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1. Summary 

Breast cancer is the most prevalent cancer in women and one of the leading causes of cancer-
related death. The estrogen receptor α (ERα) is an important therapeutic target in hormone-
responsive breast cancer patients. However endocrine therapy resistance is often developed. 
A causative driving force is the crosstalk with growth factor pathways, like the insulin-like 
growth factor (IGF-I) and insulin receptor. In this master thesis, pathway interaction is 
investigated in viability, growth and protein assays with treatments of β-estradiol, IGF-I, insulin 
and the ERα antagonist fulvestrant; and IGF-I/insulin receptor antagonists NVP-AEW541 and 
OSI-906. Viability and growth assays are performed on spheroids of GFP expressing MCF-7 
breast cancer cells. These three-dimensional cultures reflect more accurately the complexity 
of the in vivo tumor. Spheroids grown under physiological glucose concentrations (5 mM) are 
significantly larger compared to growth in hyperglycemic conditions (25 mM). Interestingly, 
spheroids in 5 mM glucose fail to react to stimulation of β-estradiol and growth factors. In 
contrast, spheroids in hyperglycemic conditions show a remarkable responsiveness to β- 
estradiol, fulvestrant and NVP-AEW541. Pathway crosstalk is studied in two-dimensional 
cultures where both fulvestrant and NVP-AEW541 reduce protein expression in ERα and IGF-
I/insulin receptor pathways. Short term β-estradiol, IGF-I and insulin treatments impact 
activation of ERK and BAD. In conclusion, it can be stated that the metabolic environment 
influences breast cancer cell growth mainly through β-estradiol and not insulin and IGF-I 
growth factors.  
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2. Introduction 

2.1. Hormones and growth factors critical in breast cancer development 

2.1.1. Breast cancer 

Breast cancer is the most commonly diagnosed cancer and one of the leading causes of 
cancer-related death in women worldwide [1]. This malignancy encompasses multiple 
biological subtypes each characterized with a varied spectrum of molecular and phenotypic 
features with different prognostic and therapeutic implications. Breast cancer is clinically 
subdivided into three basic types based on their immunohistochemical properties; 
estrogen/progesterone receptor positive (ER⁺/PR⁺), human epidermal growth factor receptor 
2 positive (HER2⁺) and triple negative (ER¯/PR¯/HER2¯) [2].  

2.1.2. Hormone dependency 

Approximately 75% of all breast cancers are hormone dependent [3]. The estrogen receptors 
(ERs) are members of the nuclear receptor superfamily that regulates transcription of specific 
estrogen target genes in response to 17-β-estradiol (E2). Classical ERs include two subtypes, 
ERα and ERβ. Although ERβ is expressed in human breast cancer, its normal function and 
potential role in carcinogenesis is still uncertain. In contrary, ERα has been studied in great 
detail and it serves as a clinically useful predictive marker and treatment target [4]. ERα 
contains several distinct domains including transcriptional activation function domains, a hinge 
region and a centrally located zinc finger DNA-binding domain. The classical mode of action is 
binding of the ligand and release of the heat shock proteins resulting in a conformation change 
of the receptor that allows them to homodimerize and release co-repressors and recruit co-
activators. The activated ERα complexes are then able to interact with DNA at sequence-
specific estrogen response elements (EREs) [5]. The transcriptional activation is mediated by 
the activation function domains (AFs). The amino terminal AF-1 is the ligand independent or 
constitutively active transcription activating domain, in contrary to AF-2 which is dependent of 
ligand binding [6].  

Other modes of signaling have been described, including membrane-associated receptor 
signaling via G protein-coupled estrogen receptor I (GPER)  [7]. GPER, in contrary to the slow 
genomic activation by ERα, executes a non-genomic path by triggering rapid, intracellular 
transduction pathways like the mitogen-activated protein kinase kinase (MEK) and 
phosphatidylinositol-3-kinase (PI3K). In addition to E2 and the specific GPER ligand G1, the 
ERα antagonists tamoxifen and fulvestrant have shown the ability to bind and activate GPER 
[8, 9].  

E2 regulates growth and differentiation and it is observed that ERα is overexpressed in breast 
cancer. Thus, for these hormone receptor positive tumors, ERα is a common therapeutic 
target. Tamoxifen is a selective estrogen receptor modulator (SERM) and prevents 
transcriptional activation by retaining the ERα in an inactive conformation and preventing the 
recruitment of co-activators. Selective estrogen receptor down regulators (SERDs) like 
fulvestrant bind to the ERα but also prevent receptor dimerization and DNA binding in addition 
to inhibiting both AF-1 and AF-2. These steroidal anti-estrogens eventually cause ubiquitin-
proteasome receptor degradation. Anti-estrogen therapies used only in post-menopausal 
breast cancer patients are aromatase inhibitors that block peripheral conversion of androgens 
into estrogens [3, 5, 10-12].  However, a large number of ERα⁺ breast cancers adapt to 
hormone deprivation and develop resistance to these anti-estrogens. One driving force behind 
the escape to endocrine therapy is the molecular crosstalk and increased signaling through 
growth factor pathways like HER2, epidermal growth factor receptor (EGFR) and IGF-I/insulin 
receptor [4, 10, 12, 13]. (FIGURE 1) 



3 
 

FIGURE 1: 17-β-estradiol (E2) signaling. The estrogen receptor α (ERα) exists out of several domains: 
a ligand independent activation function domain (AF-1), a DNA-binding domain (DBD), a hinge region 
(H) and a ligand dependent activation function domain (AF-2). Activation leads to release of heat shock 
proteins (HSP), homodimerization and release of co-repressors and recruitment of co-activators. This 
eventually leads to binding to the estrogen response elements (ERE) and activation of gene transcription 
(slow genomic pathway). Tamoxifen (T) and fulvestrant (F) are antagonists of the ERα. E2 also mediates 
its cancer proliferating actions through a rapid non-genomic pathway by binding to the membrane-
associated receptor GPER. Other ligands like G1, tamoxifen and fulvestrant can also bind and activate 
this receptor. It transmits the signal into the cell by phosphorylation of ERK and Akt.  

2.1.3. The insulin-like growth factor I and insulin system 

Both the insulin-like growth factor receptor type I (IGF-IR) and the insulin receptor (IR) belong 
to the tyrosine kinase receptor family and are essential for normal development and growth of 
cells and organs [14]. Overexpression of IGF-IR and IR has been observed in breast cancer 
and high levels of these phosphorylated receptors are correlated with poor survival [10, 13].  
 
The insulin-like growth factor (IGF) family consists of two ligands IGF-I and IGF-II, two 
receptors IGF-IR and IGF-IIR, and several IGF binding proteins (IGFBPs). The latter controls 
the half-life and bioavailability and thus the activity of the IGFs [14]. In contrast to IGF-IR, the 
IGF-IIR binds only IGF-II and has no tyrosine kinase activity [12]. IGF-I is produced primarily 
in the liver under the direct stimulation of growth hormone [15]. Besides it endocrine effects, 
other tissues can produce IGF-I locally in a paracrine or autocrine matter [15, 16]. Most of 
these effects are mediated by the transmembrane IGF-IR. This is a ubiquitous and 
multifunctional tyrosine kinase that plays a significant role in growth, development and 
maintenance of many tissues, including the mammary gland. In both normal and malignant 
breast tissues, IGF-IR is mainly expressed by stromal and in a lesser extent by epithelial cells 
[3, 15]. This growth factor is particularly important during neonatal and pubertal growth and 
carries out its effects by stimulating cell proliferation and interrupting apoptosis [14]. Due to the 
mitogenic and anti-apoptotic role of IGF, the signaling system is implicated in a number of 
cancers, inclusive breast carcinoma. It regulates multiple levels of tumor progression, including 
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proliferation, cellular transformation and survival, cell-cell and cell-matrix interactions, 
migration and invasion [12].  
The IGF-IR is expressed at the cell surface as a heterotetramer compromised of two α and two 
β subunits. The α subunits are primarily localized extracellularly and mediate ligand binding, 
whereas the two transmembrane β subunits have intrinsic tyrosine kinase activity [5, 17]. 
Unlike some other tyrosine kinase receptors, IGF-IR activity is dependent of ligand binding 
[12]. This induces a conformational change resulting in auto-phosphorylation and trans-
phosphorylation of tyrosine residues on the β subunits. Subsequent recruitment and docking 
of adaptor proteins, most notably the insulin receptor substrate proteins IRS-1 and IRS-2 [5, 
7, 12]. These docking proteins initiate phosphorylation cascades that transmit the signal into 
the cell. There is activation of the RAS/RAF/mitogen activated protein kinase 
(MAPK)/extracellular signal-regulated kinase (ERK) pathway, which stimulates cell growth and 
proliferation. Protection from apoptosis results from activation of a second major signaling 
pathway PI3K/Akt/mammalian target of rapamycin (mTOR)/ribosomal protein S6 kinase beta-
1 (S6K1). One mechanism by which Akt signaling promotes cell survival is through 
phosphorylation and inactivation of the pro-apoptotic Bcl-2 associated death promotor (BAD) 
protein [12]. Both the pathways also contribute to the establishment and maintenance of 
epithelial-to-mesenchymal transition (EMT). EMT is a process by which tumor cells lose their 
epithelial properties and obtain mesenchymal characteristics, including motility, invasiveness 
and metastasis potential [18]. Moreover IGF-I induces formation of lamellipodia characteristic 
for motile cells during invasion and migration. IGF-I plays a key role in angiogenesis by 
upregulating the proangiogenic  vascular endothelial growth factor (VEGF) [15]. 
Multiple strategies can be used to disrupt signal transduction of IGF-I, including reduction and 
neutralization of circulating IGF-I molecules, decreased expression of IGF-IR or blockade of 
IGF-IR activation. The latter can be obtained by using monoclonal antibodies causing 
internalization of the receptor or by using small molecule inhibitors directed against the tyrosine 
kinase domain [12, 15]. For example NVP-AEW541 is a potent low-molecular weight IGF-IR 
kinase inhibitor with proven in vivo antitumor activity [19]. 
  
Accordingly to the IGF system, elevated levels of circulating insulin are linked with an increased 
cancer risk as well as with aggressive and metastatic phenotypes. Women who are 
experiencing hyperinsulinemia associated with insulin resistance, common in metabolic 
disorders like obesity and type 2 diabetes mellitus, have increased risk for breast cancer and 
are associated with poor prognosis [20, 21].  
Insulin is exclusively produced by the endocrine pancreas and is the main regulator of glucose 
homeostasis [20]. Similarly to the IGF system, the ligand bounded IR phosphorylates IR 
substrates (IRS), which in turn activate the pathways RAS/RAF/MEK/ERK and 
PI3K/Akt/mTOR/S6KS to stimulate growth, proliferation, survival and cell motility and evade 
cell death [20].   
 
Therefore IGF-I and insulin are points of convergence for major signaling cascades implicated 
in breast carcinogenesis. The IGF-IR and IR are closely related with an approximately 60% 
amino acid sequence homology. Thence the IR is capable of binding the IGFs, however with 
a lower affinity than of insulin for its own receptor [5, 12, 17]. IR/IGF-IR hybrid receptors are 
capable of binding both IGF-I and insulin but preferentially support IGF-I signaling [5, 12]. Due 
to the high percentage of homology, most of the monoclonal antibodies and small molecule 
inhibitors used to inhibit IGF-IR activation, have the capability to disrupt IR signaling as well [3, 
12]. For example, OSI-906 is a potent small molecular weight dual IGF-IR/IR kinase inhibitor, 
this in contrary to the selective IGF-IR kinase inhibitor (selectivity till 2.3 µM) as already 
mentioned. (FIGURE 2) 
These receptors play an important role in resistance and escape to applied treatments against 
breast cancer; chemotherapy, radiotherapy, hormonal therapy, HER2 and EGFR directed 
therapy [12-14, 22].   
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FIGURE 2: The insulin/ IGF-I signaling system. 

2.2. Treatment resistance by crosstalk between different receptor classes  

It is clear that IGF-I, insulin and E2 act as mitogens in normal breast epithelia as well as in 
breast cancer cells. These are essential hormones regulating growth and differentiation. It is 
from major importance to observe the responses to receptor activation from multiple classes, 
rather than investigating a single ligand-receptor response in isolation. 

2.2.1. Estrogen and IGF-I crosstalk 

Studies show that the IGF-I- and E2-mediated pathways don’t display their actions separately, 
but that these pathways are intertwined. E2 and IGF-I act together and synergistically and have 
a substantial signal transduction crosstalk [3, 5, 7, 12, 20, 23-25]. Conversely, anti-estrogens 
can inhibit IGF-I mediated growth just like anti-IGF-I treatment can inhibit estrogen mediated 
growth [5].  

E2 increases the production and enhances the actions of IGF-I in breast cancer cell lines. It 
also stimulates the expression of IGF-IR and its signaling substrate IRS-I [25]. ERα executes 
its non-genomic effects by phosphorylation of the downstream effectors ERK and Akt [12, 23, 
25]. Moreover, estrogens can suppress the production of the IGFBPs that inhibit IGF action by 
blocking the binding with the IGF-IR [5, 26]. GPER too leads to rapid signaling events such as 
the phosphorylation of IGF-IR and its downstream pathway members PI3K and ERK [27].  

Likewise, IGFs enhance the action of estrogens. E2 depends on the presence of IGF-I to 
stimulate mammary development. Breast epithelial growth is rudimentary in mice lacking IGF-
I expression and even high doses of E2 cannot compensate [24]. IGF-I increases the 
transcriptional activity of ERα and arouses the conversion of latent estrogen to its active form 
[28]. In addition, it stimulates translocation of ERα from the nucleus to the cytoplasm and is 
able to induce ligand-independent ERα activation by phosphorylation of AF-1 via the RAS/ERK 
cascade [25]. Activated ERα then rapidly binds with the IGF-IR and induces phosphorylation 

of Akt and ERK, resulting in an enlarged IGF-I signaling through ERα feedback looping  [23-
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25]. It has been shown that ERα lacking the ligand-independent domain AF-1 could be 
activated by E2, but not by growth factors and ERα lacking ligand-dependent AF-2 could be 
activated by IGF-I and EGF, but not by E2 [5]. Moreover the growth factor enhances the 
interaction between ERα and EREs in the ERα -targeted genes [29]. For example, IGF-I can 
increase the expression of progesterone which is a transcriptional target of ERα [5]. IGF-I also 
promotes proliferation and migration through transactivation of GPER and upregulation of its 
expression. The induction of GPER by IGF-I is mediated by the ERK/cFOS transduction 
pathway where cFOS moves to an AP1 site located within the GPER promotor sequence. As 
a result GPER expression is increased in tamoxifen-resistant breast cancer and plays a role 
in IGF-I-induced antiestrogen resistance [20, 27, 30].  
IGF-IR targeted therapy in breast cancer is particularly interesting since synergy with anti-
hormonal therapy and targeting of related HER2 and EGFR has been shown [13]. 

2.2.2. Estrogen and insulin crosstalk 

While the IGF-IR and EGFR pathways are extensively reported to be intertwined with the ERα 
pathway, crosstalk between IR and ERα lacks research. The IR has received less attention 
due to the hazard of dysregulation of glucose homeostasis. However it is proven that dual 
knockdown of the IR and IGF-IR additively suppresses PI3K/Akt signaling and combined 
inhibition of ERα and IR/IGF-IR is superior in decreasing hormone-independent tumor growth 
more than each other intervention alone. Additionally it is shown that amplified IR signaling 
vanquishes intrinsic resistance to IGF-IR inhibitors [10]. Due to the activation of the same 
pathways downstream from IGF-IR, EGFR and IR, it can be hypothesized that a similar 
crosstalk is occurring between ERα and IR. (FIGURE 3)  

FIGURE 3: The estrogen- and insulin/IGF-I- crosstalk in breast cancer cells. 
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2.2.3. Clinical implication 

Combined ERα- and IGF-IR/IR- directed therapies as an early intervention in high-risk 
hormone dependent breast cancer patients may prevent disease recurrence. Additionally, 
these interactions have been found in several tissues including the uterus, indicating that these 
combined therapies can be used in multiple carcinomas. However, it is still unclear which 
factors contribute to sensitivity to anti-IGF-IR directed therapy as no biomarker is available yet 
to select patients and tumor types [13]. 

2.3. The tumor microenvironment 

Not only the cancer cells themselves but also the tumor microenvironment (TME) with 
ostensibly normal cells such as fibroblasts, immune cells, adipocytes and endothelial cells, 
plays an indispensable role in carcinogenesis. Activated stroma is a prerequisite for tumor 
formation, invasion and metastasis [31]. Considering that ‘tumors are wounds that do not heal’, 
~80% of the tumor fibroblasts acquire an activated phenotype. These cancer-associated 
fibroblasts (CAF) contribute to tumor growth, angiogenesis, metastasis and therapy resistance 
through autocrine, paracrine and endocrine action of various growth factors, cytokines, 
proteases and hormones including estrogen [32]. (FIGURE 4) 

 

FIGURE 4: a) Maintenance of the epithelial tissue by crosstalk between normal epithelial cells and 
fibroblasts. When there is a tumor lesion present, the stroma will be become activated with cancer 
associated fibroblasts.  Both the cancer cells and CAF support each other with cancer progression as 
result. b) Autocrine, paracrine and endocrine actions of growth factors and hormones (like IGF-I and 
estrogen) between the different tissues.  

The IGF signaling axis has vast implications for interactions between stromal and breast 
cancer cells within many microenvironments; the primary tumor site, the circulation and the 
metastatic site [14, 15].  Breast fibroblasts reveal a signature of genes that associates with 
proliferation and protection from apoptosis following stimulation by IGF-I [12, 15]. The escape 
from cell death through activation of the IGF-IR/Akt/mTOR pathway by IGF-I in surrounding 
stroma cells is further demonstrated in our laboratory. CAF promote survival of colorectal 
cancer after activation by radiotherapy [33].   

Accumulating evidence related to GPER expression and its proliferative and migratory 
responses which consequently contributes to tumor progression, has been reported. GPER is 
exclusively expressed as an ER in mammary CAF and induces the expression of cFOS, cyclin 
D1 and connective tissue growth factor (CTGF), resulting in CAF proliferation and cell-cycle 
progression [8]. Tamoxifen, commonly accepted as an anti-hormonal drug in breast cancer 
patients, shows to stimulate E2 production by binding and activating GPER in breast CAF. 
Therefore GPER contributes to tamoxifen resistance in a CAF-dependent manner [8, 34]. 
GPER is mainly located in the cytoplasm of breast CAF. This cytoplasmic GPER translocation 
from the nucleus is triggered and maintained by the tumor cells and is correlated with poor 
prognosis [35]. Next to the already documented GPER/EGFR/ERK axis [8, 27, 32, 34], IGF-IR 
and GPER crosstalk is also considered in breast CAF and needs further investigation. The 
relevance of this strategy is further appreciated by recent findings published in Nature 
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Medicine. Targeting PDGFR activity in CAF resulted in conversion of basal-like breast cancers 
into a hormone receptor-positive state that enhanced sensitivity to endocrine therapy in 
previously resistant tumors [36]. 

2.4. Spheroids as a three-dimensional cell culture 

Drug screening is typically performed using 2D cultures of tumor cells. However such simple 
monolayer cultures do not accurately reflect the 3D cellular context of a solid tumor. 3D 
techniques attempt to overcome this correlation mismatch between the preclinical and clinical 
situation. They have gained increasing interest in biomedical research due to their evident 
advantages in providing more physically relevant and predictive data. These techniques reflect 
better the complexity and pathophysiology of in vivo tumor tissue in terms of cellular 
heterogeneity, volume growth kinetics, cell-cell interactions, matrix deposition, nutrient and 
oxygen gradients, gene and protein expression profiles, signaling pathway activity, modulation 
of DNA damage and repair mechanisms, cell cycle distribution and cellular responses to 
external stimuli [37-39] (FIGURE 5). Several three-dimensional culture models have been 
established: whole perfused organs, tissue explants, scaffold cultures, hollow-fiber bioreactors, 
gel-matrix-based cultures and organotypic cultures [37]. The latter includes the multicellular 
tumor spheroid model that mimics the properties of the avascular stage of tumor development. 
It uses a self-assembly process from suspended cells and is most widely used. 

 

FIGURE 5: 2D cell cultures grown on plastic are, in contrast with 3D cultures, mainly composed of 
proliferating cells. In addition they appear to be more flat and stretched than in the in vivo situation [38]. 
The abnormal tissue architecture and cell morphology influences many cellular processes with the result 
that the 2D model does not adequately mimic the clinical situation. 

Multicellular spheroids (MCS) are spherically symmetric aggregates of cells analogous to 
tissues with no artificial substrate for cell attachment. This in contrary to 2D cultures which are 
typically grown on stiff substrates resulting in high resistance to deformation [40]. Since almost 
all cells in the in vivo environment are surrounded by other cells and extracellular matrix (ECM), 
loss of tissue-specific properties is common for cells grown in 2D settings [41]. Mammalian 
tissue ECM is mainly composed of collagen, fibronectin, elastin, laminin and proteoglycan [42]. 
MCS do establish a unique three-dimensional organization and retain these organotypic 
histomorphological features. The cell-cell and cell-ECM interactions form a complex 
communication network of biochemical and mechanical signals, which are critical for normal 
cell physiology [41]. However it should be stated that polymerization to ECM only occurs in 
presence of ascorbic acid [43, 44]. In addition to the micro environmental and 
histomorphological features,  the functional feature is retained as well. Larger MCS are 
frequently characterized by hypoxic regions, a necrotic core and an external proliferating zone 
[37]. The peripheral cells reflect the in vivo actively proliferating tumor cells close to capillaries 
[45]. With the alterations of oxygen tension, nutrients, lactate and ATP concentrations, the 
spheroids mirror the pathophysiological gradients and gene expression profiles of in vivo 
tumors, therapeutically relevant for drug penetration and sensitivity. (FIGURE 6) 
The ECM, the dense cell packing and the nanoparticle-cell interaction act as transport barriers, 
hindering nanoparticle penetration with the result that only a subset of the cells is exposed to 
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the tested compound [46]. Therefore the hypothesis is that drugs that retain their cytotoxic 
effect in spheroids would have a greater chance of being active in cancer patients [47]. Hence, 
spheroids can be a powerful model for negative selection and to optimize drug candidates. 
Therefore it could contribute critically to a reduction in animal testing and economical savings 
[48]. 

FIGURE 6: Multicellular spheroids 
commonly show characteristics 
associated with solid tumors in vivo. 
They are formed by concentric 
arrangements of heterogeneous cell 
populations with an outer shell of 
viable proliferating cells, an 
intermediate zone with viable but 
quiescent cells and an inner, less 
dense necrotic core [40]. Inward 
proliferation and oxygen/nutrient 
gradients are observed in larger 
MCS, as well as a potential 

accumulation of catabolites in central regions, highly reminiscent of poorly vascularized areas in solid 
tumors. All these features affect gene and protein profiles and the penetration, binding and bioactivity 
of therapeutic drugs and drug candidates [48]. 

2.4.1. Creation of spheroids 

A variety of 3D culture models have been devised and are generally subdivided into scaffold-
based and liquid-based models. Scaffolds provide support for cell growth and mimic ECM 
conditions by encapsulating the cells in polymers. Such methods, while useful, do not 
recapitulate the intimate direct cell-cell adhesion architecture found in normal tissues. Rather, 
the cells are more loosely dispersed within a 3D meshwork [49].  
Scaffold-free 3D spheroids are either self-assembling or are forced to grow as cell clusters 
starting from single cell suspensions [39]. Essentially each method requires conditions such 
that the adhesive forces between the cells is greater than that for the substrate on which they 
are plated. MCS have traditionally been generated in spinner flasks and this technique is useful 
when large numbers of spheroids are required. This agitation-based culture is continuously 
rotated, thereby preventing adherence to the culture vessel itself [50]. However these 
spheroids are heterogeneous in size and cannot be used for screening [51]. Furthermore, the 
constant agitation makes the monitoring of spheroid size and growth overtime by optical 
microscopy difficult [52]. A highly reproducible method that is capable of generating individual, 
uniformly sized spheroids from only a low number of starting cells is the hanging drop method. 
The hanging drops are formed by surface tension of the fluid and the hydrophobic nature of 
the plastic. Due to gravity the cells gather at the liquid-air interface and aggregate to a spheroid 
after a few days [53]. However maintaining spheroids in hanging drops and regular change of 
medium is time consuming and labor intensive [45]. The technique used in our laboratory is 
the liquid overlay method where cells are seeded in ultra-low attachment plates with U-shaped 
bottoms that enables spontaneous cellular aggregation and spheroid formation [52]. In contrast 
with the spinner flasks the spheroids are of more uniform size and shape and this technique 
allows them to grow naturally as the cells multiply, representing more accurately the tumor 
growth. In addition it is more easy to handle in a large scale than the hanging drop method. 
The liquid overlay technique can produce spheroids with diameters of 100 µm to over 1 mm, 
however the preferred size for analysis is 100-600 µm [46, 53, 54] (FIGURE 7). The cell 
capacity to form spheroids by this method is not similar for all types of cells and is not correlated 
with the cell tissue origin [52]. For example, in the experiments executed in this project the 
breast cancer cell lines MCF-7/AZ GFP clone 2, T-47D GFP clone 4 and ZR-75-1 GFP are 
able to form compact spheroids while the MDA-MB-231 GFP Luc cell line remains as loosely 
packed cells. 
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FIGURE 7: Three different 
methods for the creation of 
spheroids. a) The spinner 
flask method forms 
spheroids by constant 
rotation, preventing cells to 
adhere to the flask wall. b) 
The cells gather at the 
bottom of the drop and 
aggregate to a spheroid in 
the hanging drop method. 
c) The liquid overlay 
method makes use of ultra-
low attachment plates that 
enables spontaneous 
aggregation to spheroids. 

 

2.4.2. Spheroid-based cocultures 

As previously stated, the tumor microenvironment plays a critical role in cell differentiation and 
greatly impacts therapeutic efficiency. Spheroid-based coculture systems can be used to 
model the cellular heterogeneity and to study the tumor-stromal cell interaction. In addition, 
fibroblasts will contribute to growth of the MCS by synthesizing and secreting ECM related 
proteins such as collagen and fibronectin [42]. Coculturing techniques are diverse and include 
mixed spheroids,  tumor spheroids cultured on CAF monolayers, tumor spheroids cocultured 
with pre-established CAF spheroids, CAF suspensions added to tumor spheroids and the 
incubation of CAF spheroids with tumor cell suspensions [55]. With mixed spheroids, the exact 
proportions of seeding cell populations must be optimized due to differences in cell growth 
rates, intercellular adhesion, migration and survival between different cell types [53]. 

2.4.3. Disadvantages of spheroids in comparison with other emerging 3D                                                                                                                  

culture methods 

Although the advantages of spheroids have been widely recognized, there are still a few 
obstacles and drawbacks to this 3D technique. Other techniques can help to overcome these 
obstacles. 

1) It has been difficult to scale up spheroid cultures for automated high-throughput 
screens and data mining. Recently, microtechnology devices with spheroids on a chip 
like nano-culture plates (NCPs) have been developed to allow the creation of uniform 
and highly-reproducible spheroids and to simplify the handling procedure [55, 56]. In 
our laboratory the maximum of six 384 well-ULA plates can be followed simultaneously 
for functional analysis by time-lapse microscopy of IncuCyteZOOM. However, 
processing of these large amounts of data is still too time consuming. 

2) Only the initial primary or micrometastatic stages of tumor progression are mimicked in 
spheroids due to lack of neovascularization and angiogenesis. The disorganized 
microvasculature is typical for malignant tumors and is essential for tumor development 
by transporting nutrients and gases and eliminating toxic products [42]. A possible 
solution for this is a microfluidic cell culture device, for example an organ-on-a-chip, 
that recapitulates the vascular perfusion of the body. In this way invasion and 
metastasis also can be studied [57]. 

3) There is a lack of simple, controlled techniques and protocols for rapid and 
standardized assays of cellular responses in situ like growth and viability. Harvesting 
the spheroids from the culture platform is a challenge and spheroids often stay behind 
in the wells or are lost. Compatibility with standard biological assays such as western 
blot is also difficult when working with this model. This is mainly due to the limited 
amount of cells, the challenge of creating a single cell suspension from the spheroids 
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and low penetration of the assay reagent in large aggregates [45]. Pooling of the 
spheroids and using alternative assays might be a solution. However, as will be 
discussed in the results, there are a lot of failures and optimization is needed.   

Table 1: Advantages and disadvantages of the different models; 2D cell cultures, 3D spheroids and 
animal models. 

 2D cultures 3D spheroids Animal models 

Morphology Flat and stretched High similarity High similarity 

Mimicry of tissue 
microenvironment 

No Yes Yes 

Matrix disposition Low High High 

Cell-matrix interaction Limited Complex Complex 

Cell-cell interaction Planar Three dimensional Three dimensional 

Oxygen/nutrient/catabolite 
gradient 

No Yes Yes 

Sensitivity to therapeutic 
drugs 

High Low Low 

Response to radiation High Low Low 

Vascularization No No Yes 

High-throughput Yes No No 

Cost price Low Intermediate High 

Manipulation Easy Intermediate Challenging 

Collection of cells Easy Difficult Difficult 

Assays Well established Requires 
optimization 

Ethical issues 

Reproducibility High Intermediate Low 

2.5. Aim of this study  

Present study aims to provide further evidence for the potential clinical usefulness of targeting 
both ERα and IGF-IR/IR. The experiments are mainly performed and optimized with 3D 
spheroids.  

3. Materials and methods 

3.1. Cell culture 

The MCF-7/AZ GFP clone 2, T-47D GFP clone 4 and ZR-75-1 GFP cell lines are cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal 

bovine serum (FBS), 100 IU/ml penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine and 1 

mg/ml G418. MDA-MB-231 GFP Luc is maintained in DMEM supplemented  with 10% FBS, 

100 IU/ml penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine and 500 ng/ml doxycycline. 

The 13b2 hTert breast cancer associated fibroblasts are cultured in 50% DMEM/50% HAMF12 

with 10% FBS, 100 IU/ml penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine, 5% human 

serum, 100 µg/ml choleratoxin, 10ˉ⁴ M hydrococortisone, 10ˉ⁴ M triiodothyronine, 2 mg/ml 
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insulin, 1 µg/ml EGF and 5 mg/ml transferrin. All the cell lines are checked monthly for 

mycoplasma contamination using the mycoalert detection kit. Cells are expanded and 

maintained as a monolayer at 37°C in an atmosphere of 10% CO₂ in air and subcultured 

around 80% confluence. Culture media used to seed the cells in the ULA plates are DMEM 

high glucose (4,5 g/l) or DMEM low glucose (1 g/l) , both supplemented with 10% FBS, 100 

IU/ml penicillin, 100 mg/ml streptomycin and 2 mM L-glutamine. Images of cell culture are 

taken using Leica DMI300B phase contrast microscope or Axiovert 200M inverted fluorescent 

microscope (see addendum). 

TABLE 2: The different cell lines and their characteristics. 

MCF-7/AZ eGFP 
clone 2 

T-47D eGFP 
clone 4 

ZR-75-1 eGFP 
 

MDA-MB-231 
GFP Luc 

 

13b2 hTert 

❖ Derived from a 
pleural effusion 
of a non-
invasive ductal 
carcinoma. 

❖ Luminal A 
❖ Female, 69Y 
❖ Transfected with 

a peGFP-c1 
vector and a 
neomycin 
selection 
marker. (Self-
made in the 
laboratory) 

❖ Derived from a 
pleural effusion 
of an invasive 
ductal 
carcinoma. 

❖ Luminal A 
❖ Female, 54Y 
❖ Transfected with 

a peGFP-c1 
vector and a 
neomycin 
selection 
marker. (Self-
made in the 
laboratory) 

 

❖ Derived from 
ascites of an 
invasive ductal 
carcinoma. 

❖ Luminal A 
❖ Female, 63Y 
❖ Transfected with 

a peGFP-c1 
vector. 
(Obtained via 
Dpt. 
Cancerology, 
university 
hospital Ghent) 

❖ Derived from a 
pleural effusion 
of a breast 
adenoma 
carcinoma.  

❖ Triple negative  
❖ Female, 51Y 
❖ Transfected with 

GFP and 
retrovirally 
infected with the 
firefly luciferase. 
(Obtained from 
Jan Gettemans 
Department of 
Medical Protein 
Research, VIB) 
 

❖ Derived from a 
mastectomy. 

❖ Female, 49Y 
❖ Immortalization 

by transduction 
with hTert 
vector. (Self-
made in the 
laboratory) 

TABLE 3: Product and material list for cell culture. 

3.2. Single cell suspension generation 

The medium is taken off from the 80% confluent flasks. Next they are treated and incubated 

for 30 min with 6 ml (T-25 flasks) or 12 ml (T-175 flasks) of moscona at a temperature of 37°C 

to remove the cofactors of cadherin. 3 ml (T-25 flasks) or 6 ml (T-175 flasks) of the serine 

Product Company Catalogue number 

Choleratoxin from Vibrio cholerae Sigma C8052 

DMEM (1x) (4.5 g/l glucose) ThermoFisher Scientific 41965039 

DMEM (1x) (1 g/l glucose) ThermoFisher Scientific  31885023 

Doxycyclin Sigma D9891 

Epidermal growth factor human (EGF) Sigma E9644 

Fetal bovine serum (FBS) LGC Standards ATCC-30-2030 

G418 (geneticin) Life Technologies 11811031 

HAMF12 Life Technologies 21765-029 

Human serum platelet poor Sigma P2918 

Hydrocortisone Sigma H0888 

Insulin Sigma I6634 

L-glutamine Life Technologies  25030024 

Mycoalert detection kit Lonza LT07-318 

Penicillin Streptomycin solution Life Technologies 15070063 

Transferrin Sigma T8158 

Triiodothyronine Sigma T6397 
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protease trypsin is added and the flasks are incubated at 37°C for less than 2 min. 5 ml (T-25 

flasks) or 25 ml (T-175 flasks) of the proper warmed up medium is added. 

TABLE 4: Product and material list for single cell suspension generation. 

3.3. Cell counting 

Death cells are stained with filtered Trypan Blue (1:1) and cell counting is done manually using 

the Bürker chamber.  

TABLE 5: Product and material list for cell counting. 

3.4. Treatments 

The cells are treated with 0.1% DMSO (control), 150 pg/ml β-estradiol, 100 pg/ml β-estradiol, 

50 pg/ml β-estradiol, 100 nM fulvestrant, 10 nM fulvestrant, 1 nM fulvestrant, 100 ng/ml IGF-I, 

10 ng/ml IGF-I, 1 ng/ml IGF-I, 1000 ng/ml insulin, 100 ng/ml insulin or 10 ng/ml insulin, 2.5 µM 

NVP-AEW541, 0.5 µM NVP-AEW541, 0.1 NVP-AEW541, 2.5 µM OSI-906, 0.5 µM OSI-906 

and 0.1 µM OSI-906. β-estradiol is dissolved and preserved at -20°C in ethanol at a 

concentration of 15 µg/ml and further diluted in Dulbecco’s phosphate buffered saline¯ (PBSDˉ) 

to concentrations of 150 ng/ml, 100 ng/ml and 50 ng/ml. Fulvestrant is dissolved and preserved 

at -20°C in DMSO at the concentrations of 100 nM, 10 nM and 1 nM. IGF-I is dissolved and 

preserved at -20°C in PBSDˉ at the concentrations of 100 ng/ml, 10 ng/ml and 1 ng/ml. Insulin 

is dissolved and preserved at -20°C in PBSDˉ at the concentrations of 1000 ng/ml, 100 ng/ml 

and 1 ng/ml. NVP-AEW541 is dissolved and preserved at -20°C in methanol at the 

concentrations of 2.5 µM, 0.5 µM and 0.1 µM. OSI-906 is dissolved and preserved at -20°C in 

DMSO at the concentrations of 2.5 µM, 0.5 µM and 0.1 µM.  

TABLE 6: Product and material list for treatments. 

3.5. IncuCyte time-lapse microscopy  

The ULA plates are first washed 3 times with sterile PBSDˉ to prevent image disruption by air 

bubbles, followed by seeding of 80 µl of cell suspension with 2000 cells per well. The plate is 

sealed with Breathe-Easy semipermeable tape to prevent evaporation. Phase-contrast and 

green fluorescence (excitation channel 440-480 nm and emission channel 504-544 nm) 

Product Company Catalogue number 

Moscona Self-made in the laboratory, see addendum for 
composition.  

Trypsin-EDTA solution Life Technologies 23500054 

T-25 flasks Greiner bio-one 690160 

T-175 flasks Greiner bio-one 660160 

Product Company Catalogue number 

Bürker counting chamber  Novolab A14827 

Trypan blue Sigma T8154 

Product Company Catalogue number 

β-estradiol Sigma E2758 

DMSO Novolab A00129 

Fulvestrant Sigma I4409 

IGF-I OriGene TP312527 

Insulin Sigma I6634 

NVP-AEW541 Bio-connect S1034 

OSI-906 (Linsitinib) Bio-connect S1091 

PBSD¯ Self-made in laboratory, see addendum for 
composition. 
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imaging are carried out with the IncuCyte ZOOM with a Nikon 10x objective and a Dual Color 

Model 4459 filter for approximately 200 hours by taking a picture every 6h.  

TABLE 7: Product and material list for IncuCyte time-lapse microscopy. 

3.6. Masking 

Masking is performed in the basic analyser software (version 2018A) of the IncuCyte ZOOM 

for every cell line individually with image collections of 16 photos. Separate masking is needed 

due to differences in spheroid formation capability, difference in fluorescence intensity and 

difference in response to the various treatments. For example; MDA-MB-231 GFP Luc is not 

able to form compact spheroids, ZR-75-1 GFP is not fluorescence enough for masking to be 

based on GFP signal and MCF-7/AZ GFP clone 2 has a bigger response to the different 

estrogen treatments with the result of very big spheroids in case of high estrogen 

concentrations and very small spheroids with a corona of dying cells in case of high fulvestrant 

concentrations.  

TABLE 8: Parameters in the processing definitions of the used cell lines MCF-7/AZ GFP clone 2, T-47D 

GFP clone 4, MDA-MB-231 GFP Luc and ZR-75-1 GFP.  

 Parameters MCF-7/AZ 
GFP clone 2 

T-47D GFP 
clone 4 

MDA-MB-
231 GFP Luc 

ZR-75-1 
GFP 

P
h

a
s

e
 c

o
n

tr
a
s
t Segmentation Adjustment 0.4 0.3 0.5 0.3 

Hole Fill (µm²) 1E+06 1E+05 1E+05 1E+05 

Adjust Size (pixels) -2 -5 -2 -1 

Min. Area (µm²) / 100.00 / 500.00 

Max. Area (µm²) / / / / 

Min. Eccentricity / / / / 

Max. Eccentricity / / / / 

G
re

e
n

 f
lu

o
re

s
c

e
n

c
e

 

Top-Hat On On On / 

Radius (µm) 90.00 200.00 180.00 / 

Threshold (GCU) 0.90 3.00 3.00 / 

Edge Sensitivity -70 -37 -51 / 

Hole Fill (µm²) 1E+06 1E+04 1000.0 / 

Adjust Size (pixels) -3 -4 -4 / 

Min. Area (µm²) / / / / 

Max. Area (µm²) / / / / 

Min. Eccentricity / / / / 

Max. Eccentricity / 0.90 / / 

Min. Mean Intensity 7.00 / 10.00 / 

Max. Mean Intensity / / / / 

Min. Integrated Intensity / / / / 

Max. Integrated Intensity / / / / 

3.7. IncuCyte data acquisition and statistics 

The data acquisition is done separately for the phase contrast images and the green 

fluorescent images of every cell line. The average (avg.), standard deviation (stdev.), quartile 

1 (Q1) and quartile 3 (Q3), the interquartile range (IQR), the lower range limit (LRL) and the 

upper range limit (URL) are determined for every treatment (7-16 technical replicates) at any 

time point. A well is seen as an outlier and removed if [(value – LRL) < 0] or [(URL – value) < 

0] for more than 7 time points. This is all performed in Microsoft Excel for Office 365. 

Product Company Catalogue number 

Breathe-easy semipermeable tape DiversifiedBiotech BEM-1 

IncuCyte ZOOM Essen Bioscience 

Utra-low attachment (ULA) plates S-bio MS-9384UZ 
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Determination of the inflection point is performed by analysis of the second derivative in 

Graphpad Prism version 5.00. Normalization of the data is done to the time point of the last 

inflection point of all treatments in Excel. The average and standard deviation are now 

determined for the normalized data. The graphs are made in Excel, while the area under the 

curve (AUC) and the one-way anova tests with the Dunnetts post-tests with significance level 

alpha 0.05 are performed in Prism. The IncuCyte experiments are performed at least in 

duplicate for every cell line (biological replicates). 

3.8. Lysation and protein concentration measurements  

3.8.1. 2D cultures  

To perform a rescue experiment, cells are pretreated for 2 times 96 hours with 10 nM 

fulvestrant, 0.5 µM NVP-AEW541 or 0.5 µM OSI-906 in 0.1 % stripped serum DMEM to block 

pathway signaling. The cells are washed three times with PBSDˉ and treated for 5 min with 

three concentrations of β-estradiol, IGF-I and insulin (concentrations stated in 3.4.).The 

medium of the T-175 flasks is taken off and the cells are washed with PBSDˉ. 400 µl of radio-

immunoprecipitation assay (RIPA) buffer supplemented with protease inhibitor (1:100) is 

added and cells are scraped off and collected, followed by incubation for 30 min on ice. 

Centrifugation at 20800 G for 10 minutes at 4°C and the pellet is discarded. The protein 

concentration is determined with the Qubit and the samples are diluted with sample buffer to 

the same concentration. The samples are denatured at 95°C for 5 min with the use of the 

thermomixer. Lysates are stored in -20°C until use.  

3.8.2. 3D cultures 

Cell suspensions are transferred from the 384 well plate to an Eppendorf tube and the 

spheroids are left for 30 min to sink out. The supernatant is taken off carefully and 20 µl of 

RIPA buffer supplemented with protease inhibitors (1:100) is added, followed by incubation for 

30 min on ice. Centrifugation at 20800 G for 10 minutes at 4°C and the pellet is discarded. The 

protein concentration is determined with the Qubit and the samples are diluted with sample 

buffer to the same concentration. The samples are denatured at 95°C for 5 min with the use 

of the thermomixer. Lysates are stored in -20°C until use.  

TABLE 9: Product and material list for lysation and protein concentration measurements. 

3.9. Making of the polyacrylamide gels used for western blotting 

The acrylamide gels are made out of the separating gel and the stacking gel (TABLE 10).  The 

separating gel is first stiffened in between two glasses for 30 min and topped with ethanol to 

prevent evaporation. The ethanol is removed and the stacking gel is added on top of the 

separating gel. Combs are placed to form the protein lanes and the gel is stiffened for 30 min. 

Gels are kept for maximum one week in running buffer 1x at 4°C.   

Product Company Catalogue number 

Charcoal stripped serum Life Technologies 12676-011 

Halt protease and phosphatase 
inhibitor cocktail EDTA free 

Life Technologies 78441 

RIPA buffer Self-made in laboratory, see addendum for 
composition.  

Sample buffer Self-made in laboratory, see addendum for 
composition. 

Scraper Santa Cruz Sc-213230 

Thermomixer Eppendorf 

Qubit Life Technologies 
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TABLE 10: Composition of the different acrylamide gels used in the western blot experiments. 

Quantifications are for 10 ml of gel.  

 5% separating 
gel 

10% separating 
gel 

15% separating 
gel 

Stacking 
gel 

Acrylamide 
30% (ml) 

1.7 3.3 5 1.5 

Separating 
buffer (ml) 

2.5 2.5 2.5 / 

Stacking buffer 
(ml) 

/ / / 2,5 

Aqua dest. (ml) 5.8 4.2 2.5 6 

APS 10% (µl) 100 100 100 100 

TEMED (µl) 10 10 10 10 

 
TABLE 11: Product and material list for making of the polyacrylamide gels used for western blotting. 

3.10. Western Blot 

Western blot is used as end point assay by measuring the protein concentration. As stated in 

the literature, spheroids need to be pooled (8 spheroids) due to the low cell number [45]. The 

cellular lysates of equal protein concentrations per lane (lysation and protein concentration 

measurements as previously described) are separated by protein size via sodium dodecyl 

sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). This electrophoresis is conducted 

in running buffer 1x for 15 min at 100 V, followed by 90 min at 120 V. Protein blotting to the 

nitrocellulose membrane is performed in a sandwich cassette for 45 min at 100 V in blotting 

buffer 1x. (FIGURE 8) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 8: A sandwich cassette used while blotting.  

Product Company Catalogue number 

Acrylamide 30% Bio-rad 161-0158 

APS (ammonium persulfate) 10% Sigma A3678 

Combs Bio-rad 165-3360 

Separating buffer Self-made in laboratory. See addendum for 
composition. 

Stacking buffer Self-made in laboratory. See addendum for 
composition. 

TEMED Bio-rad 161-0800 
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Next the proteins are visualized by coloring the blots with ponceau red for 5 min, followed by 

rinsing with aqua dest. The membrane is blocked with milk solution (5% milk powder dissolved 

in PBSDˉ + 0.5% Tween20) for 30 min at room temperature. Primary antibodies are incubated 

overnight at 4°C while shaking (TABLE 12). After washing three times with milk solution for 5 

min, the membranes are incubated with the secondary antibodies for 45 min at room 

temperature (TABLE 13). The blots are washed three times for 5 min in milk solution and 0.5% 

PBSDˉ-Tween20. Milk solution is replaced by BSA solution (5% BSA dissolved in PBSDˉ + 0.5 

% Tween20) for phosphorylated proteins in all previous steps. The chemiluminescent signal is 

generated with the WesternBright Sirius kit with a working solution mix of stabilized peroxided 

solution and luminol/enhancer solution (1:1). The Proxima imaging system and ProXima AQ-

4 software is used to visualise the protein bands. The values can be normalized to the loading 

controls GAPDH or alpha-tubulin.   

TABLE 12: The primary antibodies used in the different experiments. 

Name Molecular 
weight 

Animal Dilution Company Reference 
number 

Anti-Akt 60 kDa Rabbit 1:1000 Cell signalling technology 9272 

Anti-ERK 1/2 42 and 44 kDa Rabbit 1:1000 Cell signalling technology 9102 

Anti-ERalpha 66 kDa Mouse 1:500 Abcam 16460 

Anti-IGF-IRbèta 95 kDa Rabbit 1:1000 Cell signalling technology 9750 

Anti-GADPH 37 kDa Mouse 1:2500 Sigma G8795 

Anti-Cathepsin D 28 and 45 kDa Goat 1:1000 R&D systems AF1014 

Anti-IRbèta 95 kDa Rabbit 1:1000 Cell signalling technology 3025 

Anti-phospho-Akt 60 kDa Rabbit 1:1000 Cell signalling technology 4058 

Anti-phospho-BAD 23 kDa Rabbit 1:1000 Cell signalling technology 4366 

Anti-phospho-BAD 23 kDa Rabbit 1:1000 Cell signalling technology 5284 

Anti-phospho-ERK 42 and 44 kDa Rabbit 1:1000 Cell signalling technology 9101 

Anti-phospho-IGF-IRbèta  95 kDa Rabbit 1:1000 Cell signalling technology 3024 

Anti-phospo-mTOR 289 kDa Rabbit 1:500 Cell signalling technology 2971 

Anti-phospho-S6K 70 and 85 kDa Rabbit 1:1000 Sigma S6436 

Anti-PR 81 and 116 kDa Mouse 1:500 Santa Cruz 166169 

Anti-TFF1/pS2 13 kDa Rabbit 1:1000 Cell signalling technology 15571 

Anti-alpha-tubulin 55 kDa Mouse 1:4000 Sigma T5168 

 
TABLE 13: The secondary antibodies used in the different experiments. 

Name Dilution Company Reference number 

Anti-goat 1:4000 Santa Cruz Sc-2020 

Anti-mouse  1:3000 GE healthcare NA931V 

Anti-rabbit 1:8000 GE healthcare NA934V 

 
TABLE 14: Product and material list for western blotting. 

Product Company Catalogue number 

Blotting buffer Self-made in laboratory. See addendum for 
composition. 

BSA Bioké NEB B9001S 

Milk powder Nestlé 

Nitrocellulose membrane Bio-rad 162-0115 

Ponceau Sigma P7170 

Protein ladder Life Technologies 26620 

Proxima Isogen 
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3.11. Acid phosphatase assay 

The acid phosphate assay determines the cell viability of spheroids based on the quantification 

of cytosolic acid phosphatase activity. Spheroids are transferred to a standard flat-bottom 96-

well microplate and centrifuged for 10 min at 30 G to spin down the cells. The supernatant is 

carefully removed and 200 µl of PBSDˉ is added. The plate is again centrifuged for 10 min at 

30 G and 100 µl of supernatant is taken off. 100 µl of assay buffer (0.1 M sodium acetate, 0.1 

% Triton X-100, aqua dest. and 2 mg/ml p-nitro phenyl phosphate, end pH = 4.8) is added per 

well and incubated for 90 min at 37°C. Following incubation, 10 µl of 1 M NaOH is 

supplemented to each well and absorption is measured at 405 nm within 10 min on the 

microplate analyzer.  

TABLE 15: Product and material list for acid phosphatase assay. 

3.12. MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) 

A measurement of metabolically active cells is determined using a standard MTS assay. 

Phenazine methosulfate (PMS) solution is prepared by adding 0.2 ng/ml PMS in PBSD⁺ and 

sterilizing it with a 0.2 µM filter. A 2 mg/ml stock solution is prepared and kept in -20°C 

protected from light. The MTS solution is prepared by dissolving 42 mg MTS in 21 ml PBSD⁺ 

(end pH 6.5) and sterilizing with a 0.2 µM filter. The solution is kept in -20°C protected from 

light. 60 µl of cell medium is exchanged for MTS/PMS (20:1) solution in every well. The plate 

is shielded from the light with aluminium foil and incubated at 37°C for 4h. Next the solution 

without the spheroids is brought into a 96-well microplate and the quantity of the formazan 

product is measured in the microplate analyzer at the maximum determined absorption of 390 

nm.  

TABLE 16: Product and material list for MTS. 

3.13. CellTiter-glo 3D  

This cell viability assay determines the number of viable cells in 3D culture based on 

quantification of the ATP present. 80 µl of cell culture with the spheroid is brought into white 

micro well plates and an equal volume of CellTiter-Glo 3D reagent is added. The contents are 

mixed for 5 min on an orbital shaker to induce cell lysis. Next, the plate is incubated at room 

temperature for 25 min to stabilize the luminescent signal and luminescence is recorded on 

Running buffer Self-made in laboratory. See addendum for 
composition. 

Tween20 Sigma P1379 

WesternBright Sirius kit Isogen K-12043-D20 

Whatman paper Sigma WHA110615 

Product Company Catalogue number 

p-nitro phenyl phosphate Life Technologies 34045 

Sodium hydroxide (NaOH) Novolab SO04411000 

Sodium acetate Sigma 1062640050 

Triton X-100 Sigma T8787 

Flat-bottom 96-well microplate ThermoFisher Scientific 167008 

Product Company Catalogue number 

MTS reagent powder Promega G1118 

PBSD⁺ Self-made in laboratory. See addendum for 
composition. 

PMS (phenazine methosulfate) Bio-connect Sc-215700A 



19 
 

the microplate analyzer. Analysis is done on 16 technical replicates per condition with outlier 

detection via Dixon’s Q Test with significance level alpha 0.05. Statistical analysis is performed 

with a one-way anova test with the Dunnetts post-test with significance level alpha 0.05.  

TABLE 17: Product and material list for CellTiter-glo 3D. 

 

3.14. Life/death staining 

This assay is based on the principle that viable cells possess intact cell membranes, whereas 

non-viable cells have compromised membrane integrity and therefore fail to exclude the 

membrane-impermeable DNA binding red fluorescent dye ethidium homodimer-1. Calcein 

acetoxymethyl ester is a membrane-permeable ester derivate of calcein. In viable cells, the 

acetoxymethyl group will be cleaved off by the esterases and calcein will color these cells 

green fluorescent.  

6 days old spheroids with seeding cell number 500, 1000, 2000, 4000 and 8000 cells are 

washed with PBSDˉ to remove cell debris. 50 µl of the life/death solution, made of 10 µM of 

ethidium homodimer-1 and 5 µM of calcein AM in PBSD⁺, is pipetted in each well. The plate is 

wrapped in aluminium foil and incubated for 15 min at room temperature. An Anxiovert 200 M 

inverted fluorescent microscope is used to take pictures.  

TABLE 18: Product and material list for life/death staining. 

3.15. Hematoxylin-eosin (H&E) staining 

Coculture spheroids of MCF-7/AZ GFP clone 2 and 13b2 hTert CAF and monoculture 

spheroids as control (seeding cell numbers are stated in TABLE 19) are grown for 8 days 

before being transferred by groups of 8 spheroids from the ULA plate into an Eppendorf tube. 

They are left there to sink out for 30 min and the supernatant is removed while 2 % agarose is 

briefly boiled in aqua dest and allowed to cool down for 5 min. 20 µl of the liquid agarose is 

used to mix up the spheroids and form a droplet on parafilm. The embedded spheroids are 

fixed for 2 h in 4 % paraformaldehyde, followed by a washing step with aqua dest. and 

incubation with aqua dest. for 1 h. The spheroids are dehydrated by following steps of 70 % 

ethanol for minimum 1 h, 99 % ethanol for 1h, two times isopropanol for 1 h and xylene for 1 

h. Next, the embedded spheroids are impregnated with paraffin at 58°C for 48 h to 72h. Then 

the samples, preferred cold, are cut by a microtome into 4-7 µm paraffin ribbons. These are 

brought onto slides and let to dry.  

 
TABLE 19: Seeding cell numbers for the coculture and monoculture spheroids used for hematoxylin 

eosin staining. 

 MCF-7/AZ GFP clone 2 13b2 hTert 

 
 

Coculture spheroids 

1500 500 

1330 660 

1000 1000 

660 1330 

500 1500 

 2000 0 

1500 0 

Product Company Catalogue number 

CellTiter-glo 3D reagent Promega G9683 

White micro well plates Nunc 236108 

Product Company Catalogue number 

Calcein acetoxymethyl ester Bio-connect sc-203865 

Ethidium homodimer-1 Bio-connect sc-300519 
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Monoculture spheroids 

1330 0 

1000 0 

660 0 

500 0 

0 2000 

0 1500 

0 1330 

0 1000 

0 660 

0 500 

 

For the staining process, the slides are brought into xylene for 20 min and following steps of 

10 s in xylene/isopropanol (1:1), 2x isopropanol, 99 % ethanol, 70 % ethanol and aqua dest., 

followed by 2 min in filtered Harris hematoxylin and 10 s of 0.1 M HCl. The sections are rinsed 

by running water for 10 min and stained with 0.2 % eosin (cleared with acetic acid-end 

concentration 0.44 M) for 2 min, followed by two times 10 s in aqua dest. Finally the slides go 

through a series of dehydration steps of 10 s in 70 % ethanol, 99 % ethanol, 2x isopropanol 

and xylene and are mounted with the cover slipping resin Tissue-Tek before being observed 

by optical microscopy. 

 
TABLE 20: Product and material list for hematoxylin eosin staining. 

4. Results 

4.1. Experiments performed on three-dimensional cultures 

4.1.1. IncuCyte 

Since there is a high outlier detection (17.9% for phase contrast and 17.1% for green 

fluorescence), the origin of the outliers is investigated for both phase contrast and fluorescence 

images of 351 wells. Although the number of outliers with fluorescence masking is almost as 

high as with the phase contrast masking, this one is superior. There are no masking errors and 

scratches of the well are not recognized. In addition, foreign particles like dust, spheroids out 

of image and multiple spheroids are better recognized. However, the number of outliers with 

no detectable reason is also higher and cannot be explained. (FIGURE 9 and TABLE 21) 

 

Product Company Catalogue number 

Acetic acid Novolab 15706 

Agarose Merck  1614 

Eosin Sigma 216127 

Ethanol Novolab A14738 

Hematoxylin Sigma HHS32-1L 

Hydrogen chloride (HCl) 1 M VWR 35640 

Isopropanol VWR 20842.298 

Microtome  Klinipath J18C 

Paraffin PanReac AppliChem 256993 

Parafilm Novolab A03074 

Paraformaldehyde Self-made in laboratory. See addendum for 
composition. 

Staining slides ThermoFisher Scientific 

Tissue-Tek Sakura 4494 

Xylene VWR 28975.291 
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 FIGURE 9: Pie charts of the origins of outliers for phase contrast and green fluorescent images 

TABLE 21: Number of outliers in 351 wells of both phase contrast and green fluorescent images with 

examples. Orange: phase contrast masking; purple: green fluorescence masking. (Scale bars = 100 

µm) 

 Phase contrast Green fluorescence 

Foreign particle 21  26  

Masking 13  0  

33%

21%
17%

16%

3%
10%

Reasons for outliers in phase contrast 
images

foreign particle masking

no detectable reason scratches

spheroid out of image multiple spheroids

45%

0%

29%

0%

5%

21%

Reasons for outliers in green fluorescent 
images

foreign particle masking

no detectable reason scratches

spheroid out of image multiple spheroids



22 
 

 

Analysis is only performed with the green fluorescence masking because of its superiority. 

However since ZR-75-1 GFP is not fluorescent enough, this cell line is not taken into 

consideration (TABLE 22). To lower the amount of foreign particles, filter tips can be used.  

 

 

Scratches 10  0  

Spheroid out of 
image 

2  3  

Multiple 
spheroids 

6  13  

No detectable 
reason 

11  18  

Total 63/351 60/351 
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TABLE 22: Phase contrast, inverted fluorescence and IncuCyte photos made of the used cell lines MCF-

7/AZ GFP clone 2, T-47D GFP clone 4, ZR-75-1 GFP and MDA-MB-231 GFP Luc. As seen on the 

IncuCyte picture, ZR-75-1 GFP cannot be masked based on fluorescence since this cell line is not 

fluorescent enough. (Scale bars = 100 µm) 

 Phase contrast Inverted fluorescence IncuCyte 

MCF-7/AZ 
GFP clone 
2 

   

T-47D GFP 
clone 4 

   

ZR-75-1 
GFP 

   

MDA-MB-
231 GFP 
Luc 

   

 
First the percent confluence values of the green fluorescent signal, masked by the IncyCyte 
software using the settings described in 3.6, are obtained. These values are plotted for the 
different treatment against time. This is performed culturing MCF-7/AZ GFP clone 2 in both 
high and low glucose media. 4.5 g/l glucose is the normal concentration where the cells are 
grown in, while 1 g/l mimics the mean plasma blood glucose levels in humans.  (TABLE 23) 
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TABLE 23: The normalized green fluorescent confluence plotted against time by time-lapse microscopy 
for the different treatments in 1 g/l glucose DMEM (left) and 4.5 g/l glucose DMEM (right) of the cell line 
MCF-7/AZ GFP clone 2. An one-way anova statistical test with the Dunnet’s post-test determines if the 
differences between the treatments and the DMSO control are significant (p < 0.05).  

MCF-7/AZ GFP clone 2 

Low glucose (1 g/l) High glucose (4.5 g/l) 
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Dunnett's 
Multiple 

Comparison 
Test 

Mean 
Diff. 

Significant? 
P < 0.05? 

Summary Dunnett's 
Multiple 

Comparison 
Test 

Mean 
Diff. 

Significant? 
P < 0.05? 

Summary 

  DMSO vs 150 
pg/ml E2 

12.43 No ns   DMSO vs 300 
pg/ml E2 

-34.42 Yes *** 

  DMSO vs 100 
pg/ml E2 

12.52 No ns   DMSO vs 200 
pg/ml E2 

-34.64 Yes *** 

  DMSO vs 50 
pg/ml E2 

2.717 No ns   DMSO vs 100 
pg/ml E2 

-36.24 Yes *** 

  DMSO vs 100 
nM fulvestrant 

117.9 Yes ***   DMSO vs 100 
nM fulvestrant 

35.19 Yes *** 

  DMSO vs 10 nM 
fulvestrant 

12.96 No ns   DMSO vs 10 nM 
fulvestrant 

5.952 No ns 

  DMSO vs 1 nM 
fulvestrant 

-12.65 No ns   DMSO vs 1 nM 
fulvestrant 

27.59 Yes *** 

  DMSO vs 100 
ng/ml IGF-I 

7.833 No ns   DMSO vs 100 
ng/ml IGF-I 

-2.924 No ns 

  DMSO vs 10 
ng/ml IGF-I 

-4.340 No ns   DMSO vs 10 
ng/ml IGF-I 

-6.593 No ns 

  DMSO vs 1 
ng/ml IGF-I 

9.357 No ns   DMSO vs 1 
ng/ml IGF-I 

-6.908 No ns 

  DMSO vs 1000 
ng/ml insulin 

12.16 No ns   DMSO vs 1000 
ng/ml insulin 

-5.365 No ns 

  DMSO vs 100 
ng/ml insulin 

-7.567 No ns   DMSO vs 100 
ng/ml insulin 

-2.008 No ns 

  DMSO vs 10 
ng/ml insulin 

-0.920 No ns   DMSO vs 10 
ng/ml insulin 

-2.823 No ns 

In the cultures with low glucose concentration spheroids are formed after 48 h while in high 
glucose concentration this is only after 39 h.  
The only repeatable significant result that can be detected under low glucose circumstances 

is the inhibitory effect of the highest concentration of fulvestrant. In contrary there are some 

effects observable on high glucose (4.5 g/l) DMEM. Due to a personal error, the β-estradiol 

concentrations are twice as high as initially intended. Consequently there is no difference seen 

between the 3 concentrations used. However there is a clear indication of growth, even with 

100 pg/ml β-estradiol. Supplementary, there are significant differences in confluence between 

fulvestrant and the DMSO control. Though none of the expected growth stimulatory effect of 

IGF-I and insulin are observed.  

Curiously confluence of the DMSO control MCF-7/AZ GFP clone 2 spheroids only seems to 

reach approximately 1.6 % in high glucose DMEM while confluence of the DMSO control in 

low  glucose DMEM reaches over 2 % (FIGURE 10). This is confirmed by observing the images 
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of spheroids seeded on the same well plate in the two different media. Spheroids grown in 1 

g/l glucose are larger, seem more compact with a clear proliferating peripherical zone and 

necrotic core, while spheroids grown in 4.5 g/l glucose are smaller and seem less compact 

with a corona of loose cells. (FIGURE 11) 

 

 
FIGURE 10: The normalized confluence plotted against time of MCF-7/AZ GFP clone 2 spheroids grown 

either under high glucose or low glucose conditions. 

FIGURE 11: Green fluorescent images taken after 204 h in IncuCyte of MCF-7/AZ GFP clone 2 

spheroids seeded on the same 384 well plate and grown under the same conditions, with exception of 

glucose concentration of the media (stated next to the image). 

 

Furthermore the influence of the selective IGF-IR inhibitor NVP-AEW541, the dual IGF-IR/IR 

inhibitor and the possible additive effect between the different growth factors and between the 

inhibitors is investigated on MCF-7/AZ GFP clone 2 spheroids grown under high glucose 

circumstances. (TABLE 24) 
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TABLE 24: The normalized green fluorescent confluence plotted against time by time-lapse microscopy 

for the different treatments in 4.5 g/l DMEM of the cell line MCF-7/AZ GFP clone 2. An one-way anova 

statistical test with the Dunnet’s post-test determines if the differences between the treatments and the 

DMSO control are significant (p < 0.05).  

MCF-7/AZ GFP clone 2 
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Dunnett's Multiple Comparison Test Mean Diff. Significant P < 0.05? Summary 

DMSO vs 2.5 µM NVP-AEW541 67.99 Yes *** 

DMSO vs 0.5 µM NVP-AEW541 13.55 Yes ** 

DMSO vs 0.1 µM NVP-AEW541 -3.251 No ns 

DMSO vs 2.5 µM 0SI-906 -30.46 Yes ** 

DMSO vs 0.5 µM 0SI-906 -13.79 No ns 

DMSO vs 0.1 µM 0SI-906 -7.687 No ns 

300 pg/ml E2 vs 300 pg/ml E2 + 10 ng/ml 
IGF-I -8.548 No ns 

300 pg/ml E2 vs 300 pg/ml E2 + 1000 
ng/ml insulin -8.480 No ns 

10 nM fulvestrant vs 10 nM fulvestrant + 
0.5 µM NVP-AEW541 14.88 Yes * 

10 nM fulvestrant vs 10 nM fulvestrant + 
0.5 µM OSI-906 4.565 No ns 

 
Oddly, the two highest concentrations of NVP-AEW541 have an inhibitory effect while OSI-

906 seems to stimulate proliferation. Since there is also a double concentration of β-estradiol 

used in the experiment with combination treatments, no significant additive outputs are 

observed with IGF-I and insulin. Only a minor additive effect is seen between 10 nM fulvestrant 

and 0.5 µM NVP-AEW541. However it should be noted that the 10 nM concentration doesn’t 

result in a significant lower growth than the control, in contrary with the highest and lowest 

concentration. Additionally NVP-AEW541 monotherapy shows an effect on proliferation only 

after 136 h, while the two treatments combined show limited growth in the first 116 h but then 

loose efficacy towards the end of the experiment.  

Movies of MCF-7/AZ GFP clone 2 spheroids followed up for approximately 8 days in high 

glucose medium treated with single and combined treatments of β-estradiol, fulvestrant, IGF-

I, insulin, NVP-AEW541 and OSI-906, can be found via this link: 

https://www.youtube.com/playlist?list=PLHmpXDqoqJbeiru66n7aq989NQRfzs9n8. 
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The growth effects of the different treatments are also investigated for the cell lines T-47D GFP 

clone 4 and MDA-MB-231 GFP Luc. These are conducted in low glucose medium. (TABLE 25 

and 26) 

TABLE 25: The normalized green fluorescent confluence plotted against time by time-lapse microscopy 
for the different treatments in 1 g/l DMEM of the cell line T-47D GFP clone 4. An one-way anova 
statistical test with the Dunnet’s post-test determines if the differences between the treatments and the 
DMSO control are significant (p < 0.05).  

T-47D GFP clone 4 

  

  

Dunnett's Multiple Comparison Test Mean Diff. Significant? 
P < 0.05? 

Summary 

DMSO vs 150 pg/ml E2 5.155 No ns 

DMSO vs 100 pg/ml E2 2.971 No ns 

DMSO vs 50 pg/ml E2 -2.057 No ns 

DMSO vs 100 nM fulvestrant 7.605 No ns 

DMSO vs 10 nM fulvestrant -7.245 No ns 

DMSO vs 1 nM fulvestrant -1.679 No ns 

DMSO vs 100 ng/ml IGF-I 19.54 Yes * 

DMSO vs 10 ng/ml IGF-I 16.52 No ns 

DMSO vs 1 ng/ml IGF-I 2.829 No ns 
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DMSO vs 1000 ng/ml insulin 2.486 No ns 

DMSO vs 100 ng/ml insulin -7.312 No ns 

DMSO vs 10 ng/ml insulin 0.9857 No ns 

The inflection point cannot be mathematically determined with the use of the second derivative 
and is arbitrary chosen at the time point of 41 h. However looking at the graphs, there is an 
indication that compact spheroids of T-47D GFP clone 4 are formed even later for some 
treatments. No repeatable significant differences over the biological replicates are observed. 

The maximum confluence doesn’t seem to change under high or low glucose conditions. 
However a delay of compaction of around 25 h is visible when spheroids are grown in 1.0 g/l 
glucose. (FIGURE 12) 

 
FIGURE 12: The normalized confluence plotted against time of T-47D GFP clone 4 spheroids grown 

either under high glucose or low glucose conditions. 

TABLE 26: The normalized green fluorescent confluence plotted against time by time-lapse microscopy 
for the different treatments in 1g/l glucose DMEM of the cell line MDA-MB-231 GFP Luc. An one-way 
anova statistical test with the Dunnet’s post-test determines if the differences between the treatments 
and the DMSO control are significant (p < 0.05). 
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Dunnett's Multiple Comparison Test Mean Diff. Significant? 
P < 0.05? 

 
Summary 

  DMSO vs 150 pg/ml E2 -5.500 No ns 

  DMSO vs 100 pg/ml E2 -15.03 No ns 

  DMSO vs 50 pg/ml E2 -5.052 No ns 

  DMSO vs 100 nM fulvestrant -15.38 No ns 

  DMSO vs 10 nM fulvestrant -18.25 No ns 

  DMSO vs 1 nM fulvestrant -12.18 No ns 

  DMSO vs 100 ng/ml IGF-I -10.61 No ns 

  DMSO vs 10 ng/ml IGF-I -4.283 No ns 

  DMSO vs 1 ng/ml IGF-I -31.97 No ns 

  DMSO vs 1000 ng/ml insulin -13.29 No ns 

  DMSO vs 100 ng/ml insulin -33.91 No ns 

  DMSO vs 10 ng/ml insulin -5.387 No ns 

MDA-MB-231 GFP Luc is not able to form compact spheroids but stays in the form of loose 

aggregates, which explains the larger error bars. In this way, inflection points can also not be 

determined and starting points are arbitrary chosen around 20 hours. Since MDA-MB-231 GFP 

Luc is a triple negative breast cancer cell line, this is used as a negative control for the β-

estradiol and fulvestrant treatments. No repeatable significant differences over the biological 

replicates is observed.  

4.1.2. Western blot 

The protein concentrations of 8 pooled spheroids over the several treatments vary between 

1.05-4.96 µg/ml. Western blot on spheroids is replicated by different operators in this laboratory 

but shows no consistency in results. There are either no bands, unexpected bands or 

unrepeatable results. A difference in dispersion of the proteins is visible with ponceau red 

staining of the blots. The proteins with 3D samples accumulate at one level, whereas the 

proteins with 2D samples are spread out more. (FIGURE 13) 
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FIGURE 13: Ponceau red staining of a blot of spheroids versus a blot of a 2D culture. 

4.1.3. Acid phosphatase assay and MTS 

Other techniques described in literature to determine cell viability and metabolic activity are 

the acid phosphatase assay and MTS. In contrary to the success described in some articles 

[48, 58-60], the variance seems to be too big in our experiments and is too time consuming 

(approximately 4-5 h/plate) for high-throughput. This can be explained to the large amount of 

steps in the protocol. A lot of spheroids are partially or completely lost in the transfer from the 

384 ULA plates to the 96-well microplates and the washing steps.  

4.1.4. CellTiter-glo 3D 

Another endpoint assay that is used is the CellTiter-glo 3D. The assay reagent penetrates 

large spheroids and has increased lytic capacity, allowing more accurate determination of 

viability.  

Increasing concentrations of β-estradiol have a positive effect on cell viability, while IGF-I and 

insulin have no influence. However there seems to be a possible additive effect of the highest 

concentrations of β-estradiol and IGF-I. Accordingly to the IncuCyte experiments, OSI-906 

doesn’t reduce viability while NVP-AEW541 and especially fulvestrant have a negative effect. 

Additive effects between the different inhibitors cannot be demonstrated. (FIGURE 14 and 

TABLE 27 ) 

Spheroids 2D culture 
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FIGURE 14: CellTiter-glo assay performed on 8 days old MCF-7/AZ GFP clone 2 spheroids. The 

bioluminescent signal is normalized to the 0.1 % DMSO control.  

TABLE 27: CellTiter-glo 3D: an one-way anova statistical test with the Dunnet’s post-test determines if 
the differences between the treatments and the DMSO control are significant (p < 0.05).  

Dunnett's Multiple Comparison Test Mean Diff. Significant 
P < 0.05? 

Summary 

0.1 % DMSO vs 150 pg/ml ß-estradiol -0.6324 Yes *** 

0.1 % DMSO vs 100 pg/ml ß-estradiol -0.2415 No ns 

0.1 % DMSO vs 50 pg/ml ß-estradiol -0.1425 No ns 

0.1 % DMSO vs 100 nM fulvestrant 0.8439 Yes *** 

0.1 % DMSO vs 10 nM fulvestrant 0.6469 Yes *** 

0.1 % DMSO vs 1 nM fulvestrant 0.8446 Yes *** 

0.1 % DMSO vs 100 ng/ml IGF-I 0.2483 No ns 

0.1 % DMSO vs 10 ng/ml IGF-I 0.05530 No ns 

0.1 % DMSO vs 1 ng/ml IGF-I 0.2239 No ns 

0.1 % DMSO vs 1000 ng/ml insulin 0.2469 No ns 

0.1 % DMSO vs 100 ng/ml insulin 0.3169 No ns 

0.1 % DMSO vs 10 ng/ml insulin 0.2625 No ns 

0.1 % DMSO vs 2.5 µM NVP-AEW541 0.8943 Yes *** 

0.1 % DMSO vs 0.5 µM NVP-AEW541 0.6228 Yes *** 

0.1 % DMSO vs 0.1 µM NVP-AEW541 0.4541 Yes *** 

0.1 % DMSO vs 2.5 µM OSI-906 0.1928 No ns 

0.1 % DMSO vs 0.5 µM OSI-906 0.5353 Yes *** 

0.1 % DMSO vs 0.1 µM OSI-906 0.1076 No ns 

150 pg/ml ß-estradiol vs 150 pg/ml ß-estradiol + 100 ng/ml IGF-I -0.3002 Yes * 

150 pg/ml ß-estradiol vs 150 pg/ml ß-estradiol + 1000 ng/ml insulin 0.1234 No ns 

10 nM fulvestrant vs 10 nM fulvestrant + 0.5 µM OSI-906 -0.1386 No ns 

10 nM fulvestrant vs 10 nM fulvestrant + 0.5 µM NVP-AEW541 -0.5950 Yes *** 
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4.1.5. Life/death staining  

The life/death staining with calcein AM and ethidium homodimer-1 will color the viable cells 

green fluorescent, while the death cells are stained red fluorescent. As seen on the images, 

the peripheral zone is colored more intensely green fluorescent than the inner core. However, 

a real necrotic core is not seen with spheroids of this size. (TABLE 28) 

TABLE 28: Life/death staining of 6 days old MCF-7/AZ GFP clone 2 spheroids with calcein AM (green 
fluorescent) and ethidium homodimer-1 (red fluorescent). Seeding cell numbers are 500, 1000, 2000, 
4000 and 8000 cells. (Scale bars = 50 µm) 
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4.1.6. Hematoxylin-eosin (H&E) staining 

H&E staining images of cocultures spheroids of both cancer cells and CAF show the interaction 

between these cell types. Remarkably breast CAF tend to be engulfed and surrounded by the 

breast cancer cells. (TABLE 29) 

Table 29: Hematoxylin-eosin staining of 8 days old spheroids of mono- and cocultures of MCF-7/AZ 
GFP clone 2 breast cancer cells and 13b2 hTert CAF. Seeding cell numbers as stated above the 
pictures. The stromal cells are mainly colored pink with small nuclei, while the cancer cells have big dark 
nuclei and almost no cytoplasm. The engulfment of the CAF is indicated in red. (Scale bars = 50 µm) 

500 MCF-7/AZ GFP clone 2 500 MCF-7/AZ GFP clone 2 + 1500 13b2 

hTert 

1500 13b2 hTert 
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660 MCF-7/AZ GFP clone 2 660 MCF-7/AZ GFP clone 2 + 1330 13b2 

hTert 

1330 13b2 hTert 

   

1000 MCF-7/AZ GFP clone 2 1000 MCF-7/AZ GFP clone 2 + 1000 13b2 

hTert 

1000 13b2 hTert 

   

1330 MCF-7/AZ GFP clone 2 1330 MCF-7/AZ GFP clone 2 + 660 13b2 

hTert 

660 13b2 hTert 
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1500 MCF-7/AZ GFP clone 2 1500 MCF-7/AZ GFP clone 2 + 500 13b2 

hTert 

500 13b2 hTert 

   

4.2. Experiments performed on two-dimensional cultures 

4.2.1. Western blot 

Since visualization of the protein concentration on single spheroids is not yet optimal, the 

western blot assay is performed on cells grown in regular 2D cultures. The aim is to determine 

which key players of the IGF-IR/IR pathway are upregulated after short treatment with different 

concentrations of β-estradiol, IGF-I and insulin. To perform this rescue experiment, the 

different pathways should first be blocked by pretreatment of two times 96 h with  the three 

different inhibitors in 0.1 % stripped serum. The serum conditions and time interval of this 

pretreatment are determined in previous experiments. 

The MCF-7/AZ GFP clone 2 cells are grown to 80 % confluence and then pretreated with 10 

nM fulvestrant, 0.5 µM OSI-906 and 0.5 µM NVP-AEW541 in 0.1 % stripped serum DMEM for 

2 times 96 h (with 3 washes in between 2 intervals). Thereafter medium is taking off and 3 

concentrations of β-estradiol, IGF-I and insulin are added for 5 min before lysis to perform 

pathway rescue. Since OSI-906 has shown no inhibitory effects on IncuCyte and CellTiter-glo 

experiments and previous western blot experiments, it can be used as control treatment for 

fulvestrant and NVP-AEW541. Cells are grown and treated in high glucose media. (FIGURE 

15, 16, 17 and 18) 
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FIGURE 15: Western blot analysis of upstream key player proteins of the IGF-IR/IR pathway; IGF-IR, 
IR and p-IGF-IR. GAPDH and α-tubulin are present as loading controls.  

From all 3 inhibitors solely fulvestrant is able to downregulate IGF-IR, IR and p-IGF-IR, 

however IR and p-IGF-IR only in a minor way. NVP-AEW541 shows slight inhibitory effects on 

IGF-IR and p-IGF-IR. Only the highest concentrations of β-estradiol show a rescue of IGF-IR 

and p-IGF-IR after fulvestrant pretreatment.  

FIGURE 16: Western blot analysis of downstream key player proteins of the IGF-IR/IR pathway; ERK 
and p-ERK. GAPDH is present as loading control.  
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Phosphorylation of ERK is mainly inhibited by fulvestrant. Interestingly all treatments overcome 

this impediment by activation of ERK. Β-estradiol, followed by IGF-I both induce 

phosphorylation with their 3 concentrations while insulin only is able to with its highest 

concentrations.  

FIGURE 17: Western blot analysis of downstream key player proteins of the IGF-IR/IR pathway; Akt, p-
Akt, p-SK1, p-mTOR and p-BAD. GAPDH is present as loading control.  

No inhibition is seen on Akt, p-Akt, and p-mTOR and protein expression is only slightly 

downregulated on p-SK1 by fulvestrant. However the protein concentration of p-BAD is 

reduced during fulvestrant and NVP-AEW541 pretreatment. IGF-I, but mainly insulin rescues 

p-BAD expression upon inhibition of NVP-AEW541, while β-estradiol rescues it upon inhibition 

of fulvestrant.  
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FIGURE 18: Western blot analysis of the ERα pathway with ER regulated proteins; PR, Cathepsin D 

and pS2. GAPDH and α-tubulin are present as loading controls.  

ERα inhibition is the strongest upon fulvestrant treatment, followed by NVP-AEW541, with no 

rescue. PR expression is solely suppressed by fulvestrant and this can also not be overcome 

by any treatment. Contrary to the other proteins, almost no visible effects of fulvestrant are 

observed on cathepsin D. pS2 however is inhibited by both fulvestrant and NVP-AEW541.  

5. Discussion 

Three-dimensional models like spheroids have already proven their advantages and 

importance in basic research. However based on research articles of the last decades and on 

the experiments in this thesis, this model also shows its difficulties. Endpoint assays that 

measure viability, metabolic activity or protein concentration are very hard to perform on single 

spheroids. MTS and the acid phosphatase assay fail to prove metabolic activity and viability 

due to loss of parts of or complete spheroids during the procedures. Measurement of protein 

concentration by western blotting shows unrepeatable results on single spheroids, as well as 

on 8 pooled ones. The hypothesis is that the assay doesn’t work due to the low number of cells 

in spheroids. The relatively high lysate protein concentration and the one band around 60 kDa 

can be a result of an extensive amount of BSA (bovine serum albumin) stuck to the cells within 

the spheroid. Thus optimization to remove BSA and to perform more sensitive protein 

extraction is needed. The ideal situation would be repeatable protein concentration 

visualization of single spheroids to correlate with time-lapse functional data.  
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An endpoint measurement that results in promising data is CellTiter-glo 3D assay. A 

stimulation is observed when MCF-7/AZ GFP clone 2 spheroids are treated with β-estradiol 

and fulvestrant gives a clear decrease of viability. However no effect is seen with treatments 

of different concentrations of IGF-I, insulin or OSI-906. On the other hand NVP-AEW541 gives 

a significant reduction in viability. These results can be correlated with the IncuCyte data 

performed in high glucose medium on MCF-7/AZ GFP clone 2 three-dimensional cultures. The 

additional information obtained by this time-lapse microscopy is the effect of the different 

treatments over time on spheroid size. It needs to be taking into account that estimating 

spheroid viability solely based on size can be misleading due to different cell densities in 

different regions (e.g. necrotic core) and shrinkage of the cells without dying in response to 

drug treatment [61]. For this reason better conclusions can be made if there is a correlation 

with an endpoint viability assay like CellTiter-glo. An assay that combines spheroids size and 

viability information is the life/death staining with calcein AM and ethidium homodimer-1. 

However long-term follow-up by IncuCyte is impossible since excitation and emission 

wavelengths of these reagents fall out of the range of the filters in IncuCyte and because of 

the possible toxic effects of the reagents. Even though cell numbers are increased no real 

necrotic core is observed, while ethidium homodimer-1 seems to be able to penetrate the 

spheroids completely. This indicates that oxygen and nutrients are still able to reach the center 

in spheroids of this size.  

Remarkably there is a pronounced difference in time till compaction (both MCF-7/AZ GFP 

clone 2 and T-47D GFP clone 4 spheroids) and size (solely MCF-7/AZ GFP clone 2 spheroids) 

when glucose concentrations are changed. The spheroids grown in low glucose medium, 

which mimics the plasma concentration of a healthy person (1 g/l or 5.5 mM), are larger and 

compacter but take longer till this compaction is reached than those grown in high glucose 

medium (4.5 g/l or 25 mM). The escape of cells out of spheroids grown in high glucose 

concentrations is observed in the IncuCyte movies (section 4.1.1.) and lack of compaction is 

further demonstrated on the H&E staining of the monoculture MCF-7/AZ GFP clone 2 (section 

4.1.6.), which should be compared with spheroids grown under low concentrations. This finding 

can be correlated with studies where hyperglycemia is linked to intestinal barrier dysfunction 

[62]. A low glucose environment promotes the expression of inducers of breast cancer 

proliferation, like interleukin-6, in three-dimensional models [63]. This in contrary to two-

dimensional cultures where low glucose concentrations reduce breast cancer cell proliferation 

[64]. In high concentrations (4.5 g/l), growth rates are retarded and thickness of the viable cell 

layer is decreased, with lower amount of mitochondrial DNA and increased reactive oxygen 

species (ROS) level. This decreased growth is assumedly a consequence of the higher lactate 

production, giving acidosis [65-67]. Glucose and lactate levels should be monitored by 

metabolic analysis in future experiments. Furthermore high glucose metabolism is linked to a 

breast cancer stem-like and EMT phenotype, characterized by upregulation of Nanog, Lin28 

and Myc [63, 68, 69]. Based on the results in high glucose media, it seems that β-estradiol is 

capable of induction to a more proliferative state, in contrast to IGF-I and insulin. It must be 

stated that no direct assumption of proliferation can be made with increased confluence and 

ATP levels. Spheroid size and viability are good indicators but it should be confirmed by the 

increased expression of proliferation markers, like Ki-67 [70]. The induction to the supposed 

proliferation in high glucose media can be linked to findings in the clinic where hyperglycemia 

is correlated with increased risk and relapse in breast cancer patients. Elevated glucose levels 

are associated with poor outcome in diabetic and nondiabetic patients in contrast to patients 

with normoglycemic levels, conferring an elevated risk of death [64, 71-75]. Prolonging nightly 

fasting intervals shows a reduction in breast cancer recurrence [76]. Furthermore metformin, 

prescribed for hyperglycemia, shows anticancer activities, especially in cancers associated 

with hyperinsulinemia like breast cancer [77]. Metformin causes a reduced mTOR signaling 
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and has additive inhibitory effects on glucose metabolism and tumor cell growth [78]. 

Everolimus and Alpelisib, mTOR and PI3K inhibitors respectively, are used to delay anti-

estrogen (e.g. fulvestrant, exemestane, letrozole) resistance in metastatic breast cancer [79, 

80]. These combination therapies significantly prolong progression-free survival, however 

many patients will still experience relapse [81]. Since hyperglycemia is frequent side effect 

after treatment with Everolimus and Alpelisib, it can be hypothesized that relapse is provoked 

by the high glucose concentrations [79, 81]. As a conclusion, proliferation induced by β-

estradiol is increased in a high glucose environment and endocrine resistance can be 

counteracted by blocking glucose metabolism. 

Since especially synergism between the ERα and the IGF-IR/IR pathways has been described, 

this is also investigated. Via the CellTiter-glo assay a significant higher ATP production is 

observed when β-estradiol and IGF-I are combined. However addition of IGF-IR/IR inhibitors 

to fulvestrant could not give a supplementary effect. This is in contrary to IncuCyte data where 

fulvestrant and NVP-AEW541 combined do give a minor additive effect. The pathway 

interactions are studied by western blot of two-dimensional cell cultures. In general fulvestrant 

seems to inhibit protein synthesis more than NVP-AEW541 at both the estrogen and IGF-IR/IR 

pathways. However both inhibitors take longer than 96 h before a clear effect is seen. 

Remarkably, in our setup OSI-906 or Linsitinib doesn’t inhibit protein synthesis. This is parallel 

with the results retrieved via the IncuCyte and on CellTiter-glo 3D. However, this is in 

contradiction with the preliminary antitumor activity observed in phase I studies performed on 

patients with advanced solid tumors [82].  

Consequently a first implication for pathway interaction is the potency of both types of inhibitors 

to downregulate proteins of the other pathway. While fulvestrant can inhibit mostly the 

phosphorylation of ERK, NVP-AEW541 is able to block ERα and pS2 expression. The 

selectivity of NVP-AEW541 for IGF-IR under a 2.3 µM concentration is clearly observed in the 

blots. The inhibitor only executes an effect on IGF-IR and its phosphorylated state, but not on 

IR. The absence of downregulation of the downstream pathway members of IGF-IR is a 

consequence of activation by other receptors like EGFR and IR. Although single treatments of 

IGF-I and insulin on IncuCyte and CellTiter-glo 3D experiments show no changes, an impact 

of both is seen on p-ERK and p-BAD via western blot in presence of fulvestrant and NVP-

AEW541. High p-ERK should have stimulation of cancer cell growth while phosphorylation of 

BAD protects against cell death.  

As discussed in the introduction, ERα should have a crosstalk with the IGF-IR pathway via 

upregulation and activation of IGF-IR, ERK and Akt. Blocking of ERα by fulvestrant shows 

minor effects on the IGF-IR and its activated state but has a great impact on phosphorylation 

of ERK and BAD. However no influence is observed on p-Akt and only minor differences on 

its downstream pathway members pSK1 and p-mTOR. Based on this information it can be 

stated that ERα mostly conducts its influence on the IGF-IR pathway via ERK but not Akt. 

There can be hypothesized that the influence on p-BAD, a downstream protein of Akt, is a 

result of other stimulatory pathways. The downregulation of this pro-apoptotic protein further 

suggests that fulvestrant stimulates cancer cell death. This is in agreement with the 

experiments performed in IncuCyte and on CellTiter-glo 3D where fulvestrant clearly inhibits 

spheroid size.  

In this thesis combination of growth factors and combination of inhibitors is solely performed 

on functional tests (IncuCyte and viability), while growth factors on top of inhibitors is performed 

by biochemical evaluation. In future experiments, the possible additive effects between 

fulvestrant and NVP-AEW541 should be confirmed via  western blot and the possible rescue 
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of β-estradiol, IGF-I and insulin on fulvestrant and NVP-AEW541 treatments should be 

evaluated on IncuCyte and CellTiter-glo 3D.  

Next to the long-term influence of ERα, short-term treatment with β-estradiol is also 

investigated. E2 has a strong impact on rescue of ERK phosphorylation, minor upstream 

effects on the expression of IGF-IR and its activated state and no impact on phosphorylation 

of Akt. Since there is only a treatment of 5 min followed by direct lysis, solely rapid non-genomic 

signaling can cause this activation. Meaning that the membrane bound GPER is responsible 

for this rescue and correspondingly to ERα, it conducts its biggest influence on ERK and not 

Akt. Fulvestrant is a ERα down regulator, whilst it is an agonist of GPER. Based on the time-

lapse microscopy, viability assay and western blot it is clear that the inhibition predominates 

over the stimulatory effect in breast cancer cells. However since GPER is exclusively 

expressed as an estrogen receptor in CAF and CAF are major stimulators of different aspects 

of carcinogenesis, this receptor should not be neglected.  

A lot of progress is made on visualization of these cell-cell interactions within coculture 

spheroids with hematoxylin-eosin staining. As seen on the H&E pictures of MCF-7/AZ GFP 

clone 2 and 13b2 hTert in section 4.1.6., CAF are surrounded by the breast cancer cells. The 

reason behind this engulfment and whether this occurs with different breast cancer types is 

still unclear. A possible explanation could be the differences in surface tension between the 

two cell types. A next step to be performed would be the visualization of the different key player 

proteins of both pathways (e.g. IGF-IR, IR, ERK, ER, PR and GPER) in mono- and cocultures 

by immunohistochemistry and additional H&E staining and this after single and combination 

treatments with E2, IGF-I, insulin, fulvestrant and NVP-AEW541 in comparison with a DMSO 

control.  

In future experiments, other functional aspects of carcinogenesis like migration and invasion 

should be evaluated. In two-dimensional cultures, this is possible with the scratch 

wound/boyden chamber assay and boyden chamber with Matrigel assay, respectively for 

migration and invasion. Tumor-spheroid based migration can be performed by transferring 

spheroids to an ECM coated well plate while invasion can be monitored by embedding 

spheroids in Matrigel [37].  

6. Conclusion 

Despite the fact that mortality rates are declining, breast cancer is still one of the leading 

causes of cancer-related death in women worldwide. The largest fraction of this cancer type is 

responsive to β-estradiol, which makes the ERα a common therapeutic target. However 

resistance to anti-estrogen therapies like tamoxifen and fulvestrant is often observed, which is 

a consequence of crosstalk with other pathways like IGF-IR/IR. Hence, investigation of these 

interactions are from great importance to provide combination therapies. The experiments in 

this thesis are mainly performed on breast cancer spheroids. This three-dimensional model 

provides more relevant data by forming a bridge between the preclinical and clinical situation. 

It is a better representation of the in vivo situation than the standard two-dimensional models 

where cells are grown as monolayers on plastic. However based on experience gained while 

performing commonly used assays on spheroids, it is safe to say that optimization is required.  

Clear effects on MCF-7/AZ GFP clone 2 spheroids are observed with β-estradiol and 

fulvestrant but strangely enough not with IGF-I and insulin. Since these growth factors 

stimulate carcinogenesis, the results are countercurrent with the expectations. Inhibition by 

NVP-AEW541 does have reduction in viability and growth. It should be noted that these effects 

by β-estradiol, fulvestrant and NVP-AEW541 are glucose concentration dependent. High 
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glucose concentrations cause a reduction in spheroid size and viability in three-dimensional 

models. However this difference is not observed in two-dimensional cell cultures. This 

retardation of growth is most probably a consequence of the accumulation of lactate and drop 

in pH. Glucose deprivation, next to hypoxia, mimics the in vivo tumor microenvironment in the 

3D models. This finding nicely shows the importance of metabolic fine-tuning of three-

dimensional models in basic research. Since high glucose environments are correlated with a 

breast cancer stem-like phenotype, proliferation seems likely to be induced by hormones and 

growth factors. Increase in size and viability of the spheroids by β-estradiol can be shown in 

these experiments, while proliferation by IGF-I and insulin are failed to be demonstrated on 

IncuCyte and CellTiter-glo 3D. The proliferative effects of β-estradiol under high glucose 

circumstances can be correlated to findings in the clinic where hyperglycemia in breast cancer 

is linked to reduced survival. 

While the single influence of IGF-I cannot be detected, a possible additive effect with β-

estradiol is observed on viability. Likewise, fulvestrant and NVP-AEW541 conduct greater 

inhibition on growth than fulvestrant alone. Interaction is also observed on western blots 

performed on two-dimensional cultures. Both fulvestrant and NVP-AEW541 are able to inhibit 

protein expression from their target as well as from the opposite pathway. It seems that 

fulvestrant mostly conducts its impact on the IGF-IR/IR pathway via inactivation of ERK but not 

Akt. Short-term treatment with β-estradiol proves that GPER too has a positive effect primarily 

on ERK and not Akt. Through activation of this receptor, CAF can serve as a mode of 

resistance to fulvestrant by stimulation of the breast cancer cells. Therefor we optimized a co-

culture spheroid model of hormone sensitive breast cancer cells with CAF. Future experiments 

need to demonstrate potential effects of fulvestrant and β-estradiol on breast cancer cells 

through CAF. 

In conclusion, it can be stated that the metabolic environment influences breast cancer cell 

growth mainly through its response to β-estradiol and not insulin and IGF-I growth factors. 

Further research is necessary to determine whether the hyperglycemic state of the patient 

through poorly diabetic control or iatrogenic by use of hyperglycemia inducing drugs such as 

mTOR and PI3K inhibitors, is responsible for disease relapse.   

7. Addendum 

 

TABLE 30: General apparatus. 

 

TABLE 31: Composition of self-made products. 

Product Company 

Axiovert 200M fluorescence microscope Zeiss 

Centrifuge (10% CO₂, 37°C) Eppendorf 

Incubator  Binder 

Microplate analyzer Beckman Coulter 

Orbital shaker Novolab 

Microscope (phase contrast) Leica 

Product Composition Company Catalogue 
number 

Blotting buffer 10x 
(stock solution) 

In aqua dest.:  

190.15 g/l glycine VWR 24403367 

37.85 g/l Tris VWR 103157P 

Blotting buffer 1x 70 % aqua dest.  
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20 % methanol VWR 20847307 

10 % stock solution 10x  

50 mg/ml sodium dodecyl sulphate Sigma L3771 

Laemmli 1.5x 10 % aqua dest.  

15 % glycerol Novolab A20052 

3.45 % sodium dodecyl sulphate Sigma L3771 

75 % 0,125 M Tris 
-HCl 

VWR 103157P 

VWR 44921.K2 

Moscona In aqua dest. (end pH =7.4):  

0.0111 M dextrose Sigma G8270 

0.137 M NaCl Novolab A17891 

0.0119 M NaHCO₃ VWR 1.063.290.500 

3.08 M Na₂HPO₄.H₂O  Novolab A00141 

4.02 mM KCl Novolab A00137 

1.84 M KH₂PO₄ Novolab A00142 

Dulbecco’s 
phosphate 
buffered saline 
(PBSDˉ) 

In aqua dest. (end pH = 7.4)  

8 g/l NaCl Novolab A17891 

1.15 g/l Na₂HPO₄ Novolab A00141 

0.2 g/l KCl Novolab A00137 

0.2 g/l KH₂PO₄ Novolab A00142 

Dulbecco’s 
phosphate 
buffered saline 
(PBSD⁺) 

In aqua dest. (end pH = 7.4)   

0.1 g/l CaCl₂ Novolab A24616 

0.1 g/l MgCl₂-6H₂O Novolab A14769 

8 g/l  NaCl Novolab A17891 

1.15 g/l Na₂HPO₄ Novolab A00141 

0.2 g/l KCl Novolab A00137 

0.2 g/l KH₂PO₄ Novolab A00142 

Paraformaldehyde In PBSEˉ (heaten up to 80°C)  

10% 1 M CaCl₂(H₂0) Novolab A24616 

10% 1 M MgCl₂-6H₂0 Novolab A14769 

30 g/l paraformaldehyde Novolab A17860 

RIPA buffer  1% 100 mM EDTA (pH = 8.5) Merck 1084170250 

98% Sodium citrate (tribasic 
dehydrate ACS (end pH = 6.4) 

Sigma S4641 

1% TritonX-100 Sigma T8787 

Running buffer 
10x (Stock 
solution) 

In aqua dest.:  

152,12 g/l glycine VWR 24403367 

30,28 g/l Tris VWR 103157P 

Running buffer 1x 90 % aqua dest.  

10 % stock solution 10x  

1 g/l sodium dodecyl sulphate Sigma L3771 

Sample buffer 90 % laemmli 1.5x  

5 % β-mercaptoethanol Bio-rad 161-0710 

5 % bromophenol Sigma B0126 

Separating buffer In aqua dest. (end pH = 8.8):  

0.4 % sodium dodecyl sulphate  Sigma L3771 

1.5 M Tris VWR 103157P 

Stacking buffer In aqua dest. (end pH= 6.8):  

0.4 % sodium dodecyl sulphate Sigma L3771 

0.5 M Tris VWR 103157P 
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