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POPULAR SCIENCE SUMMARY OF THE THESIS 

 

Cancer is the most common disease worldwide. The leading cause of death in cancer is not 

local growth but spread of cancer cells to distant, vital organs like lungs or the liver, a process 

known as metastasis. Spread of cancer cells to regional lymph nodes is often the earliest sign 

of metastasis and is an important prognostic factor. Metastasis is a complex process involving 

invasion and migration of cancer cells into the surrounding tissue, dissemination through 

lymphatic or blood vessels, and formation of secondary tumors at distant sites. To achieve this, 

cancer cells need to be able adapt to environments where they normally do not reside. This 

involves changes in their migratory capabilities and their metabolic activities. Identification of 

how these changes occur could lead to the development of new treatment strategies aiming to 

target cancer metastasis. Recent data show that inflammatory signals contribute to the invasive 

capabilities of cancer cells. However, the mechanisms are not clear.  

The overall aim of this thesis was to study how an inflammatory factor termed transforming 

growth factor-β1 (TGF-β1) contributes to the invasive properties of breast cancer cells. TGF-

β1 has been shown to promote induction of epithelial-mesenchymal transition (EMT), a 

developmental program, which can re-activated be in cancer tissues. Breast cancer cells that 

undergo EMT loose the capacity to interact with each other and instead gain the capacity to 

migrate away from the primary tumor.  

The first part of the thesis presents results showing how glucose uptake changes in breast cancer 

cells as they are exposed to TGF-β1. More specifically, the results indicate that the capabilities 

of breast cancer cells that undergo TGF-β1-induced EMT to invade and grow are linked to 

changes in the expression of Glut1, a cell surface protein, which function as a glucose 

transporter.  

In the second part of the thesis, we show that TGFβ1-induced EMT involves a shift in the 

cellular localization of Syndecan 1, a protein known to regulate invasive and metabolic 

properties of cancer cells. We show that as breast cancer cells acquire invasive properties by 

undergoing TGF-β1-induced EMT, Syndecan 1 changes its localization in the cells and is 

depleted from the cell nucleus.  

In the last part of the thesis, we describe the development of a new method to study how 

inflammatory signals promote migration of breast cancer cells. By using this method, we could 

identify how cells forming lymphatic vessels respond to TGFβ1 by producing inflammatory 

signals that promote invasion of breast cancer cells.  

In summary, the results presented in this thesis provide new insights into how the inflammatory 

factor TGF-β1 promote EMT and the invasive capabilities of breast cancer cells by changing 

their metabolic activities and their capacity to sense and migrate towards inflammatory signals 

produced by cells forming lymphatic vessels. The results may lead to improved diagnostics and 

new treatment options in breast cancer.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

ABSTRACT 

 

Epithelial-Mesenchymal Transition (EMT) is a process linked to several hallmarks of cancer 

including metabolic switching, inflammation, and chemotactic properties. Tumor cells that 

undergo EMT lose epithelial characteristics like cell-cell adhesion and apical basal polarity and 

gain expression of mesenchymal proteins including intermediate filaments and various cell 

surface receptors. As a result, they acquire invasive and metastatic properties. Inflammatory 

cytokines overexpressed in tumor microenvironment, like Transcription Growth Factor beta 1 

(TGF-β1), can induce EMT and is linked to invasion and lymph metastasis in breast cancer. 

However, the mechanisms of how TGF-β1 promotes invasion and lymph metastasis are not 

clear.  

The overall aim of this thesis was to study the role of TGF-β1-induced EMT in regulating 

metabolic activities and chemotactic properties of breast cancer cells. In Paper I, we 

investigated changes in glucose metabolism linked to TGF-β1-induced EMT. The results 

showed a link between reduction of the glucose transporter Glut1 and the anti-proliferative 

response of TGF-β1. They also showed that re-expression of Glut1 in breast cancer cells during 

chronic exposure to TGF-β1 allowed them to proliferate and develop a stable EMT on the same 

time. In Paper II, we demonstrate that TGF-β1-induced EMT is linked to translocation of the 

protein Syndecan-1 from the cell nucleus to the cell surface. In Paper III, we developed a new 

invasion method that enabled identification of chemotactic properties of breast cancer cells 

undergoing TGF-β1-induced EMT. The method involved using a cloning cylinder in the inner 

parts of the cell culture inserts, which eliminated problems with edge effects, and resulted in 

significantly improved reproducibility in the invasion assays. Using this method, we identified 

interleukin 7 (IL-7) and interleukin 15 (IL15) as novel chemotactic factors for EMT cells. In 

Paper IV, we studied whether TGF-β1 could promote lymph metastasis by promoting the 

production and secretion of factors that could function as chemo-attractants for breast cancer 

cells with EMT properties. Results from RNA-sequencing analysis showed the induction of an 

inflammatory cluster of genes in in lymphatic endothelial cells upon exposure to TGF-β1. 

Further analysis led to the identification of a number of pairs of chemokines induced by TGF-

β1 in lymphatic endothelial cells and corresponding receptors specifically overexpressed in 

breast cancer cells with EMT properties.  

In conclusion, the results presented in this thesis provide new insights into the capacity of TGF-

β1-induced EMT to promote invasion of breast cancer cells by changing their metabolic 

activities and the intracellular localization of syndecan-1. The results also indicate that TGF-

β1 plays dual roles in lymph metastasis by both promoting chemotactic properties of breast 

cancer cells and by inducing the expression of chemotactic factors in lymphatic endothelial 

cells. The results may lead to the development of new diagnostic tools and novel treatment 

strategies for cancer patients.  
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1 INTRODUCTION TO THE RESEARCH FIELD 

 

1.1 CANCER METASTASIS AND INFLAMMATION 

Cancer is a generic term given for uncontrolled growth and invasion of cells into nearby tissues 

in any organ of the body. Cell division, in normal physiology, is a process, which is tightly 

controlled through several checkpoints of the cell cycle. Mutations in genes regulating these 

checkpoints may lead to abnormal cell division and the formation of tumors that can be either 

benign or malignant. Benign tumors are maintained locally at their site of origin in a specific 

part of the body and do not have the capability to invade neighboring tissues or spread to 

different parts of the body. Malignant tumors, on the other hand, are capable of invading nearby 

tissues and migrating via lymphatic or blood vessels, which may result in metastases at distant 

sites. According to the World Health Organization (WHO), cancer is now the leading cause of 

death globally with 9.6 million deaths in 2018 [1]. The most common cancer types in women 

are breast, cervix, lung, gastric and colorectal cancer, while prostate, colorectal, lung, liver and 

gastric cancers dominate among men [1]. Cancer as a term was first conceived from the Greek 

word “karkinos” which means crab, because similar to a crab “once it gets hold of you it never 

lets go” [2]. This reflects that even after the treatment of a patient with any of the current 

therapies, new tumors may develop by the existence of dormant or resistant cells that may have 

spread to distant organs in our bodies. This is still one of the inextricable parts of cancer. 

 

1.1.1 The Hallmarks of Cancer 

According to Hanahan and Weinberg normal cells need to acquire six important capabilities in 

order for cancers to be initiated and progress towards metastatic dissemination (Fig. 1) [3]. 

Later on, they added four new traits which are known as the emerging hallmarks of cancer [4]. 

Taken together these are: 1) sustaining proliferative signaling, 2) evading growth suppressors, 

3) avoiding immune destruction, 4) enabling replicative immortality, 5) tumor-promoting 

inflammation, 6) activating invasion and metastasis, 7) inducing angiogenesis, 8) genome 

instability and mutation, 9) resisting cell death, 10) deregulating cellular energetics [4]. 
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                      Figure 1. The Hallmarks of cancer. (75)                                                                                                            

 

1.1.2 Tumor-associated inflammation 

One of the recently added emerging hallmarks of cancer is inflammation. Inflammation can be 

induced by infections, oncogene activation and mutagens which contribute to tumor 

progression [7]. An inflammatory tumor microenvironment is also be created by the lack of 

oxygen and nutrients and involves the infiltration of immune cells. Virchow reported already 

in 1863 that infiltrating leukocytes are a main feature of solid tumors is [6], which was an early 

link between inflammation and tumorigenesis. Different types of inflammatory cells like 

macrophages, natural killer cells, dendritic cells, T cells and B cells, can be found in the tumor 

stroma. The tumor stroma is frequently also characterized by angiogenesis and the formation 

of new blood vessels, and fibroblasts producing various components of the extracellular matrix 

ECM) This has led to the idea that a tumor is like a wound that never heals, as reported by 

Dvorak [5]. Recruitment of immune cells is believed to be part of a tumor surveillance system 

and to react to cellular abnormalities, deplete dead cells and promote tissue remodeling and 

regeneration.  
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However, tumor cells may acquire the capability to suppress the normal function of the immune 

system and instead use inflammatory signals in the tumor microenvironment for invasion and 

migration.  

Inflammation has been found to play a crucial role in tumor progression. Different types of 

immune cells, like regulatory T cells, Myeloid-derived suppressor cells and tumor-associated 

macrophages have been found to have a promoter role in tumor progression and metastasis. 

This has been linked to the capacity of these cells to produce cytokines, such as Transcription 

Growth Factor beta (TGF-β), which can induce EMT and contribute to an immunosuppressive 

tumor microenvironment by changing the polarization of immune cells [27].  

 

1.1.3 Invasion and Metastasis 

The leading cause of mortality in breast cancer patients is metastasis, a stepwise process 

ultimately leading to the development of secondary tumors in distant organs. A clinical 

problem is that metastatic disease is already present in at least half of the cancer patients already 

at the time of the diagnosis [9]. Micro metastases will also be present in a high number of 

patients. The earliest steps of the metastatic cascade involve tumor cell invasion through the 

basement membrane and migration through the extracellular matrix of surrounding tissues 

(Fig. 2). Following this, tumor cells intravasate into lymphatic or blood vessels and disseminate 

through the circulation [12,13]. This is a crucial step where tumor cells interact with endothelial 

cells and manage to survive in the circulation, despite that they are originating from epithelial 

cells, which normally are stationary and not circulating in blood. Finally, tumor cells 

extravasate from the circulation and establish growth at distant sites [8]. Thus, metastasis is a 

complicated and demanding process whereby tumor cells need to complete various steps 

involving cell-cell and cell-matrix interactions [10].  
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                              Figure 2. The metastatic process. (76) 

 

 

Dissociation of tumor cells from the primary tumor is linked to loss of cell-cell adhesion, 

while invasion and migration involves increased capacity of tumor cells to engage in cell-

matrix interactions. Tumor cells may also produce factors, such as proteases, which can 

cause degradation of the basement membrane and components of the extracellular matrix 

and promote migration. Other factors promote angiogenesis, which has been shown to be 

essential for the establishment of experimental tumors more than 2mm in diameter in size 

[11].  
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1.1.4 Lymph metastasis 

Many cancer types including breast, oral and prostate cancers frequently metastasize through 

the lymphatic system [56]. Tumor-infiltrating immune cells contribute to lymph metastasis by 

secreting factors that induce remodeling of the lymphatic system through lymph-angiogenesis 

[32,33]. Lymph-angiogenesis is frequently observed in chronic inflammatory and cancer 

diseases [31], As tumor cells acquire invasive and migratory properties, they may enter into 

peripheral lymphatic vessels or neo-vessels in the tumor microenvironment and thereby gain 

access to the lymphatic system (Fig. 3) Once they have entered into the lymphatic vessels, they 

can migrate further until they reach the draining lymph node through afferent lymphatic 

vessels. As they arrive in lymph nodes, they are transported into the subcapsular sinus of the 

lymph nodes, where they may proliferate, or migrate further through the lymphatic system. 

Eventually, they may end up in the venous circulation.  

Lymph metastasis is one of the most important prognostic markers in breast cancer and other 

cancer forms and is used as a diagnostic tool stratify patients into different treatment strategies 

(63). However, the mechanisms that drive tumor cell dissemination through the lymphatic 

system are not completely known.  

       

 Figure 3. Metastatic spread of tumor cells through the lymphatic system. (63) 
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1.2 EPITHELIAL – MESENCHYMAL TRANSITION 

 

1.2.1 EMT and Cancer 

Cell migration is essential for several stages of normal development and is reactivated in 

pathological processes involving inflammation, wound healing and cancer metastasis.  

The capacity of tumor cells to invade into surrounding tissues and migrate away from the 

primary tumor is linked to loss of epithelial characteristics including cell-cell junctions and 

apico-basal polarity, and gain of a more mesenchymal/migratory phenotype, a process termed 

epithelial-mesenchymal transition (EMT) (Fig. 4) [14-17]. EMT involves transcriptional 

reprogramming of cells and involves a switch in the morphology and gene expression of 

epithelial cells which results in the acquisition of a mesenchymal/migratory phenotype [18,19]. 

EMT is driven by a set of core transcription factors belonging to the Snail, Zeb and Twist 

families [21,22]. Overexpression of several transcription factors within these families is 

associated with poor prognosis and tumor recurrence. The EMT factors are activated by TGF-

β, Ras, Notch and Wnt signaling pathways and they function as transcriptional repressors of 

various epithelial genes including tight and adherens junction proteins like the coxsackie- and 

adenovirus receptor (CXADR) and E-cadherin, respectively [23-26]. Loss of E-cadherin 

expression is of the most frequently used markers for EMT and is connected with a more 

invasive phenotype [20]. The initiation of EMT is also linked to altered expression of cell-

surface proteins, production of ECM degrading enzymes and reorganization of cytoskeletal 

proteins. Increased expression of the intermediate filament protein Vimentin contributes to the 

enhanced migratory properties of EMT cells and is frequently used as a marker of EMT [21].  

 

      

                                              Figure 4. Phenotype changes during EMT. (60) 
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1.2.2 Syndecans and EMT 

Syndecans are a family of single transmembrane domain cell surface proteins, which includes 

syndecan 1, 2, 3 and 4 [50,51]. They are mainly expressed in epithelial cells, where they act as 

co-receptors for G protein coupled receptors and growth factor receptors and regulate their 

activation and downstream signaling events. Syndecans have been shown to play important 

roles in various cellular processes including cell-cell adhesion and cell-matrix adhesion. 

Changes in the expression of syndecans have impact on tumor size, capability of metastasis 

and survival rate in patients [52]. Syndecan-1, in particular, has been correlated to the inhibition 

of tumor cell growth and invasiveness. Syndecan 1 also plays a role  in tumorigenesis by 

changing the process of cell proliferation and apoptosis [53]. Suppression of Syndecan 1 

expression has been shown to turn the phenotype of the tumor cell into a mesenchymal, EMT-

like, phenotype [54]. 

 

1.2.3 TGFβ1–induced EMT 

TGF-β1 is a cytokine frequently overexpressed in cancer and inflammatory tissues and it has 

been found to have a double role as a tumor promoter and a tumor suppressor. Under normal 

conditions, TGF-β1 controls tissue homeostasis by promoting apoptosis and inhibiting tumor 

growth [28,29]. Yet, during tumor progression, TGF-β1 shifts from a tumor suppressor to a 

promoter of EMT, which promotes invasion, migration, and resistance to cell death. TGF-β1-

induced EMT is regulated by a combination of the canonical Smad signaling pathway and non-

Smad oncogenic pathways like Ras-MAPK, Notch, Wnt/β-catenin [26,30]. 

Recent data show that breast cancer cells that undergo TGF-β1-induced EMT gain the capacity 

to disseminate through the lymphatic system through the induction of chemokine receptor 7 

(CCR7) [34]. CCR7 is a chemokine receptor which functions as an activator of Dendritic Cells 

(DCs) and lymphocytes and plays a crucial role in targeted DC migration through the lymphatic 

system to lymph nodes [35]. CCR7 is also known to promote the lymphatic dissemination of 

cancer cells [36,37]. CCL21, a ligand for CCR7, is expressed on lymphatic endothelial cells 

and functions as a chemoattractant for migrating DCs. 

It has been shown that during TGF-β1-induced EMT, CCR7 is induced in breast cancer cells 

and mediates targeted lymph metastasis towards its ligand, CCL21, which is being produced 

by lymphatic endothelial cells and expressed only in lymphatic and not in blood endothelial 

cells [34]. Concluding, TGF-β1-induced EMT in breast cancer cells seems to activate the same 

mechanism as the immune system uses to direct migration of DCs through the lymphatic 
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system [34]. Other chemokines, like CXCR5-CXCL13 [38], CXCR4-CXCL12 [39], CCR8-

CCL1 [40], have been also found to be expressed by lymphatic endothelial cells and used by 

tumor cells for lymph node metastasis. 

Taken together, TGF-β1-induced EMT cancer cells adopt futures of immune cells by adopting 

chemotactic signals which they use for dissemination through the lymphatic system on the 

same way that activated DCs disseminate during inflammation [34]. (Fig.5) 

   

                 

 

Figure 5. Cancer cells undergoing TGF‐β1‐induced EMT acquire properties of immune cells 

allowing them to disseminate through the lymphatic system similar to DCs during 

inflammation. (61)   
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1.3  CANCER METABOLISM 

 

1.3.1 Warburg Effect 

Hanahan and Weinberg recognized cancer metabolic reprogramming as one of the hallmarks 

of cancer [4]. In normal cells, glucose is catabolized to pyruvate and then converted to acetyl-

CoA, which is used as fuel for the Krebs cycle. Each glucose molecule can produce, through 

the Krebs cycle, up to 36 ATP. Under conditions when oxygen supply is limited, glycolysis is 

normally being prioritized [41]. Compared to normal cells, cancer cells have a peculiar way of 

using glycolysis as the main energy generator even when oxygen is in abundance [41-44]. This 

was discovered by Otto Warburg [65] and is therefore often referred to as the Warburg effect, 

or “aerobic glycolysis”, in contrast to anaerobic glycolysis, which occurs in normal cells (Fig. 

6). However, cancer cells need to counterbalance for their lower energy generation since they 

only produce 2 ATP per glucose molecule through glycolysis.  

                           

                                   Figure 6. The Warburg Effect. (Modified by 62) 
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1.3.2 Glucose uptake in cancer cells 

The Warburg effect involves increased glucose uptake through the upregulation of glucose 

transporters, such as Glut1, Glut2, Glut3 and Glut4, which is a major characteristic that 

distinguishes tumor from normal cells [45]. Cellular uptake of glucose uptake is mainly 

regulated by a family of glucose transporters (Glut 1-14) [45]. These are located in the plasma 

membrane and sense glucose levels on both sides of the plasma membrane [46]. Among Glut 

family members, Glut1 is the most common in humans and is believed to be responsible for 

basal glucose uptake in many different cell types (Fig. 7) [47,48]. Glut1 is overexpressed in 

several tumor types, like breast, ovarian, hepatic, lung, pancreatic, cervical, esophageal, 

colorectal, brain and endometrial cancers. Glut1 expression has been shown to serve as a 

prognostic and diagnostic marker in tumors [49].  

 

      

                                  Figure 7. Glucose metabolism in Cancer. (Modified by 64) 
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2 AIM OF THE THESIS 

 

Based on recent advances showing that TGF-β1-induced EMT promotes tumor progression we 
hypothesized that it might be linked to several of the hallmarks of cancer. The overall aim of 
this thesis was therefore to study the role of TGF-β1-induced EMT in regulating: i) the glucose 

metabolic switch, ii) the role of Syndecan-1, and iii) chemo-attractive signals promoting lymph 
metastasis during tumor progression.  

 

 

2.1 SPECIFIC AIMS: 

 

Paper I: To study changes of glucose uptake during different stages of TGF-β1-induced EMT. 

 

Paper II: To study the role of nuclear SDC1 during TGF-β1-induced EMT. 

 

Paper III: To study how TGF-β1-induced EMT affects chemotactic properties of EMT cells. 

 

Paper IV: To study how TGF-β1 affects the production of chemotactic factors from lymphatic 
vessels. 
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3 RESULTS AND DISCUSSION 

3.1 PAPER I: DIFFERENT REGULATION OF GLUT1 EXPRESSION AND 
GLUCOSE UPTAKE DURING THE INDUCTION AND CHRONIC STAGES OF 
TGF-Β1-INDUCED EMT IN BREAST CANCER CELLS 

 

TGF-β1-induced EMT has been linked to a main hallmark of cancer progression, the changes 

in glucose metabolism. Studies have shown that a more stable EMT phenotype appears after 

long term TGF-β1 exposure in breast cancer cells (66). In this study, we investigated if there 

were changes in glucose uptake during different stages of TGF-β1-induced EMT in mammary 

epithelial cells.  

First, we used a model of TGF-β1-induced EMT in Nmumg epithelial cells in order to study 

the regulation of Glut1 and glucose uptake during the EMT induction. Glut1 expression was 

decreased, both at protein and mRNA levels, and glucose uptake was inhibited during the 

induction of EMT. Then, we studied if this inhibition of Glut1 and glucose uptake was linked 

to the EMT response. We included both epithelial and mesenchymal cell lines, either mouse 

mammary derived or human breast cancer cell lines and found that Glut1 levels and glucose 

uptake were inhibited in both EMT and non-EMT cell lines. However, there was also an 

association of Glut1 repression with reduced cell proliferation in most cell lines after TGF-β1 

treatment. As a next step, we studied the regulation of Glut1 expression and glucose uptake 

during long-term TGF-β1-induced EMT, leading to a more stable EMT phenotype. We 

exposed Nmumg cells to TGF-β1 for either 72h or 14 days and found out that Glut1 levels, 

glucose uptake and proliferation were increased after 14 days compared to 72h. Since these 

results showed that Glut1 levels could play a role in the regulation of both EMT and 

proliferative responses, we performed loss and gain of function experiments in Nmumg cells. 

After knockdown of Glut1, cell proliferation was significantly reduced, however there was no 

difference in EMT response. Glut1 overexpression had no significant impact in both cell 

proliferation and EMT response. 

In conclusion, our results showed that Glut1 was downregulated, and glucose uptake inhibited, 

during the induction phase of EMT. However, this was not specifically associated with EMT 

since it was also detected in non-EMT mammary tumor cells and breast cancer cells. On the 

other hand, an anti-proliferative effect of TGF-β1 was associated with the repression of glucose 

uptake and Glut1. Finally, during the development of a more stable EMT phenotype, after long-

term exposure to TGF-β1, there were increased levels of Glut1, glucose uptake and cell 

proliferation. This could be interpreted as that the prolonged TGF-β1 exposure promotes both 

more stable EMT but also the activation of a metabolic switch, where breast cancer cells escape 

the growth inhibitory effect of TGF-β1 leading to the development of invasive and proliferative 

capabilities. 
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3.2 PAPER II: NUCLEAR SYNDECAN-1 REGULATES EPITHELIAL-
MESENCHYMAL PLASTICITY IN TUMOR CELLS 

 

Syndecan-1 (SDC1) is a proteoglycan located at the cell surface but can also translocate into 

the nucleus (67). SDC1 has been shown to play multiple roles in cancer cells related with cancer 

progression (68). In the present study we wanted to study if SDC1 plays a role in the regulation 

of TGF-β1-induced EMT and tumor cell invasion. 

We used two human tumor cell models: A549 human lung adenocarcinoma cells, which are 

epithelial cells prone to undergo EMT after TGF-β1 treatment, and B6FS human fibrosarcoma 

cells which are mesenchymal type of cells.  

To investigate the possible role of nuclear SDC1 in EMT regulation, we performed loss and 

gain of function experiments. mRNA expression levels of SDC1 were higher in A549 

(epithelial) cells compared to B6FS (mesenchymal) cells. 

First, we studied whether SDC1 nuclear translocation would affect EMT characteristics in 

A549 (lung adenocarcinoma) cells. Knockdown of SDC1 in A549 cells resulted in lower 

expression levels of SDC1 also during TGF-β1-induced EMT. Immunofluorescence staining 

results indicated that there is an association between the induction of EMT in A549 cells and 

SDC1 translocation from the nucleus to the plasma membrane. The analysis of the main EMT 

markers after SDC1 knockdown indicated that there is a link between the loss of nuclear SDC1 

and TGF-β1-induced EMT. 

As a next step we analyzed if SDC1 nuclear translocation would affect EMT characteristics in 

B6FS (mesenchymal) cells. B6FS cells were first stably transfected with plasmid constructs 

which express 1) full length SDC1 (FL), 2) a mutant variant of SDC1 carrying a deletion of the 

nuclear localization signal RMKKK (RMKKKdel) and 3) an empty vector (EV) (59). mRNA 

levels, flowcytometry analysis and immunofluorescence staining showed that nuclear SDC1 

reduces the B6FS mesenchymal properties. 

Then, in order to investigate the functional impact of our results, we performed invasion assays 

in both A549 and B6FS cells. The results showed that SDC1 knockdown resulted in increased 

invasion of A549 cells, with or without TGF-β1 treatment. SDC1 FL overexpression resulted 

in less invasion of B6FS cells compared to RMKKKdel mutant. 

In conclusion, our results showed that nuclear translocation contributes to the SDC1 regulation 

of TGF-β1-induced EMT, in both A549 and B6FS tumor models. 
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3.3 PAPER III: A CYLINDER-BASED INVASION ASSAY ENABLES 
IDENTIFICATION OF CHEMOTACTIC PROPERTIES OF BREAST CANCER 
CELLS UNDERGOING TGFB1-INDUCED EMT. 

 

EMT is a plastic process where tumor cells shift between different states of epithelial and 

mesenchymal phenotypes during metastasis (69). Tumor cells that undergo EMT lose epithelial 

characteristics like cell-cell adhesion properties and apical basal polarity. However, they gain 

invasive and metastatic properties, like the expression of mesenchymal proteins as intermediate 

filaments. Inflammatory cytokines that are overexpressed in tumor microenvironment, like 

TGF-β1, can trigger the induction of EMT. TGF-β1-induced EMT has been shown to be a link 

between cancer and inflammation (74).  

Invasion assays are commonly used to investigate the invasive capacity of tumor cells. 

However, several technical problems exist including edge effects making it difficult to get 

reproducible and accurate results coming from this type of method.  

Here, we wanted to study the invasive capacity of different TGF-β1-induced EMT cell lines 

towards inflammatory chemo-attractants. We used Namru Murine Mammary gland (NMuMG) 

cells, which are epithelial cells that undergo EMT after TGF-β1 treatment, EpXT cells, that are 

stable in EMT through an autocrine TGF-β1 loop (70), and MDA-MB-231 cells, which are 

Basal B, EMT-like, breast cancer cells.  

First, we used 20% FBS as a chemoattractant. In the standard invasion method, the cells were 

going through the membrane filter no matter the presence or not of chemoattractant in the outer 

chamber, and they were found mostly at the edges of the filter giving the impression that the 

cells were travelling through the edges (Fig. 8). We concluded that the cells did not really go 

through the Matrigel but could find a way to bypass the Matrigel and travel much faster at the 

interface between the Matrigel and the insert wall, towards the filter and through it. This is 

referred to as the edge effect, a commonly described problem in Transwell assays where cells 

migrate at a higher speed along the edges where the density and structure of the Matrigel 

network is weaker and this makes it difficult to analyze the effect of chemo-attractants.  

 

            

 

 

 

 

Figure 8. Standard Invasion Assay 

cells + matrigel 

Filter with 

8μm pores 
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Based on this, we developed a new type of invasion assay, where we used cloning cylinders in 

the inserts (Fig. 9). By using this approach, we found that the cells invaded through, rather than 

outside of the Matrigel, as evident by an equal distribution of cells in central parts of the filters. 

Through this new method, we could see a clear difference of invasion in the presence of 

chemoattractant compared to no attractant, leading to an elimination of the edge effect. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Cylinder-based Invasion Assay 

 

This result was the same for all the 3 different cell lines and the different chemo attractants we 

used: 

• 20% FBS, which is known to contain high levels of cytokines,  

• TNF, which has been shown to participate in EMT and play a pro-metastatic role in 

breast cancer (55,56),  

• IL-7 and IL15, which have been studied in hematological malignancies showing a 

capacity in regulating the activities of various types of immune cells (57), IL-15 has 

been shown to affect breast cancer metastasis in mouse models by regulating the 

activity of natural killer cells, T cells and macrophages (58). 

 

Thus, we concluded that in the new invasion method, the use of cylinders made the invasion 

process more accurate, giving optimal results in each condition. 

 

cells + matrigel 

Filter with 

8μm pores 

cylinder 
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3.4 PAPER IV: TGFB1-TREATED LYMPHATIC ENDOTHELIAL CELLS 
SECRETE CHEMOKINES THAT PROMOTE INVASION OF BREAST 
CANCER CELLS WITH EMT PROPERTIES 

 

Lymphatic dissemination of breast cancer cells is usually taking place during the metastatic 

spread of tumor cells in breast cancer patients (71). TGF-β1-induced EMT is highly associated 

with cancer progression, giving invasive and migratory capacity to tumor cells (27). Lymphatic 

metastasis is highly correlated with the abundance of TGF-β1 in tumor microenvironment (72). 

In previous studies, we have shown that TGF-β1-induced EMT activates breast cancer cells for 

migration through the lymphatic system similar to dendritic cells during inflammation (34). In 

this study we wanted to investigate the capacity of TGF-β1 to promote the expression of 

chemokines from lymphatic endothelial cells that could function as chemo-attractants for breast 

cancer cells with EMT properties.  

First, we used invasion assays by using three cell lines, NMumg, EpXT and MDA-MB-231 

cells (same as on Paper III) towards either normal medium or conditioned medium collected 

from TGF-β1 treated Lymphatic Endothelial Cells (sv-LECs). Here, we found that TGF-β1 

treated Lymphatic Endothelial Cells secrete factors promoting the invasion of EMT breast 

cancer cells. 

As a next step, we wanted to identify these secreted factors, so we performed an RNA-seq 

analysis of TGF-β1 non-treated and treated Lymphatic Endothelial Cells, which showed that 

genes that encode extracellular proteins playing a role in inflammation, cell adhesion and 

angiogenesis, were significantly induced in TGF-β1 treated Lymphatic Endothelial Cells. 

Then, we focused on the chemokines which are induced by TGF-β1 in LECs, and their 

receptors are overexpressed in basal compared to luminal breast cancer cells. We used the 

GOBO database, where after screening of 51 human breast cancer cell lines, we identified 6 

chemokine receptors that act as receptors for 8 TGF-β1-induced chemokines. Surprisingly, 4 

of these chemokines share EGFR as a common receptor. 

In conclusion, our results so far show that since EGFR overexpression is related to EMT and 

metastasis, a potent role in lymphatic metastasis is also possible. 
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4 CONCLUSIONS AND FUTURE PERSPECTIVES 

 

The overall aim of this thesis was to study the role of TGF-β1-induced EMT in regulating: i) 
the glucose metabolic switch, ii) the role of Syndecan-1, and iii) chemo-attractive signals 
promoting lymph metastasis during tumor progression.  

 

4.1 PAPER I: DIFFERENT REGULATION OF GLUT1 EXPRESSION AND 
GLUCOSE UPTAKE DURING THE INDUCTION AND CHRONIC STAGES OF 
TGFΒ1-INDUCED EMT IN BREAST CANCER CELLS 

 

In conclusion, in this study we showed a link of Glut1 repression and glucose uptake reduction 

to the anti-proliferative response of TGF-β1. During chronic TGF-β1 exposure, Glut1 re-

expression and increased glucose uptake lead breast cancer cells to acquire a more stable EMT 

and proliferate. This metabolic switch that takes place during TGF-β1-induced EMT in breast 

cancer cells, may be used as a therapeutic target or as a diagnostic tool for further studies. 

Breast microcalcifications formation has been linked to the occurrence of EMT [73], so in 

future studies, it would be interesting to also explore the role of Glut1 and glucose in 

microcalcifications in the breast. It would also be important to study the extent that Glut1, and 

maybe other glucose transporters, participate in the metabolic switch during TGF-β1-induced 

EMT and which signaling pathways play a major role there, so this could lead to a potentially 

therapeutic target. 

 

4.2 PAPER II: NUCLEAR SYNDECAN-1 REGULATES EPITHELIAL-

MESENCHYMAL PLASTICITY IN TUMOR CELLS 

 

In conclusion, in this study we showed that SDC1 nuclear translocation plays a role in the 
regulation of TGF-β1-induced EMT characteristics and the invasive behavior of tumor cells 

which could result in a new point of view of the mechanisms by which SDC1 plays a role in 
tumor progression and EMT. 

In future studies, it would be interesting to study the mechanisms by which nuclear SDC1 

contributes to the regulation of EMT machinery in tumor cells, which could give a new insight 

on how nuclear SDC1 regulates different transcription factors that play a role in EMT. 
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4.3 PAPER III: A CYLINDER-BASED INVASION ASSAY ENABLES 
IDENTIFICATION OF CHEMOTACTIC PROPERTIES OF BREAST CANCER 
CELLS UNDERGOING TGFB1-INDUCED EMT. 

 

In conclusion, in this study we show that the modification of the standard Transwell assay by 

adding a cloning cylinder in the cell culture insert leads to the elimination of the common edge 

effect problem. Hereby, the assay is significantly more accurate and sensitive compared to 

standard invasion assays in determining the stimulatory effects of chemokines.  

In future studies, the cylinder-based invasion assay will be valuable in the analysis of 

chemotactic properties of tumor cells. Using the cylinder-based invasion assay, we identified 

IL-7 and IL-15 as novel chemotactic factors for human MDA-MB-231 breast cancer cells with 

EMT properties, which shows the potential of the assay. Further studies are needed to elucidate 

whether these cytokines contribute to breast cancer invasion and metastasis, which could then 

be used as therapeutic targets. 

 

4.4 PAPER IV: TGFB1-TREATED LYMPHATIC ENDOTHELIAL CELLS 

SECRETE CHEMOKINES THAT PROMOTE INVASION OF BREAST 
CANCER CELLS WITH EMT PROPERTIES 

 

In conclusion, here we show that TGF-β1 promotes lymphatic metastasis in two ways, 1) in 

breast cancer cells, by the induction of EMT and immune cell properties, and 2) in lymphatic 

endothelial cells, by the induction of the expression and secretion of chemokines, which then 

promote the migration of EMT cells in a targeted way towards the lymphatic system. 

EGFR is a factor well connected to breast cancer and EMT, however targeting EGFR in breast 

cancer patients with advanced disease, it hasn’t been found to be very effective.  In future 

studies, it would be interesting to study further the role of EGFR signaling in lymphatic 

metastasis. 

 

 

In conclusion, the results presented in this thesis provide new insights into the role of TGF-β1-

induced EMT in lymphatic dissemination but also in glucose metabolism and the functional 

importance of nuclear transportation of SDC1, which could lead to new therapeutic approaches. 
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