not express 
the IL-6R. To control the IL-6 signaling, secreted forms of gp130 also exist, 
to neutralize the IL-6/sIL-6R complex (Figure 5) [67-69].  
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Figure 5. Schematic picture showing two of the IL-6 signaling pathways, the classical 
signaling pathway and the trans-signaling pathway. Adapted from [68] Created with 
Biorender.com 

 

Furthermore, IL-6 has also been demonstrated to bind the sortilin receptor 
with high affinity [70, 71]. Further, IL-6 induces activation of the 
JAK/STAT3 signaling pathway as well as SHP-2 driven Ras-Raf-MAPK 
pathway targeting genes related to angiogenesis (HIF1α and VEGF), 
epithelial-to-mesenchymal transition (EMT) (SNAI1, TWIST and VIM) and 
proliferation (Bcl-2 and c-Myc)  [68, 69, 72]. IL-6 have been shown to be 
involved in several diseases including arthritis, asthma and cancer [73-75]. 
In breast cancer, IL-6 has been demonstrated to affect cancer stem cell 
propagation, invasion and metastasis and high serum levels have been 
associated with poor prognosis and survival [76-79]. 

Interleukin-8 

The interleukin-8 (IL-8) protein, also called CXCL8, is an 8.4 kDa 
chemokine in the cystein-X-cystein (CXC) family. IL-8 is encoded by the 
CXCL8 gene and has two forms, one with 72 amino acids secreted from 
monocytes and macrophages and one with 77 amino acids secreted from 
non-immune cells. IL-8 can be present both as a monomer and as a dimer 
and signal through the receptors CXCR1 and CXCR2 that are present on 
neutrophils, monocytes and endothelial cells as well as on tumor cells. The 
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neutrophils, monocytes and endothelial cells as well as on tumor cells. The 
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primary pathway induced by IL-8 signaling is PI3-Akt and signaling 
through this pathway promote cell survival and induces migration and 
angiogenesis [80]. Secretion of IL-8 has several functions including 
attracting neutrophils to sites of infection, to clear infected areas of 
pathogens and to promote angiogenesis [81, 82]. Expression of IL-8 has 
been associated with several diseases including pulmonary diseases and 
cancer [83, 84]. In breast cancer, IL-8 has been demonstrated to increase 
the cancer stem cell subpopulation and high levels of IL-8 in patient serum 
have been associated with high tumor burden and more aggressive cancers 
[76, 85].  

 

Hypoxia 

An additional factor that contributes to the complexity of the tumor 
microenvironment is deprivation of oxygen supply in certain areas, which 
is also referred to as hypoxia. Hypoxia is common in solid tumors and 
linked to poor survival and high mortality [86-88]. Hypoxia-inducible 
factor 1 alpha (HIF1α) is the master regulator of cellular hypoxia and is one 
of two subunits of the transcription factor HIF1. HIF1α is composed of 
basic helix-loop-helix structures and contains the oxygen dependent 
domain. During normoxic conditions (21% O2), HIF1α is rapidly degraded 
by proteasomes and can therefore not bind to HIF1β and induce 
transcription of target genes. In hypoxia, HIF1α dimerizes with HIF1β, and 
together with co-activators bind to targets and induce gene expression 
related to several processes including angiogenesis, glucose metabolism 
and proliferation [89, 90]. Studies have shown that 1 to 1.5 % of the genes 
in the genome is responsive to hypoxia, but it varies distinctly between 
different cell types [91].  

In cancer, hypoxia often arise due to fast proliferative cells that lead to 
increased oxygen consumption and hypoxic areas. Hypoxia also arises due 
to abnormal angiogenesis, where blood vessels do not form correctly and 
results in insufficient transportation of oxygen to the tumor 
microenvironment [90]. Importantly, hypoxia has been shown to affect 
cancer properties such as invasion and metastasis as well as to increase the 
breast cancer stem cell population in ERα+ cancers [30, 92, 93]. Hypoxia 
has also been associated with the loss of ERα and therefore to a more 
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aggressive and difficult disease to treat. To reduce ERα-loss by inhibiting 
HIF1α is suggested to be beneficial in combination with endocrine therapy 
[94].  

 

SECRETION 

Secretion is defined as the process were proteins and vesicles carrying 
cargos are transported from inside the cell to the outside intercellular space. 
This process is important for cell-to-cell communication and signaling, and 
makes it possible for cells to interact, not only with connecting cells, but 
also with cells on distant sites [95-97]. Secretion affecting the signaling cell 
itself is called autocrine secretion, secretion affecting cells in proximity to 
the signaling cells is called paracrine secretion and secretion affecting cells 
in other parts of the body is called endocrine secretion [96]. Signaling 
through secretion involves several types of molecules, including RNAs and 
proteins [95, 98]. All secreted proteins from cells such as enzymes, growth 
factors and cytokines are collectively called the human secretome, and has 
important functions for cell and organisms survival. Secretion can be 
specific for one or several cell types, such as insulin from the β-cells in the 
pancreas [99] and gut hormones from enteroendocrine cells [100], or more 
general among multiple cell types.  

 

Secretory pathways 

Classical pathway 

Secretion occurs in different ways, and the most common is the classical 
pathway used by almost all eukaryotic cells. This pathway is Golgi-
dependent and through the endoplasmic reticulum. Here the protein is 
synthesized as a precursor protein with a signal peptide guiding it to the 
endoplasmic reticulum. In the lumen of the endoplasmic reticulum, the 
signal peptide is cleaved off and the protein is folded and packed into 
vesicles. The vesicles are then transported to the Golgi, where they are 
sorted into one of two new vesicle types. The first one is the transport 
vesicle, where proteins that are continuously secreted from the cell are 
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sorted. Here, the transport vesicles fuse immediately with the plasma 
membrane and proteins are released to the extracellular space by 
exocytosis. The second vesicle type is the secretory vesicles, where the 
vesicles are fusing with the plasma membrane and secrete its content only 
upon extracellular stimuli [101, 102].  

Non-classical pathways 

There are several proteins that are not secreted through the classical 
pathway, and several types of non-classical secretion are known. Non-
classical secretion does not involve the Golgi, instead there are several other 
types of mechanisms involved. Proteins secreted through non-classical 
pathways are missing signal peptides and are secreted by transport across 
plasma membrane lipid pores (Type I), through ATP-binding cassette 
transporters (Type II), by endocytic compartments that later fuses with the 
plasma membrane (Type III) or by the endoplasmic reticulum, similar to 
the classical pathway, but never enters the Golgi before fusing with the 
plasma membrane (Type IV) [103, 104]. 

Secretion in cancer 

Cell secretion is vital for survival but impaired secretion is involved in 
many diseases including cancer. The secreted proteome of cancer cells is 
important for cell signaling and cell-to-cell communication. Cancer cells 
influence neighboring cells, both by autocrine and paracrine secretion 
which affects cell characteristics such as proliferation, invasion and 
metastatic capacity [76, 77, 95, 105, 106]. 

Metastasis is the major cause of death among cancer patients, and avoiding 
metastasis or an effective treatment strategy for metastatic cancer would be 
of great importance. Metastatic cancer means that cancer cells have left the 
primary site and colonized in one or several other organs in the body [107]. 
Breast cancer normally metastasizes to the bones, lungs, brain or liver and 
ERα+ breast cancers usually have later recurrences (after five years) 
compared to much earlier recurrences for triple negative breast cancers 
[108]. The metastatic process is not a random event, it is suggested that 
tumors form pre-metastatic niches at distant sites by cancer cell secretion 
[109]. Even prior to cancer cell dissemination, cancer cells secrete factors 
such as nutrients and extracellular matrix to prime the metastatic site and 
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make a favorable milieu for circulating cancer cells [97, 110, 111]. Primary 
tumor cells also secrete factors to affect pro-tumorigenic immune cells such 
as IL-17 to increase neutrophil abundance and lysyl oxidase (LOX) to 
attract myeloid cells [112, 113].    

If factors that are secreted from cancer cells can be identified, they could 
serve as biomarkers in patient blood and add value in a clinical setting. This 
could easily be accomplished by non-invasive liquid biopsies which would 
allow monitoring of disease-progression in real time, and potentially reveal 
targets for novel therapies [114, 115]. 

 

TUMOR HETEROGENEITY 

The origin of tumor heterogeneity and cancer growth is intensely debated 
and has led to multiple theories on cancer progression. The first theory 
explains tumor heterogeneity by the model of clonal evolution. This model 
implicates that all cells are equipotent and could potentially drive cancer 
progression by acquired mutations [116]. Any cell could by this theory 
acquire genetic alterations resulting in malignant features and cancer 
progression. The second theory is called the cancer stem cell theory where 
a subpopulation of cells can drive tumor progression. Here the cancer stem 
cells, like normal stem cells, have the capacity of self-renewal and dived 
both symmetrically and asymmetrically giving rise to both new cancer stem 
cells at the same time as more differentiated cancer cells (Figure 6) [117].  
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Figure 6. Schematic picture showing two models leading to tumor heterogeneity, the 
clonal evolution model (left) and the cancer stem cell model (right). Adapted from [116] 
Created with Biorender.com 

 

Cancer stem cells 

The cancer stem cells, or cells with cancer stem cell features, share 
characteristics with both cancer cells and normal stem cells. Cancer stem 
cells are defined by their capacity to both self-renew and divide into cells 
that differentiate [118]. There are no exact markers for breast cancer stem 
cells but the subgroup is defined by CD24low/CD44high, ALDH positive, 
possess the capacity to grow anchor-independently and to initiate tumors in 
mouse models [119, 120]. In breast cancer, studies have shown that as few 
as 100 cancer cells with the phenotype (CD24low/-/CD44+) could initiate 
tumor formation in mice whereas 10 000 cells with other phenotypes failed 
of tumor initiation in the same model [121]. In breast cancer, cancer stem 
cells have been demonstrated to be involved in metastasis, recurrence and 
treatment resistance [122, 123]. There are several assays to assess the 
cancer stem cell subpopulation, including mammosphere assay, holoclone 
assay and gene panels assessed by qPCR [120, 124, 125] 

The arise of cancer stem cells could be different for different tumor types 
[126] and the origin and existence of cancer stem cells are highly debated. 
Cancer stem cells are hypothesized to origin from either normal stem cell 
or progenitor cells that through acquired mutations or microenvironmental 
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changes end up as malignant cells but with stem cell features. The second 
theory find the cancer stem cells to arise from normal somatic cells through 
acquired mutations and genetic alterations [118]. There are also some 
evidence regarding plasticity in cancer cells transitioning between a stem 
cell and non-stem cell state [117]. 
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METHODOLOGY ASPECTS 
Tumor model systems 

In medical exploration, including cancer research and drug development, 
several model systems are utilized. Different in vitro models, such as the 
use of established cancer cell lines are commonly used. Cell lines have 
several advantages including rapid growth rate, supply of unlimited source 
of material, they are easy to handle and inexpensive. Additionally, with cell 
lines growing on conventional plastic surfaces it is easy to control the 
surroundings and keep external parameters constant [127, 128]. However, 
the drawback with cancer cell lines involves the lack of circulation, in vivo-
like signaling system, as well as the lack of surrounding stroma and immune 
system. When using in vivo models such as cell-line derived xenografts and 
patient-derived xenografts (PDX) the advantages are that there is a 
microenvironment, including a three-dimensional structure, more patient-
like circulation and interaction with stromal cells. However, in  PDX 
models, the human stroma is exchanged for mouse stroma already after one 
to three passages [127]. Even though mouse models are more similar to 
human tumors, they could be difficult to establish, they are labor intensive 
and require animal testing which is a limited source and not optimal due to 
ethical reasons regarding animal testing [127, 128].  

 

Three-dimensional in vitro culturing systems 

New three-dimensional in vitro model systems have been developed to 
generate more in vivo-like models but at the same time avoid animal testing. 
One commonly used model is the use of Matrigel, a hydrogel for three-
dimensional cell growth made from an extract of mouse sarcoma basement 
membranes. Growth in Matrigel gives the cells the possibility of three-
dimensional growth structure and extracellular components relevant for 
adhesion, signaling and cell to cell communication. However, Matrigel 
could suffer from batch differences, the composition is not completely 
defined and it is not derived from a human source [129, 130]. The sphere-
forming assay is a selective assay, were cells that are able to grow 
anchorage independently form spheres on non-adherent plates. This model 
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have been demonstrated to select for cancer stem cells and also to be more 
in vivo-like regarding nutrient and oxygen gradients. Sphere-forming 
assays differs from organoid models, where pluripotent or primary cells 
give rise to a cellular structure that highly resemble the original organ, can 
be used to investigate cell-to-cell contact, signaling and is often applied in 
research ranging from developmental biology to cancer research. However 
drawbacks with this method includes the use of Matrigel, it requires 
expensive additives to the culturing media and the lack of interactions with 
a human tumor microenvironment [130]. To be able to study cellular 
interactions with the tumor microenvironment, several scaffold models 
have been developed from both synthetic and biological origin. Synthetic 
scaffolds are created by various materials to create structures that support 
three-dimensional growth of cell cultures. The cultivations acquire a more 
heterogeneous cell population compared to two dimensional growth 
conditions and the synthetic scaffolds are possible to produce in a large 
scale with well-defined material and physical properties. Nerveless, the 
synthetically scaffolds lack the presence of signaling molecules and 
adhesion molecules such as integrins and a proper circulation of nutrients, 
signaling molecules and removal of cellular waste [131]. Biological 
scaffolds induces more in vivo-like interactions and signaling between cells 
and the microenvironment, and provides the possibility to investigate 
patient specific tumor microenvironment heterogeneity [132, 133]. 
However, biological scaffolds are not well-defined and there is a limited 
access of these materials. Recently, a method called organ-on-a-chip has 
been developed, were different cell types and extracellular matrixes can 
interact and it is also possible to include various physical properties such as 
hypoxia. This method involves cell contact with extracellular matrix as well 
as interaction with several cell types and an in vivo-like circulation. 
However, these models are complex and time consuming and today it is not 
possible to perform high throughput screenings with this model [134].  

 

Protein analysis  

When measuring and quantifying proteins in biological samples several 
approaches are possible. Which method is preferable depends on protein 
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concentration, sample matrix, cost and time. In this thesis several 
approaches were utilized.  

 

Proximity extension assay  

Proximity Extension Assay (PEA) developed by OLINK (Uppsala, [135]) 
is an antibody-based assay developed from the Proximity Ligation Assay 
(PLA). A pair of oligonucleotide-labeled antibodies bind to the target 
protein and if the antibody pair binds in proximity to each other, the 
oligonucleotides can hybridize and be amplified and measured by real-time 
PCR. PEA have been used successfully to measure protein levels in several 
types of matrixes including blood, saliva, tears and cell media [136-139]. 
This method makes it possible to detect proteins at low concentrations in 
complex matrixes and with low sample volumes [140]. We chose to use this 
method when analyzing conditioned media from cultivations from patient-
derived scaffolds as well as for progranulin treated cells, due to the 
possibility to multi-plex (92 assays per panel), the utilization of small 
sample volumes (20µl) and because the analysis does not require serum free 
media. The drawbacks with this method are the pre-defined target panels, 
even though we analyzed 184 cancer relevant proteins, it is a selection of 
proteins and interesting key proteins could potentially be missed due to this 
selection. Another drawback is that it is not possible to get an exact protein 
concentration with this type of measurements, since no standard curve is 
used. All protein concentrations are relative, and we chose to normalize it 
to the total protein secretion.   

 

Western Blot 

Western blot is an antibody-based analysis were the sample proteins are 
charged and separated based on molecular mass in an electrical field. The 
proteins are thereafter transferred onto a membrane and detected by a 
primary antibody specific to the target followed by a secondary enzyme 
labeled antibody specific to the primary antibody. By adding a substrate the 
signal can be quantified and detected by chemiluminescence. Western blot 
enables measurement of proteins in a complex matrix, however the method 
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is a semi-quantitative method and only relative protein concentrations can 
be measured [141].  

 

Mass spectrometry  

Mass spectrometry is a method for determining protein content. It is a semi-
quantitative measurement where the ratio of mass-to-charge of ions is 
analyzed. The ratios are thereafter compared to known mass to charge ratios 
and by comparing several ratios the original molecule can be identified 
[142]. Advantages with this method is that it is unbiased, without a pre-
defined panel that could potentially limit the number of detected proteins, 
and it is a method suited for identifying novel biomarkers. However, 
drawbacks with this method includes that it require large sample volumes 
(if liquid is analyzed) and complex matrixes, including medium containing 
serum, could overtake the analysis and masque other results.  

 

Cytokine arrays  

A cytokine array, or antibody array, is based on the interaction between 
antibodies and antigen. The antibodies are immobilized on a membrane and 
the sample, with the target of interest, is added to the membrane. A 
secondary enzyme-labeled antibody followed by a substrate is added, and 
then a signal can be detected corresponding to the amount of protein in the 
sample. Advantages with a cytokine array is that it is easy to multiplex and 
thereby measure numerous of targets in the same sample. Drawbacks with 
this assay includes large sample volumes and pre-defined fixed panels. 

 

Conclusion of protein analysis methods 

Included in this thesis are several assays regarding protein measurements. 
Different approaches are utilized for different aims, and selected based on 
what is most important in that specific setup or experiment. For analysis of 
the hypoxia, progranulin or the PDS-induced secretome we utilized the 
PEA or cytokine arrays (dependent on sample volume) to be able to include 
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as many targets as possible but without the need of a serum-free medium 
background. For analysis of few selected targets, including IL-6 and IL-8, 
we utilized western blot, since no multiplexing were required. When 
analyzing the protein composition in PDSs, mass spectrometry was used to 
be able to define as many proteins as possible in the scaffold protein 
network.  
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is a semi-quantitative method and only relative protein concentrations can 
be measured [141].  
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AIM 
The purpose and overall aim with this thesis was to uncover the impact of 
cancer cell secretion on cancer progression and disease outcome for breast 
cancer patients. We also aimed to delineate how secretion induced by the 
tumor microenvironment affects subpopulations of cancer cells and how 
secretion could either be enhanced or blocked, as a therapeutic strategy for 
treatment of breast cancer. 

The specific aims were: 

Paper I: In this paper, we aimed to display how a hypoxic environment 
affects cancer cell secretion and what effect the hypoxic secretome has on 
cancer stem cell propagation, in both ERα+ and ERα- breast cancer.   

Paper II: Here, we aimed to develop an in vivo-like culture system based 
on cell-free patient-derived scaffolds. We also aimed to demonstrate how 
this ex vivo model affects cancer cells and how it can be used to characterize 
breast cancer subtypes based on the tumor microenvironment.   

Paper III: In this paper, we aimed to determine how the secretion profile 
of breast cancer cell lines was affected by the tumor microenvironment, 
utilizing the patient-derived scaffold model system. We also aimed to 
define subgroups of breast cancers based on their induced cancer cell 
secretion profiles, and how these groups associated with clinical 
parameters.   

Paper IV: Here, we aimed to display how the known cancer stem cell-
inducing protein progranulin affect cancer cell secretion and whether the 
progranulin receptor sortilin is involved in the progranulin-induced 
secretion and cellular responses.  
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RESULTS AND DISCUSSION 
PAPER I: Hypoxia-induced secretion stimulates breast 
cancer stem cell regulatory signaling pathways  

In paper I we aimed to delineate the effect of hypoxia-induced secretion on 
breast cancer stem cells, both in ERα+ and ERα- cells and primary cancers 
from breast cancer patients.  

The secretome affects cancer stem cell characteristics differently 
depending on ERα status 

Hypoxia is defined as low oxygen concentration and is known to be 
involved in tumor progression [90, 143]. Previous results have 
demonstrated contrasting ERα dependent effects of hypoxia on the cancer 
stem cell subpopulation, where cells grown in hypoxic cultures increased 
their cancer stem cell pool in ERα+ cell lines and decreased the pool in 
ERα- cell lines [30]. Subsequently we hypothesized that this behavior could 
partially be mediated by an altered protein secretion from the cancer cells. 
To elucidate the effects of hypoxia-induced secretion on cancer stem cell-
like characteristics, conditioned media from the two ERα- cell lines, MDA-
MB-231 and MDA-MB-468, and ERα+ cell lines, MCF7 and T47D was 
used. 

Conditioned media was harvested from cells after 48 hours of growth in 
hypoxic (1% O2) conditions, while conditioned media from cell cultures 
grown in normoxic (21% O2) conditions were used as controls. Thereafter, 
the cell lines were treated with normoxic and hypoxic conditioned media 
from both the ERα+ and ERα- cells. Results revealed that that the 
mammosphere formation increased in all cell types when treated with 
hypoxic ERα+ conditioned media, while decreased when treated with 
hypoxic ERα- conditioned media, independent of their own ERα status. 
These results were further supported by treating MCF7 cells with 
conditioned media from patient tumors, where conditioned media from 
ERα+ tumors increased the fraction of cancer stem cells in hypoxia while 
ERα- tumors decreased the cancer stem cell propagation. Previous studies 
have shown that hypoxia-induced secretion affects the cancer stem cell 
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population in gliomas [144], but to our knowledge, the observed ERα 
dependency in breast cancer have never been demonstrated.  

The ERα depending response on cancer stem cell propagation by hypoxia 
was confirmed with siRNA knockdown of ESR1 in MCF7 cells and 
transient expression of ERα in MDA-MB-231 cells. Following knockdown 
of ESR1 in MCF7 cells, the mammosphere assay showed a decrease in 
mammosphere formation compared to scrambled control. An expression of 
ERα in MDA-MB-231 cells did not result in a decrease in mammosphere 
formation. Taken together, these results demonstrated that hypoxia-induced 
secretion is dependent on cells ERα-status and that the secreted factors 
affect all recipient cell types similarly, independent of their own ERα-
status. 

Increased pluripotency in cells treated with hypoxic ERα+ conditioned 
media  

To further demonstrate the contrasting effects and to define cell subgroups 
after treatment with hypoxic media from ERα+ and ERα- cells we used a 
single-cell approach. MCF7 cells were treated with conditioned media from 
both MCF7 and MDA-MB-231 cells and the differentiation stage was 
assessed by gene expression profiling with assays related to pluripotency 
(NANOG, POU5F1 and SOX2), EMT (SNAI1 and VIM), differentiation 
(EPCAM, ESR1 and KRT18) and proliferation (CCNA2 and PCNA) [120]. 
Cells treated with hypoxic conditioned media from ERα+ cells had a 
significantly increased expression of POU5F1 and decreased expression of 
ESR1 compared to cells treated with normoxic conditioned media, 
suggesting a less differentiated phenotype. Cells treated with hypoxic ERα- 
conditioned media showed no significantly altered gene expression.  

Next, we used self-organizing map (SOM) to define subgroups of single 
cells with possible association to gene expression profiles. Three SOM 
groups were formed (SOM1, SOM2 and SOM3) based on gene expression 
and results demonstrated an overrepresentation of cells treated with hypoxic 
ERα- and ERα+ conditioned media, in SOM1 and SOM3 respectively. 
When investigating gene expression profiles in the three SOM groups we 
discovered increased levels of pluripotency markers in cells in SOM3 and 
increased levels of differentiation and proliferation markers in SOM1. Cells 
in SOM2 expressed high levels of the pluripotency markers but also higher 

29 
 

levels of differentiation and proliferation markers compared to SOM3, 
suggesting SOM2 to include cells in a differentiation stage between cells in 
SOM1 and SOM2. These results further confirmed our previous data that 
cells receiving hypoxic conditioned media from ERα+ cells will show a less 
differentiated phenotype and with enriched cancer stem cell characteristics 
compared to cells treated with hypoxic media from ERα- cells.    

JAK-STAT and related cytokines are involved in the regulation of the 
contrasting hypoxic response in ERα+ and ERα- breast cancer cells 

Moreover, in order to analyze the secreted proteins in the conditioned 
media, cytokine arrays were performed on hypoxic and normoxic 
conditioned media from MCF7 and MDA-MB-231 cells. Interestingly, in 
hypoxic ERα+ conditioned media we observed an overall increase in 
secreted factors, while ERα- conditioned media showed an overall decrease 
compared to normoxic control media.    

To observe pathway enrichments, string analysis on secreted proteins were 
performed using the KEGG pathway enrichment. Results revealed the JAK-
STAT pathway to be involved in the hypoxic response for both ERα+ and 
ERα- cell lines. The JAK-STAT pathway have previously been associated 
with cell migration and cancer progression [145, 146], and the involvement 
of the JAK-STAT pathway in the observed cancer stem cell propagation 
was further explored using a panel of JAK-STAT inhibitors. Results 
showed that in MCF7 cells, both JAK and STAT inhibitors decreased the 
mammosphere forming capacity after treatment with hypoxic media from 
ERα+ MCF7 cells. However, for MDA-MB-231 cells only STAT inhibitors 
could block the decrease after treatment with hypoxic conditioned media 
from ERα- MDA-MB-231 cells.  

When further investigating the differences in cytokine secretion between 
hypoxic and normoxic conditioned media, interleukin-6 (IL-6) and 
Interleukin 12 receptor beta 2 subunit (IL12RB2) were found to be the most 
altered cytokines in hypoxia for ERα+ and ERα- cell lines respectively. IL-
6 secretion was significantly decreased from ERα- cells grown in hypoxic 
conditions. High levels of IL-6 have previously been demonstrated to 
increase cancer stem cell characteristics, invasion and metastasis, as well as 
be associated to poor prognosis in breast cancer patients [76, 147, 148]. Our 
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results suggests that the strikingly decrease in IL-6 secretion from hypoxic 
ERα- cells affect the cancer stem cell propagation in receiving cells.   

MDA-MD-231 sphere formation could be rescued by supplementing IL-6 
to the hypoxic media, and addition of IL12RB2 in normoxic media 
treatment for MCF7 cells mimicked the increase in mammosphere forming 
capacity seen after growth with ERα+ conditioned media. Western blot 
analyses further confirmed the downstream target STAT3 to be more 
phosphorylated after treatment with either IL-6 or IL12RBP. 
Phosphorylated and activated STAT3 have been demonstrated to be 
involved in several cancer promoting processes, including migration, 
invasion and chemoresistance [146, 149].  These findings demonstrate that 
both IL-6 and IL12RBP are important secreted factors modulating the 
cancer stem cell response. 

Taken together, hypoxic behavior influences breast cancer cells differently 
depending on ERα status, both in cell lines and patient tumors. Hypoxic 
responses can spread via secretion and cytokines involved in the JAK-
STAT pathways were suggested to be highly responsible for hypoxic 
alterations in the cancer stem cell propagation.  
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PAPER II: Patient-derived scaffolds uncover breast 
cancer promoting properties of the microenvironment 

Breast cancer is a complex and heterogeneous disease, which is divided into 
subgroups based on several histological and molecular markers, including 
Estrogen receptor (ER), Progesterone receptor (PR) and Ki-67 [150]. All 
subgroups have varying clinical behaviors and treatment strategies. The 
crosstalk and dynamic interactions with cancer cells and their surrounding 
microenvironment is not used in terms of selecting an appropriate 
treatment, and categorization into subgroups based on the tumor 
microenvironment are not used in clinics today. Here, in paper II we aimed 
to elucidate the effect of the cancer microenvironment on cancer cells by 
establishing a human in vivo-like breast cancer model of patient-derived 
scaffolds (PDS). We also aimed to demonstrate how subgroups of PDSs are 
linked to clinical parameters.  

Establishing and validating the patient-derived scaffold model 

To be able to study the impact of the tumor microenvironment on cancer 
cell lines, we developed a human in vivo-like growth system based on 
patient derived tumor samples. The breast cancer pieces used to create the 
PDSs were collected directly after surgery or taken frozen from a biobank. 
In order to create the cell-free PDSs, the pieces were washed with mild 
detergents for a series of steps and subsequently, by histological stainings 
and genomic DNA measurements, validated to be cell-free. Further, to 
evaluate the protein network building up the extracellular matrix after the 
washing procedure effect we performed collagen stainings. Collagens are 
the most abundant proteins in the extracellular matrix and important for 
tumor structure and signaling [35, 36]. Our results showed that after 
washing, we still have intact collagen structures in the PDSs. 

Cell survival, growth and infiltrative behaviors of cells in the PDS-model 
were tested for two commonly used breast cancer cell lines, MCF7 (ERα+) 
and MDA-MB-231 (ERα-). Both cell lines grew within the PDSs, 
demonstrated by positive Ki-67 stainings. Interestingly, the triple negative 
MDA-MB-231 cells were observed to infiltrate into the PDS while the 
ERα+ MCF7 cells grew in clusters, closer to the PDS surface. This growth 
pattern mimic the in vivo situation, were triple negative breast cancers show 
a more infiltrative phenotype [151]. 
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Differences in cells cultivated in PDSs compared to monolayer cells 

Next, we further demonstrated the differences in cell lines cultivated in the 
PDS-model compared to cell lines cultivated in conventional monolayers. 
We showed that cells in the PDS-model expressed higher levels of genes 
associated with pluripotency and EMT and had a lower expression of genes 
related to differentiation and proliferation. This is in line with previously 
studies, where an increase in EMT and cancer stem cell characteristics have 
been shown for other 3D-models [133, 152, 153]. These results were 
confirmed by western blots and functional studies. Cells grown in the PDS-
system had a greater mammosphere forming capacity and a higher tumor 
initiating capacity when injected into mice than cells grown in monolayers.  

Breast cancer is a heterogeneous disease and to further demonstrate the 
heterogeneity of the cells in the PDS-model we used a single cell approach 
where cells were collected after cultivation in two separate PDSs (n=83, 
n=85) or grown in a monolayer culture (n=88). An unsupervised clustering 
method, self-organizing map (SOM), were utilized and three SOM groups 
were created based on analysis of genes associated to pluripotency 
(NANOG POU5F1), differentiation (CD24, CDH1 and EPCAM), EMT 
(SNAI1) and proliferation (CCNA2, CCNB2 and MKI67) [120]. One group 
(SOM3) contained a majority of monolayer cells while the other two groups 
(SOM1 and SOM2) had an equal representation of cells from both PDSs. 
Monolayer cells highly expressed genes related to differentiation and 
proliferation. Interestingly, both groups with PDS cells expressed low 
levels of proliferation associated markers, but SOM1 also expressed high 
levels of pluripotency markers while SOM2 highly expressed 
transcriptional markers related to differentiation.  

The two SOM groups containing PDSs further demonstrated that the PDS-
model in general shift cells to a more stem-like stage and that the cell 
population are more heterogeneous in the PDS-model. Previous studies 
have shown that cells grown in a 3D-model resembles cells in vivo, 
compared to monolayer cultures [154]. 

Thereafter, we investigated how similar cells cultivated in the PDS-model 
are to cells from xenografts in mice. Xenograft models have been shown to 
predict patient responses to several drugs but is labor intense and require 
animal experiments [155, 156]. Xenograft models also lack human 
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extracellular matrix and fibroblasts. With RNA sequencing we could 
confirm that cells in the PDS-model are more similar to cells from 
xenografts in mice then to monolayer cells. These results suggests that with 
the PDS-model, we can achieve similar cell responses as with xenografts 
but with a human microenvironment and without the use of animal 
experiments.  

Protein composition of patient-derived scaffolds and correlation to 
clinical behavior 

The tumor microenvironment consist of a complex protein network, 
including many different types of proteins. In paper II, we wanted to 
investigate how heterogeneous these protein networks are and if the PDS 
composition could be linked to clinical behavior. We investigated 15 PDSs 
with mass spectrometry and found 143 different proteins. Again, using an 
unsupervised clustering method, SOM, the PDSs were subdivided into two 
groups based on 38 of these 143 proteins. One of these SOM groups were 
correlated to low grade tumors and low proliferative cells suggesting that 
the specific protein composition of these PDSs results in a favorable patient 
outcome. Previously published data have shown that breast cancer can be 
divided into relevant clinical subgroups based on their microenvironment 
[157], our data further support the findings that the ECM protein 
composition could be clinically relevant.  

To further explore the differences in PDS protein composition we used a 
bioinformatics approach and created a network of all detected PDS proteins 
as well as proteins they interact with, based on data from Human Protein 
Reference Database [158]. Interestingly, we found that 12 out of 16 of the 
central proteins were related to exosome secretion, indicating an important 
role for protein secretion in establishing the tumor microenvironment and 
the extracellular matrix. This is in line with previously published data, 
where exosome secretion have been shown to be important to module the 
tumor microenvironment and also that micro vesicles could be incorporated 
into the extracellular matrix [41, 159]. We could also further demonstrate 
the importance of cancer cell secretion in the PDS-model in paper III, where 
the PDS-induced secretion was linked to subgroups of microenvironments.  

Gene expression in 46 PDSs and correlation to clinical parameters 
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Every PDS is different, with unique patient-specific characteristics. By 
using biobanked tumors (n=46) we investigated cellular changes in MCF7 
cells in the PDS-model and correlate them to clinical characteristics and 
patient outcome.  Gene expression analysis showed that high expression of 
the EMT markers VIM and SNAI2 significantly correlated to breast cancer 
recurrence.  

In conclusion, the development of an in vitro model with high resemblance 
to in vivo models is highly needed to study the crosstalk between the tumor 
microenvironment and cancer cells. Today many drugs fail in late stage 
clinical trials, even though extensive tests has been carried out both in 
animal and monolayer cultures which is costly to the society [160]. The 
addition of a novel in vivo-like experimental model to the models used 
today, could lead to fewer late stage drug fails, thus resulting in both 
economical and ethical benefits. By using this model, malignancy-
promoting aspects of the cancer microenvironment as well as patient-
specific microenvironments can be assessed and used to further divide 
breast cancers into clinically relevant subtypes.  
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PAPER III: Patient-derived scaffolds influence secretion 
profiles in cancer cells mirroring clinical features and 
breast cancer subtypes 

The breast cancer microenvironment is both complex and dynamic, and 
influences cancer progression by providing physical properties, such as 
matrix stiffness as well as containing proteins influencing cell receptor 
signaling and cell-to-cell communication [26, 27]. In paper III we aimed to 
demonstrate how the tumor microenvironment can affect cancer cell 
secretion in both ERα+ and ERα- breast cancer cell lines and how this could 
affect disease progression. In this study we utilized a newly developed in 
vivo-like growth system where breast cancer samples from patients were 
decellullarized and repopulated with standardized breast cancer cell lines to 
investigate how variations in individual microenvironments could affect 
cancer secretion patterns. 

Secretome from PDS cultivations increase the cancer stem cell 
subpopulation 

We have previously showed that the PDS-model shifts cancer cells to 
increase genetic markers related to cancer stem cells and epithelial to 
mesenchymal transition (paper II, [161]). We hypothesized that this could 
partially be due to an altered cancer cell secretion and that the secreted 
proteome from PDS cultivated cells could have an effect on cancer stem 
cell propagation.  

In paper III, the cancer stem cell subpopulation in monolayer cultures were 
investigated after treatment with conditioned media from PDS cultures and 
compared to treatment with media from conventional monolayers. The 
cancer stem cell subpopulation was assessed based on their ability to avoid 
anoikis and proliferate anchorage-independently by using the 
mammosphere assay [124]. Interestingly, the secretome from cells 
cultivated in the PDS-model significantly increased the mammosphere 
forming capacity of monolayer MCF7 cells (ERα+, n=3) as well as in two 
out of three PDSs for MDA-MB-231 cells (ERα-). Importantly, the 
secretome from one PDS culture with MDA-MB-231 cells decreased the 
cancer stem cell pool and indicating that subtypes of cancer 
microenvironments could possibly be favorable for breast cancer patients. 
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With this limited material it was not possible to draw any conclusions 
related to clinical characteristics for these PDSs, but the decreased 
mammosphere formation induced by one of the PDSs for MDA-MB-231 
cells highlighted the difference in microenvironmental-induced secretion 
and its potential to affect cancer stem cell propagation.   

Analysis of conditioned media 

In order to qualitatively determine the secretome responsible for the 
increase in stemness and also investigated the link to clinical parameters, 
we evaluated secretion from PDS cultures as well as monolayer cultivated 
cells. Both the general differences in secretion between standard monolayer 
cultured cells and the PDS-model as well as the impact of the patient 
specific tumor microenvironment has on cancer cell secretion. To achieve 
this, a proximity extension assay were utilized were 184 proteins were 
analyzed for all samples.  

Normalization strategies  

In general, normalization of larger datasets could potentially change the 
result outcome and the conclusions that would be drawn from these results. 
In paper III, we considered several different normalization strategies. We 
considered to normalize to a reference protein, but there are to our 
knowledge, no secreted protein that could be considered a house-keeping 
protein and serve as a reference. We considered to normalize to the amount 
of seeded cells (300 000 cells for each PDS), but then risking higher 
proliferation in some PDSs compared to others which could result in cell 
number differences and thereby secretion differences. We also considered 
to normalize to RNA concentration, however the RNA content in each cell 
is not equal [162]. Therefore, we decided to normalize to the total protein 
secretion, to achieve the most unbiased normalization, but still avoiding 
studying results based on only cell numbers.  

Analysis of conditioned media in 2D and PDS 

When analyzing the 184 proteins included in the chosen panels there was a 
clear difference in secretion between monolayer cultured cells and cells 
cultivated in the PDS-model, for both studied cell lines. For MCF7 cells, 
32 proteins were secreted from monolayer cells and 72 proteins were 
secreted above the limit of detection (LOD) from PDS cultures. For MDA-
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MB-231, 84 and 121 proteins were secreted above the LOD for monolayer 
and PDS cultures respectively. The difference in number of secreted 
proteins, as well as the concentration, for the two cell lines are consistent 
with earlier published results demonstrating a higher cytokine content for 
ERα- breast cancer cells [163]. The high intrinsic levels of protein secretion 
in MDA-MB-231 in monolayer cultures could explain why the PDSs seem 
to influence the secretion in this cell line to a less degree than in MCF7s. 

Correlation to clinical parameters 

When investigating secretion from MCF7 cells grown in 57 PDSs, results 
showed several proteins that correlated with clinical parameters, including 
PAI (p<0.0001), ADA (p=0.002), IL-6 (p=0.004) and CXCL1 (p=0.028) 
that was significantly induced from PDSs from high-grade tumors. 
Interestingly, all these proteins have previously been associated with cancer 
progression and poor patient outcome in cancer. PAI is a protein normally 
involved in the plasminogen activator system but have been shown to affect 
cell adhesion, invasion and migration in breast cancer by modulating 
collagen crosslinking and fibrin deposition [164, 165]. The chemokine 
CXCL1 have been shown to affect invasion and migration in breast cancer 
cells [166]. The enzyme ADA have previously been correlated with both 
lymph node metastasis and histological grade in breast cancer [167] and the 
cytokine IL-6 have been associated with an increase of cancer stem cells 
(as shown in paper IV), invasion and metastasis and high serum levels have 
been correlated to poor prognosis and disease progression [76, 147, 168]. 
Taken together, several of the induced secreted factors have previously 
been linked to breast cancer progression and disease outcome suggesting 
that the tumor microenvironment provided by the PDS-model could carry 
unique patient information resulting in patient specific secretomic 
fingerprints. 

Subpopulations of PDSs 

To investigate subgroups of PDSs based on protein secretion we utilized an 
unsupervised clustering method, self-organizing map (SOM). This is a 
clustering method to visualize and display high dimensional data in a low-
dimensional diagram (usually two or three dimensions) and to categorize 
data into a pre-selected number of groups. In this paper, two SOM-analysis 
were performed, one for MCF7s and one for MDA-MB-231s. For MDA-
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MB-231 no stable SOM-groups could be formed, possibly due to the high 
intrinsic levels of secreted proteins. Contrary, for MCF7 cells, three stable 
SOM-groups were formed, SOM1, SOM2 and SOM3.   

Next, we investigated which proteins had the greatest impact on subgroup 
formation in MCF7 by comparing secretion in one group with secretion in 
the two other groups.  For SOM1 group ANG1, CASP8, CCL2, COL1A1, 
IL-6, IL-6RA, PAI, PLC, PIGF and TNFRSF21were identified as 
significantly higher secreted compared to the other two SOM-groups. For 
SOM2, high secretion of ALCAM, BLMH, CHI3L1, CSTB, CTSD, 
CXCL16, GAL-3, GRN, PDGF-A and PI3 defined the group. However, for 
SOM3 we found no proteins that were highly secreted in this group, instead 
SOM3 was defined by low secretion of several proteins including ALCAM, 
CSTB, CTSD, CXCL16, GRN, IGFBP2, JAM-A, KLK6, PDGF-A and 
PLC. The low secretion of a majority of the proteins in SOM3 could 
indicate that the tumor microenvironment is not as active and do not 
influence the cancer cells as much compared to PDSs in SOM1 and SOM2.  

Furthermore, cancer cells and other pro-tumorigenic cells secreted factors 
that prepare distant sites or organs in the body for circulating cancer cells, 
and thereby facilitates metastasis formation [110]. Interestingly, when 
investigating the induced proteins in PDSs in SOM1 we found several 
proteins associated with metastasis and priming of the pre-metastatic niche 
including CCL2, IL-6 and PAI [164, 169, 170].  These proteins could be 
used either as biomarkers in the PDS-model or possibly also in patient 
serum to predict patient outcome or as targetable key proteins to avoid 
metastasis formation and cancer progression.  

Thereafter, possible correlations of the SOM-groups and clinical 
parameters were investigated. SOM1 correlated significantly with high-
grade tumors (p=0.05) and relapse-free survival (p=0.013), demonstrating 
that PDSs from patients in SOM1 have a microenvironment that promote 
cancer progression and result in a worse disease outcome.  

Pathways/processes upregulated in a subgroup of PDSs 

To gain more information of possible pathways that could be regulated in 
subgroups of the PDSs, an analysis was preformed, where the secretion of 
proteins were correlated to pre-defined processes by OLINK. All proteins 
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were assigned to one or several different processes including, apoptosis/cell 
killing, chemotaxis, metabolism/autophagy, promote tumor immunity, 
suppress tumor immunity, vascular and tissue remodeling, angiogenesis, 
catabolic processes, cell adhesion, coagulation, inflammatory response, 
MAPK cascade, platelet activation, proteolysis, response to hypoxia, 
response to peptide hormones and wound healing. For all proteins in each 
pathway/process the PDSs were divided by the median and placed into two 
groups, high or low secreting PDSs. Next, we investigated if the SOM-
groups had an overrepresentation of PDSs with high secretion to conclude 
if that specific process could be upregulated in that SOM-group. 
Interestingly, PDSs in SOM1 had a significant overrepresentation of PDSs 
where the pathways apoptosis/cell killing (pSOM1-SOM2<0.0001, pSOM1-

SOM3<0.0001), metabolism/autophagy (pSOM1-SOM2=0.039, pSOM1-

SOM3=0.008), suppress tumor immunity (pSOM2=0.002, pSOM3<0.0001), 
vascular and tissue remodeling (pSOM2=0.003, pSOM3<0.0001) and wound 
healing (pSOM2=0.008, pSOM3<0.0001) were suggested to be upregulated. All 
processes except promote tumor immunity and response to peptide 
hormones were significantly lower in SOM3. These results does not show 
that these processes are downregulated in the PDSs in SOM3, rather that 
they are possibly not as upregulated as in SOM1 and SOM2.  

To conclude, in this paper we demonstrated that breast cancer cell secretion 
is altered in a three-dimensional in vivo-like human growth system 
compared to in conventional monolayer cultures. We also showed that 
breast cancer can be subdivided based on tumor microenvironmental-
induced secretion. One subgroup of PDSs (SOM1) were shown to correlate 
with tumors from patients with poor prognosis and cancer cells in these 
PDSs had an altered secretomic and transcriptomic profile favoring cancer 
progression. These novel findings highlight the importance of studying 
secretion and cell-to-cell communication in an in vivo-like system and 
describes how the tumor microenvironment influences the secretion of 
cytokines and other cell signaling proteins in breast cancer. 
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PAPER IV: Interleukin-6 induces stem cell propagation 
through liaison with the sortilin-progranulin axis in breast 
cancer 

Cell to cell communication and signaling are important parts of the tumor 
microenvironment and cancer progression. Signaling can occur directly via 
cell-to-cell contact or via secretion of molecules that signal to cells via for 
example receptor/ligand interaction. Signaling molecules includes 
cytokines, growth factors and chemokines and have vital functions in the 
human body.  

Progranulin is a growth factor and is known to be upregulated under 
hypoxic conditions and has been associated with various types of cancer 
[57, 59, 171] and high serum levels have been correlated with worse 
prognosis for patients with breast cancer or malign lymphomas [66, 172]. 
Progranulin and one of its signaling receptors sortilin have previously been 
shown to be involved in cancer stem cell propagation and in metastasis 
formation [57]. In paper IV, we aimed to delineate the role of progranulin-
induced secretion in both ERα+ and ERα- breast cancer cell lines and the 
possible correlation to expansion of the cancer stem cell subpopulation. 

Analysis of progranulin and sortilin dependent secretome 

As we have previously shown, the progranulin cancer stem cell effect is 
dependent on sortilin [57]. Here we investigated the progranulin induced 
protein secretion in detail and the cancer stem cell propagating effect of 
progranulin and downstream events exerts on breast cancer cells. To 
investigate protein secretion induced by progranulin and to elucidate if this 
secretion was sortilin dependent, both MCF7 and MDA-MB-231 cells were 
treated with progranulin, the sortilin inhibitor AF38469 (AF) and a 
combination of these two. Conditioned media was collected from all 
samples and analyzed by Proximity Extension Assay. 184 proteins were 
analyzed in each sample and each protein was normalized to the total 
secretion of that sample. For MCF7 cells there was an increase in secretion 
of IL-6, IL-8, CXCL1, CD40, FASL, CSF-1, tPa and TNF after progranulin 
treatment. Interestingly, IL-6 [76, 168], IL-8 [76, 173], CXCL1 [174] have 
all been associated with higher prevalence of cancer stem cells and priming 
of the pre-metastatic niche [97], further demonstrating that progranulin 
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might have a direct effect on cancer stem cells as well as an indirect effect 
via inducing secretion of cancer stem cell-promoting cytokines.  

Interestingly, several of the progranulin-induced proteins were decreased 
with the combination treatment of progranulin and the inhibitor AF, such 
as IL-6 and IL-8, indicating a sortilin dependent secretion of these proteins. 
For the MDA-MB-231 cells we observed similar results but not as 
pronounced, possibly due to high cytokine basal levels, which is in line with 
earlier publications [163]. The higher protein concentration of specific 
proteins after progranulin/AF treatment could be due to induced secretion 
in the cell or protein accumulation after competition for the sortilin 
receptor. Indifferently of why the protein concentration increases, these 
proteins will have a biological impact and affect nearby or possibly distant 
cells. 

Identified crosstalk between IL-6 and progranulin 

Next, MCF7 and MDA-MB-231 cells were treated with increasing 
concentrations of progranulin to further validating the crosslink to IL-6 and 
IL-8. Intracellular protein levels were assessed by western blot. For both 
the studied cell lines, progranulin treatment increased the cell expression of 
IL-6 and IL-8, demonstrating an increase in protein expression as well as 
secreted proteins. We could also demonstrate by western blot that the 
expression of progranulin increased after IL-6 treatment, suggesting a 
crosstalk between these two proteins. Indeed, previous studies have shown 
an increase in IL-6 mRNA expression after progranulin treatment in 
adipose tissue [175]. Further,  in both hepatocellular carcinoma [176] and 
cholangiocarcinoma [177], IL-6 treatment have been shown to increase 
both progranulin gene expression and protein expression. However, to our 
knowledge no data have previously demonstrated the possible feed-back 
loop between IL-6 and progranulin and the implications in breast cancer. 
Progranulin can be cleaved into granulins and IL-8 have been reported to 
increase after treatment with progranulin subunit B (GRNB) but not with 
progranulin in epithelial cell lines [178], but similarly to IL-6, no data have 
demonstrated the possible link between progranulin and IL-8 in breast 
cancer.  

IL-6 and IL-8 and their effect on breast cancer stem cells 
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might have a direct effect on cancer stem cells as well as an indirect effect 
via inducing secretion of cancer stem cell-promoting cytokines.  

Interestingly, several of the progranulin-induced proteins were decreased 
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Next, MCF7 and MDA-MB-231 cells were treated with increasing 
concentrations of progranulin to further validating the crosslink to IL-6 and 
IL-8. Intracellular protein levels were assessed by western blot. For both 
the studied cell lines, progranulin treatment increased the cell expression of 
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loop between IL-6 and progranulin and the implications in breast cancer. 
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demonstrated the possible link between progranulin and IL-8 in breast 
cancer.  

IL-6 and IL-8 and their effect on breast cancer stem cells 
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IL-6 have recently been identified as a ligand to the progranulin receptor 
sortilin [70]. Here we found that progranulin-induced IL-6 secretion via 
sortilin and that a crosstalk between progranulin and IL-6 exists in breast 
cancer. In order to determine whether both IL-6 and IL-8 bind directly to 
sortilin, a competitive fluorescent polarization assay was performed. In this 
assay, cytokines were competing with the known sortilin ligand neurotensin 
for the binding to sortilin. Results, using this competitive binding assay 
demonstrated that IL-6 binds to sortilin with an IC50 of 11.2 µM and that 
IL-8 does not bind to the sortilin receptor (at least not to the neurotensin 
binding site), suggesting a direct and indirect cancer stem cell effect for IL-
6 and only indirect effect for IL-8. 

Furthermore, IL-6 and IL-8 are well-known to affect the cancer stem cell 
propagation [76, 147, 179] and induced secretion of these cytokines could 
partially be responsible for the increase in the cancer stem cell 
subpopulation after progranulin treatment. Here, we could confirm a dose 
dependent increase of cancer stem cells after 48h of treatment with both IL-
6 and IL-8 using both MCF7 and MDA-MB-231 cells. Next, we 
investigated if the binding to sortilin affected the cancer stem cell inducing 
capacity of IL-6 and IL-8. As expected, IL-6 induced an increase of the 
cancer stem cell population that could be blocked by the sortilin inhibitor 
AF in both MCF7 and MDA-MB-231, while the increased cancer stem cell 
pool by IL-8 could not be blocked by inhibiting sortilin. These results 
further demonstrated that IL-6 bind to sortilin and subsequently induced 
activation of cancer stem cells. Contrary, the IL-8 induced cancer stem cell 
propagation could not be blocked by the sortilin inhibitor, thereby 
suggesting that the cancer stem cell inducing capacity of IL-8 is not sortilin 
dependent. However, IL-8 could have an indirect effect on cancer stem cells 
via sortilin by increasing IL-6 secretion and thereby increase cancer stem 
cell propagation in a sortilin dependent way.  

Correlation of progranulin and IL-6 in an in vivo-like three-
dimensional model 

To further investigate the crosstalk between IL-6, IL-8 and progranulin we 
utilized a three-dimensional in vivo-like breast cancer model where breast 
cancer samples from patients are decellularized and repopulated with 
standardized breast cancer cell lines [161]. The PDS-model have been 
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demonstrated to induce stemness by gene expression profiles and cancer 
cell secretion ([161], Persson et al, paper III).  

When comparing patient-derived scaffolds (PDS) cultured cells to 
monolayer cells, new analyzes of previously published RNA sequencing 
data [180] showed an increase in expression of progranulin, IL-6, IL-8 for 
MDA-MB-231 cells and IL-6 and IL-8 for MCF7 cells in the PDS-system, 
further supporting the increased stemness in the PDS-model. The PDS-
model have been shown to increase cell stemness. The IL-6 receptor IL-6R 
and the IL-6 signal transducer receptor GP130 were also upregulated in the 
PDS culture for both MCF7 and MDA-MB-231 cells, suggesting a 
possibility for an increase in autocrine secretion. In addition to the NGS 
dataset, we used a dataset with secretion measurements from 57 and 53 
PDSs, cultivated with MCF7 and MDA-MB-231 cells respectively (paper 
III). Results from these PDS cultures demonstrated that IL-6 and 
progranulin secretion correlated significantly in both MCF7 (p<0.001) and 
MDA-MB-231 cells (p=0.023), further indicating that there is a crosstalk 
between these proteins. Studying secretion and cell to cell communication 
in an in vivo-like growth system could be beneficial, and the increased 
levels of progranulin associated proteins and receptors indicates that this 
three-dimensional model could be utilized to better understand the 
progranulin-sortilin signaling.      

Taken together, these results demonstrated that progranulin increased cell 
secretion of many proteins, several of them dependent on sortilin binding. 
It has previously been shown that progranulin increase metastasis formation 
via sortilin, but here we also show a progranulin-dependent increase of 
secreted proteins such as CXCL1, IL-6 and IL-8, which also have been 
shown to be involved in metastasis and priming of the pre-metastatic niche, 
suggesting an additive overall increased risk for metastasis with high 
progranulin levels. Inhibiting the binding of progranulin and IL-6 to sortilin 
could potentially decrease cancer stem cells and reduce metastasis. A 
sortilin targeted therapy in combination with existing therapies could 
potentially be beneficial for breast cancer patients.   
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SUMMARY RESULTS AND DISCUSSION  

Breast cancer is a heterogeneous disease and the tumor microenvironment 
highly contributes to the diversity in cancer and cancer progression. In this 
thesis we have demonstrated the impact of the cancer microenvironment 
components on cancer cell secretion and how this influence the composition 
of cancer cell subpopulations. The four papers included in this thesis have 
collectively lead to a greater understanding of the importance of tumor 
microenvironmental-induced effects on cells phenotypes, protein/gene 
expression and secretion patterns. 

In paper I we demonstrated an ERα dependent hypoxic-induced secretion 
response in breast cancer.  Hypoxia has previously been shown to affect the 
propagation of cancer stem cells in opposing directions for breast cancer 
cell lines depending on ERα status [30], and in paper I we further showed 
that this is at least partially mediated through secretion. One of the hypoxic-
induced factors, specific for ERα+ cells were the growth factor progranulin. 
We have previously shown that progranulin affects the cancer stem cell 
propagation and metastasis formation in a sortilin dependent manner [57], 
suggesting that this protein can, at least partially, mimic the hypoxic 
response. In paper IV we could show that progranulin might have a direct 
and indirect effect on the cancer stem cell subpopulation, since it induces 
secretion of IL-6 and IL-8, both cytokines well-known for their cancer stem 
cell propagating effect. We also demonstrated that progranulin increased 
the secretion of several proteins involved in the formation of the pre-
metastatic niche. When taking results from paper I and paper IV into 
consideration, hypoxia induces several cytokines that could affect stemness 
and metastasis formation. These proteins could also increase secretion of 
other potent cytokines regarding cancer stem cell propagation resulting in 
a chain of events promoting metastasis and disease progression.  

In paper II, we developed an in vivo-like three-dimensional model to enable 
the study of cancer cell line changes in a three-dimensional culture system 
and simultaneously investigated the heterogeneity and patient 
characteristics of cancer microenvironments. We demonstrated that cell 
lines changed their expression profile when cultivated in patient-derived 
scaffolds (PDSs) and that these profiles correlated with clinical parameters 
of the original tumors that the samples were derived from. The development 
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of in vivo-like methods to study cell behavior is of great importance since 
this could provide results more similar to clinical behaviors and there is also 
a possibility to decrease the use of animals with new improved in vitro-
models. To further study cell changes in the PDS-model, we investigated 
cell secretion in relation to tumor microenvironment heterogeneity in paper 
III. We demonstrated a significant difference between cell line secretion in 
monolayer cultures and PDS cultures, and since we previously showed that 
cell gene expression is more similar to in vivo cells we hypothesized that 
the secretion could also be more in vivo-like. Furthermore, we demonstrated 
the importance of studying secretion and cell-to-cell communication in an 
in vivo-like model where several secreted factors could potentially be used 
as biomarkers or partially explain changes in cell behavior when cultivated 
in a three-dimensional model. Interestingly, we showed that cells grown in 
PDSs from high-grade tumors and tumors with lymph node metastasis 
secreted higher levels of IL-6 than others. This highly induced secretion of 
IL-6 could, based on results in paper IV, increase the cancer stem cell 
propagation.  

Taken together, the tumor microenvironment highly affects breast cancer 
heterogeneity and induced secretion could be used as both potential 
biomarkers or as targetable key proteins mediating cancer progression and 
be involved in disease outcome. The four articles included in this thesis 
collectively show the potential of the tumor microenvironment as a factor 
to divide breast cancers into potentially clinical relevant subgroups, as well 
as a target for cancer treatment.   
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FUTURE PERSPECTIVES 
The tumor microenvironment and induced secretion have been shown to 
affect cancer cell behavior and disease progression. In this thesis we 
highlighted the importance of including microenvironmental factors when 
investigating cancer behavior and possible treatment strategies.  

We utilized a newly developed in vivo-like culturing system, where the 
patient-specific tumor microenvironment could be evaluated. We used 
breast cancer tissue samples to establish this model, but the method could 
be used on several other tumor types. This opens up for patient-specific 
microenvironmental studies in additional cancer types. In future research, 
the PDS-model could potentially serve as a drug-screening tool, both to 
screen for novel compounds but also to test existing drugs and the efficacy 
for specific patients. Further, the use of this method could lead to improved 
personalized medicine, and drugs could be screened in the PDS-model after 
the tumor has been removed by surgery. However, additional research is 
needed to evaluate if treatment responses in PDSs correlate to treatment 
responses in patients. In addition, it would be interesting to evaluate 
correlations between secreted proteins induced by a specific patient PDS to 
levels in the corresponding patients serum.   

We have also demonstrated that secreted factors induced by components of 
the microenvironment, including extracellular matrix and hypoxia, have 
specific effects on cancer cell subpopulations. These secreted factors could 
potentially serve as biomarkers for aggressive disease or act as targets for 
treatment. We identified IL-6 to be secreted by cells in high-grade tumors 
and tumors with lymph node metastasis, as well as having an effect on the 
cancer stem cell subpopulation via the receptor sortilin and/or the JAK-
STAT signaling pathway. Cancer stem cells are known to be tumor-
initiating and treatment resistant. To further investigate sortilin and sortilin 
inhibition in relation to IL-6 and progranulin secretion in patients would be 
of great importance. In addition, their effect on cancer stem cells and their 
potential role as an additional therapeutic strategy needs to be further 
investigated.  

Taken together, in this thesis we have started to unwind the complex 
network interactions between unique tumor microenvironments and its 
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influence on cell secretion. In future research, the tumor 
microenvironmental effect on cancer cells needs to be further evaluated and 
possibly also included when dividing breast cancers in to subgroups to 
achieve the most appropriate treatment for breast cancer patients.  
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