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Chapter 1 General introduction 

 

1.1 Rhabdomyosarcoma  

Rhabdomyosarcoma (RMS), a type of cancer in which tumor cells are thought to 

arise from skeletal muscle, is the most common soft tissue sarcoma found in children 

(Hettmer and Wagers, 2010). There are two main types of RMS based on their 

histopathological features: the embryonal RMS (ERMS) which comprising 80% of RMS, 

and alveolar RMS (ARMS) with a worse overall outcome (Merlino and Helman, 1999; 

Parham, 2001; Zhu and Davie, 2015). ARMS is characterized by t(2;13)(q35;q14) or 

t(1;13)(q36;q14) translocations, which creates the novel PAX3-FOXO1 or PAX7-FOXO1 

fusion proteins. Loss of heterozygosity of chromosome 11p15.5 and chromosome gains 

(chromosome 2, 8, 12, 13) are frequently detected in ERMS (Anderson et al., 1999).  

The current treatments for RMS patients include surgery, radiotherapy and 

combinations of conventional chemotherapeutic drug, such as vincristine and 

dactinomycin (VA treatment). These multimodal treatments have increased overall 

survival in patients with localized RMS to more than 80%. However, most RMS tumors 

are systemic cancers with both localized tumor lesion and distant spread of cancer cells. 

Approximately one in five RMS patients are diagnosed initially with metastatic diseases 

(Parham, 2001; Wexler, 2015). Outcome for patients diagnosed with metastatic disease 

remains poor below 30% (Belyea et al., 2012; Dantonello et al., 2011). Metastatic disease 

is a major cause to death in primary and relapsed RMS (Oberlin et al., 2008; Wexler, 

2015). As RMS is always diagnosed with metastasis, one critical problem is failure to 

acquire adequate information of primary tumor. It remains largely unknown what is the 

tissue microenvironment at the primary site, how does this tumor differentiate and 
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develop to a malignant one, which specific oncogenic events acquired during tumor 

progression. These problems hindered the progress in RMS research.  

 

1.2 Tumor progression and metastasis 

Tumor progression is a complex procedure with an accumulation of genetic 

alterations caused by genetic factors or external factors, such as physical carcinogens, 

chemical carcinogens and biological carcinogens (Yokota, 2000). There are two important 

status in the process of tumor progression, including primary tumor and metastatic tumor 

(Figure 1-1). In the state of primary tumor, tumor cells were restricted in a limited area 

with low oxygen and nutrients supply. A benign tumor can exist in patients for many years 

without causing damages to the body. After diagnosis, this primary tumor can be easily 

treated by surgery or radiotherapy. The worst case is a malignant one. Cells in these 

tumors acquire more genetic mutations, migrating away from their original site, invading 

nearby normal tissues and spreading to other parts of the human body, which makes 

cancer a life-threatening disease. 

Tumor malignancy begins with invasion into surrounding environment, followed by 

new blood vessel formation toward tumor core and spread to other parts of the body using 

circulation system (van Zijl et al., 2011). Tumor growth is accompanied by increasing 

pressure to its surrounding environment, while the surrounding tissue fights against the 

tumor growth via increasing pressure on tumor cells, such as increased interstitial 

pressure, hypoxia conditions and recruiting immune cells (Krakhmal et al., 2015). Some 

tumor cells are subjected to apoptosis and make a necrosis core in tumor mass. However, 

some more “rogue” tumor cells gain an aggressive phenotype and the ability to metastatic 

progression. Tumor invasion is enabled by the detachment of tumor cells from the original 
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tumor mass due to downregulating intercellular adhesion molecules. Therefore, the cells 

gain the ability of high motility to enter the surrounding environment. Assisting by the 

elevated expression of matrix metalloproteinases (MMPs) to digest extracellular matrix 

(ECM), tumor cells invade into the surrounding tissue and remodel their surrounding 

environment to pave the way for migration.  

 

 

 

 

 

 

 

 

Figure 1-1 Tumor progression and metastasis. 

 

Angiogenesis is a normal and vital process in growth and development by which 

new blood vessels are formed to supply nutrients and oxygen for cells (Breier, 2000; 

Chung and Ferrara, 2011; Folkman, 2006). Normal human cells are located within 100 to 

200 μm of blood vessels to obtain sufficient oxygen supply. However, tumor, which is 

originated from one transformed cell, cannot allow for proper vascularization to occur as 

it is a rapidly expanding mass. Therefore, tumor without vascularization will live in an 

environment of low oxygen and nutrition which restrict tumor size in 1-2 mm diameter. 

In order to break this living limitation, tumor should find its way to get oxygen and 

nutrition supply. One approach is to induce angiogenesis generated from existing blood 
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vessel nearby. Once tumor completes to reach the normal blood vessels, metastatic spread 

will occur thus a benign tumor will switch to a malignant one. Since it was proposed that 

new blood vessel formation was an essential procedure to switch on tumor metastasis, 

tumor angiogenesis has become a therapeutic target for the treatment of cancer (Folkman, 

1971).  

 

1.3 Conventional model system in RMS research  

The urge to find effective therapies against RMS promotes the need to further 

investigate the molecular mechanisms of this malignancy. To deepen the understanding 

of RMS diseases, many model systems have been established to elucidate the mechanism 

and to develop new therapeutic strategies (Kashi et al., 2015). The systems modeling 

RMS are categorized into in vitro cell-based systems and in vivo xenograft models. There 

are numerous RMS cell lines derived from patient tumor samples, including 18 

embryonal and 12 alveolar RMS cell lines being used by many researches (Hinson et al., 

2013). Except for derived cell lines, genetically modified RMS cells have been also 

highlighted. Genetically modified cells are applied to uncover the genetic alterations in 

the initiation and progression of RMS tumor. Linardic et al., created genetic modified 

RMS cells by introducing the T/t-Ag, hTERT and H-Ras transgenes into the human 

skeletal muscle cells (Linardic et al., 2005). Animal model is an alternative method to 

understand tumor development and mechanism in vivo. ERMS and ARMS have been 

modeled in xenograft mouse model and genetically engineered mice and reported in many 

literatures (Fleischmann et al., 2003; Keller et al., 2004; Nanni et al., 2003; Nishijo et al., 

2009). Drosophila melanogaster was only reported to model ARMS by introducing the 

PAX7-FOXO1 gene into the skeletal muscle (Avirneni-Vadlamudi et al., 2012; Galindo 
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et al., 2006). Langenau et al. created a new transgenic coinjection methodology to induce 

KRAS into zebrafish and established an ERMS zebrafish model (Ignatius et al., 2012; 

Langenau et al., 2007; Langenau et al., 2008).  

Although both in vitro cell-based systems and in vivo animal models demonstrate an 

important role in deciphering the mechanism of RMS progression and accelerating the 

drug discovery process, disadvantages and pitfalls remained. For the conventional cell 

culture in vitro, rigid and flat culture surface is utilized and cells are cultured as single 

cell or confluent monolayer. Two-dimensional (2D) cell culture is easy for operation and 

scaling-up, comprising the majority of cell-based assay nowadays. However, almost all 

cells in the body are surrounded by other cells and ECM, facing a complex three-

dimensional (3D) environment other than a simple 2D surface (Pampaloni et al., 2007). 

The main problem of 2D culture is that it does not represent the reality in the real in vivo 

conditions. In the process of drug discovery, the screening of potential drugs begins with 

the 2D cell culture tests, then the selected drugs will be used in the subsequent animal 

tests and clinical trials (Edmondson et al., 2014). However, the positive compounds 

screened by 2D tests always fail in the clinical trials, especially in Phase III trials, which 

is the most expensive phase of clinical development. Animal models conquer the main 

problem of 2D cell culture and provide a 3D in vivo environment without ethical concerns 

to understand the development of human tumor. However, animal models are limited in 

mimicking the complexity of human tumorigenesis (van der Worp et al., 2010). To induce 

tumorigenesis, immune-deficient animals are often used which cannot translate the 

normal response of human immune systems against tumor (Price, 2001). Other problems 

of animal models are less reproductive and difficult to control variables. Therefore, it is 

necessary to establish novel models which more closely mimic the in vivo conditions with 
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easy operation method to fill the gap between 2D cell culture systems and in vivo animal 

models.  

 

1.4 Cell sheet engineering 

Cell sheet engineering is a novel approach to fabricate 3D tissue constructs without 

scaffold (Matsuda et al., 2007; Yamato and Okano, 2004; Yang et al., 2007). This is 

achieved by culturing cells on the temperature-responsive polymer grafted surface, such 

as poly-N-isopropylacrylamide (PNIPAAm), which was developed by Dr. Teruo Okano 

in Tokyo Women’s Medical University (Okano et al., 1995). Above 32oC, the culture 

surface is hydrophobic to facilitate cell attachment and proliferation to form cell 

monolayer. Below 32oC, the culture surface is hydrophilic to initiate detachment of the 

whole monolayer from the surface. By simply lowering the temperature, an intact 

monolayer preserving both cells and ECM can be harvested. Combining with stamp 

manipulation method (Haraguchi et al., 2012), multilayered cell sheet can be fabricated. 

Cell sheet technology has firstly demonstrated its potential in tissue transplantation. 

Epithelial sheet for corneal regeneration (Nishida et al., 2004) and skeletal myoblast cell 

sheet for cardiac failure (Sawa and Miyagawa, 2013; Sawa et al., 2015; Shimizu et al., 

2003) were constructed and applied in the clinical trials. In 2016, a product named 

HeartSheet was developed by Terumo Corporation and authorized for marketing in Japan 

(Sawa et al., 2015). Not only in the field of tissue transplantation, cell sheet technology 

can also provide multicellular culture systems for in vitro studies. There are two main 

merits of cell sheets compared with other multicellular culture systems. Firstly, Cell 

sheets preserve both the cells and the naturally formed ECM, thus closely mimicking the 

true in vivo conditions (Yamato and Okano, 2004). Another advantage appeared in the 
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observation of cell behaviors. The observation of cell behaviors can be simply divided 

into the X-Y plane and the Z-axis, enabling temporal and spatial interpretation (Kino-oka 

et al., 2012; Nagamori et al., 2013). In our previous studies, multilayered human skeletal 

muscle myoblast (HSMM) sheet has been constructed and sheet fluidity was proposed to 

evaluate the quality of cell sheet (Kino-oka et al., 2012). To mimic the process of 

angiogenesis after transplantation, HSMM sheet was co-cultured with endothelial cells 

and a quantitative analysis method was applied to understand the formation of endothelial 

network (Nagamori et al., 2013; Ngo et al., 2013).  

Although cell sheet technology constitutes a novel technology to use in tissue 

engineering and in vitro model studies, there have been few applications of this technique 

in the cancer research field. To the best of our knowledge, the only cancer-related instance 

of cell sheet use was in vivo studies in which monolayer or multilayer of cancer cells were 

harvested and used to induce tumors in mice (Akimoto et al., 2013; Suzuki et al., 2014). 

Cell sheet technology will show more potential in the field of cancer research and drug 

screening. 

 

1.5 Objective of this study 

    There is an increasing demand of more effective in vitro models for elucidation 

mechanism in the progression of RMS. To widen the knowledge of RMS progression, 

this study aimed at understanding tumor cell behaviors in the 3D mimicry system. The 

interest is focused on the important processes in tumor malignancy, including tumor cell 

migration, invasion into surrounding environment and tumor angiogenesis. Tumor 

specific phenomena were investigated in the multicellular culture system and provide 

novel knowledge in the progression of RMS.  
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1.6 Research outline 

This thesis focuses on the study of RMS cell behaviors in the cell sheet system and 

represents the important processes in tumor progression (Figure 1-2). Firstly, RMS cell 

migration in myoblast sheet was investigated to understand the difference between tumor 

and host tissue cells. Secondly, heterotypic interactions among RMS cells and host tissue 

cells were studied to reveal the mechanism in tumor invasion. Finally, the effect of RMS 

cells on the behaviors of endothelial cells was investigated. This thesis consists of five 

chapters including general introduction (chapter 1) and concluding remarks (chapter 5). 

Up-regulated migration is one hallmark of tumor cells. In chapter 2, migration ability 

of human embryonal RMS cells (RDs) was studied in the 3D human skeletal muscle 

myoblast (HSMM) sheet. The analysis of cell migration was divided into vertical 

migration and horizontal migration to understand migration in the 3D format.  

After acquiring migration ability, tumor cells will invade their surrounding 

environment to seek a way out. In chapter 3, multilayered heterogeneous RD sheets were 

constructed by co-culturing HSMMs and RDs. Time-lapse observation was used to reveal 

the dynamics of tumor cells in the HSMM sheets. This study revealed heterotypic 

interaction of tumor cells with normal myoblasts in a 3D cell sheet model, and brought 

new insights into the RMS invasion. 

Tumor angiogenesis is an important trigger of malignancy by providing oxygen and 

nutrients to the “starved” primary tumor. In chapter 4, green fluorescent protein 

expressing human umbilical vein endothelial cells (GFP-HUVECs) were co-cultured with 

tumor-containing cell sheet to understand the effect of tumor cells on endothelial 

behaviors. Unlike the conventional study of tumor angiogenesis, which focusing on the 

paracrine secreted from tumor cells, this chapter studied how the environment change 



 
Chapter 1 

 

9 

 

caused by a minor population of RDs affects endothelial network formation. The 

environment change as well as endothelial network formation was analyzed quantitatively 

in this chapter.   

 

 

 

 

 

 

 

Figure 1-2 Outline of my PhD Thesis.  
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Chapter 2 Migratory behavior of RMS cells in multilayered 

myoblast sheet 

2.1 Introduction 

RMS is a tumor characterized by its high frequency to undergo metastasis (Masia et 

al., 2012; Parham, 2001; Wang and Nicolson, 1983). One essential step to initiate tumor 

metastasis is local invasion into surrounding tissues. Invasive phenotype of tumor cells is 

always associated with higher migration properties, such as elevated MMPs secretion, 

abnormal expression of cell adhesion molecules and growth factor receptors. 

Understanding migratory behavior of RMS cells is necessary to investigate RMS 

progression.  

Conventionally, cell migration has been investigated on 2D substrate or in 3D matrix 

(Figure 2-1). Many literatures already demonstrated that cell migration in 3D or in vivo 

was different from what we observed on 2D substrate due to less of one dimension 

(Baumann, 2012; Friedl et al., 2012; Friedl et al., 1998; Petrie and Yamada, 2012). For 

3D matrix, although it provides a 3D playground for cell migration, lack of heterogenic 

cell contact limits its application in cancer research. 3D spheroid culture closely resemble 

the in vivo conditions. However, real-time tracking of individual cell cannot be realized 

in this system, only endpoint analysis can be performed. An alternative 3D multicellular 

model with quantitative analysis method is required. 

Cell sheet consists of both cells and naturally formed ECM, which mimic the in vivo 

conditions. Quantitative analysis can be easily divided into components of the X-Y plane 

and the Z-axis, enabling its application in the study of cell migration. In our previous 

work, a five-layered HSMM sheet was fabricated as a 3D cell-based scaffold to study the 



 
Chapter 2 

 

11 

 

target cell behavior. Localization of human skeletal muscle fibroblasts (HSMFs) and 

GFP-HUVECs within a five-layered HSMM sheet was previously investigated 

(Nagamori et al., 2013; Nagamori et al., 2014; Ngo et al., 2013). In this chapter, migratory 

behavior of RMS cells in five-layered HSMM sheet was investigated.  

 

 

 

 

 

 

 

 

 

 

Figure 2-1 Summary of in vitro studies on cell migration.  
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2.2 Materials and methods 

2.2.1 Cell preparation 

Human skeletal muscle myoblasts (HSMMs, Lot. No. 4F1619; Lonza Walkersville 

Inc., Walkersville, MD) and a human ERMS cell line (RD, Cat. No. EC85111502, 

American Type Culture Collection, VA, USA) were used in this study. According to 

procedures described in our previous study (Nagamori et al., 2013), subcultures of 

HSMMs on laminin-coated surfaces were conducted at 37°C in an atmosphere of 5% CO2 

in Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich, MO, USA) containing 

10% fetal bovine serum (FBS; ThermoFisher Scientific, MA, USA) and antibiotics (100 

U/cm3 penicillin G, 0.1 mg/cm3 streptomycin, and 0.25 mg/cm3 amphotericin B; 

Invitrogen, CA, USA). RDs were grown in the same medium as the HSMMs without 

laminin coating. The medium depth was set to 2 mm throughout the experiments. All cells 

were harvested until 70%–80% confluency. 

 

2.2.2 Fabrication of five-layered cell sheet using stamping method 

HSMMs harvested from subcultures were employed to fabricate five-layered cell 

sheet according to a previously developed method (Ngo et al., 2013). HSMMs were 

seeded at 3.5×105 cells/cm2 in each well of 24-well UpcellTM plates (CellSeed, Tokyo, 

Japan) with a temperature-responsive PNIPAAm grafted surface and incubated for 24 h at 

37°C in a 5% CO2 atmosphere to form the monolayer sheet. The gelatin stamp was 

prepared by using a set of manipulators including jigs of a holder, metal stamps, a mold, a 

plunger, and a silicone rubber (Figure 2-2 A). A 7.5% (w/v) gelatin solution was prepared 

by dissolving gelatin powder from porcine skin (Sigma-Aldrich) in 5 ml Hank’s balance 

salt solution (Sigma-Aldrich) with 100 μl 1N NaOH solution in 45°C water bath for 30 
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min. The solution was filtered through a 0.22-μm filter (Millex-GS; Millipore Co., 

Billerica, MA, USA) to be sterilized and poured into the mold, which was mounted on the 

silicone rubber in advance. The steal stamps were put onto the molds and the whole set was 

kept in 4°C refrigerator for 40 min to solidify the gelatin. The silicon rubber was removed 

and the mold was mounted onto the plunger to push out the gelatin stamps (Figure 2-2 B). 

24-well temperature-responsive plate was put onto a heater plate with 37°C to avoid 

detachment. The gelatin stamp was overlaid on the monolayer sheet and the 24-well plate 

was transferred to incubate at 20°C for 30 min to harvest the monolayer sheet (Figure 2-

3). Then the stamp was lifted together with the monolayer sheet and overlaid on another 

monolayer. This step was repeated to form the multilayered sheet. Using the plastic cap, 

the stamp as well as the multilayered sheet was transferred to the center of a 35-mm dish 

(ibidi GmbH, Martinsried, Germany). After incubation at 20°C for 2 h, the cell sheet was 

incubated at 37°C in the DMEM medium containing 10% (v/v) FBS for 1 h to remove 

the gelatin. The medium containing the dissolved gelatin was replaced with fresh medium. 

The medium was renewed every day.   
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Figure 2-2 Manipulator set (A) and the preparation process of gelatin stamp (B). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-3 The procedure for stacking multilayered cell sheets and co-culturing  

with target cells.  
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2.2.3 Co-incubation of target cells with cell sheet 

A five-layered HSMM sheet (stained using CellTrackerTM Orange, Invitrogen) was 

fabricated and overlaid onto a 35-mm culture dish (ibidi GmbH) with the pre-cultured 

target cells (RDs or HSMMs), as shown in Figure 2-4 A. The target cells (stained using 

CellTrackerTM Green, Invitrogen) seeded at 2.0×103 cells/cm2 (Low density) and 2.0×104 

cells/cm2 (High density) were cultured in DMEM medium containing 10% (v/v) FBS for 

24 h in advance. Time-course observation was conducted to understand cell morphology 

using a fluorescence microscope (IN Cell Analyzer 2000, GE Healthcare, BUX, UK). 

The samples were fixed using 4% paraformaldehyde (Wako Pure Chemical Industries, 

Osaka, Japan) at 24 h.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-4 Analysis of vertical distribution of target cells. (A) Schematic drawing of 

experimental procedure. (B) Quantitative analysis method with image processing. 
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2.2.4 Vertical distribution of target cells in HSMM sheet 

The vertical distribution of the green target cells within the HSMM sheet was 

observed by a confocal laser scanning microscope (FV1000, Olympus, Tokyo, Japan) 

with a 60× objective lens at 9 random positions in each sample (Kino-oka et al., 2012). 

Quantitative analysis method with image processing was shown in Figure 2-4 B. Original 

8-bit images (256×256 pixels) of both colors in each slice were converted into binary 

images after identifying intensity threshold values. The ratio of green pixels to sum of 

green pixels in each slice was normalized to determine the distribution of green pixels by 

dividing into five layers. The normalized distribution of green pixels was assumed to be 

equivalent to the green cell distribution in the sheet, which was considered to be the 

frequency of green cells, fG, in each layer. To quantify sheet fluidity, the diffusivity (D, 

µm2/h) was applied to measure vertical distribution of target cells based on Fick’s second 

law, 

2
G G

2

f f
D

t h

 


 
, in which fG, t and h represent the green cell frequency, incubation 

time, and sheet thickness, respectively. The Crank-Nicolson finite difference method and 

least squares method were applied to calculate the diffusivity using a customized software 

designed by LabVIEW (National Instruments, Austin, TX, USA).  

 

2.2.5 Horizontal migration rate of target cells in HSMM sheet 

To estimate the horizontal migration of target cells in HSMM sheet, a HSMM 

monolayer sheet including 0.5% of target cells stained with a fluorescence regent 

(CellTrackerTM Green, Invitrogen) was placed in the 3rd layer of a five-layered HSMM 

sheet. Time-lapse images were captured every 20 min using a fluorescence microscope 

(IN Cell Analyzer 2000, GE Healthcare) with a 10× objective lens (Figure 2-5 A). 
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Captured images at each time points were subjected to image processing using a 

customized software designated by LabVIEW (National Instruments) as previously 

described (Kino-oka et al., 2004). The centroids (xi, yi) of each cell at each time point 

were determined (Figure 2-5 B). To calculate the average horizontal migration rate (V, 

µm/h) of target cells, the sum of cell displacement during each time interval was divided 

by the overall culture time. The observation was carried out for 10 h at 20 min interval. 

 

 

 

 

 

 

 

 

 

Figure 2-5 Analysis of horizontal migration rate in cell sheet.  

(A) Schematic drawing of experimental procedure. (B) Analysis method. 

 

2.2.6 Statistical analysis 

Data presented in this study were obtained from three independent cultures and 

expressed as means with standard deviations (SDs). Student’s t-test was used to determine 

the statistical significance of differences among data sets, and values of P < 0.05 were 

considered significant.  
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2.3 Results  

2.3.1 Vertical distribution of target cells in HSMM sheet 

To understand the migration pattern of RDs in HSMM sheet, two densities were set 

to reach single cell state and confluent state. Condition of confluent state was designed to 

evaluate whether cellular connection among RDs would affect their vertical migration 

pattern. The initial density of RDs was 0.23 ± 0.02 × 104 cells/cm2 and 3.39 ± 0.47 × 104 

cells/cm2 at low and high seeding condition, respectively. The initial density of control 

HSMM was 0.21 ± 0.02 × 104 cells/cm2 in low seeding density and 2.79 ± 0.17 × 104 

cells/cm2 in high seeding density, respectively.  

 

 

 

 

 

 

 

 

 

Figure 2-6 Morphology of target cells at t = 0 and t = 24 h. Scale bar: 200 μm. 

 

Cellular morphology was observed within 24 h culture time. In the case of low 

density, RDs showed stretched morphology at initial time and stared to elongate at t = 24 

h similar to HSMMs. In the case of high density, RDs and HSMMs showed stretched 

morphology in confluent state at t = 0 (Figure 2-6). After culturing for 24 h, all the cells 
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showed elongated cell morphology without formation of network (Nagamori et al., 2013) 

or aggregation (Nagamori et al., 2014) which indicated that RDs and myoblasts migrate 

randomly.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-7 Vertical distribution of target cells in HSMM sheet at t = 24 h. Bars show 

standard deviation (SD) (n = 3). 

 

After culturing for 24 h, vertical distribution and diffusivity were calculated to 

understand vertical migration of target cells quantitatively. Most RDs stayed in the first 

and second layer with the fG value of 0.63 and 0.32 at low density and 0.66 and 0.28 at 

high density; while most myoblasts stayed in the first layer with the fG value of 0.93 in 

the case of low density and 0.89 in the case of high density (Figure 2-7). It was found 
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that vertical distribution of RDs and myoblasts was not density-dependent due to their 

similar distribution at both low and high seeding density. Cellular connection among RDs 

and myoblasts did not affect their vertical migration pattern. The value of diffusivity was 

calculated based on the vertical distribution of target cells, diffusivity of RDs was 0.96 

µm/h2 and 0.95 µm/h2 at low and high seeding density, which was about 5.5 and 9.5 times 

higher than that of myoblasts, demonstrating enhanced migration of RDs compared with 

HSMMs (Figure 2-8). 

 

 

 

 

 

 

 

 

 

Figure 2-8 Diffusivity of target cells at different initial densities. Bars show standard 

deviation (SD) (n = 3). Asterisk indicates significant difference (*: P < 0.05, **: P < 0.01). 

 

2.3.2 Horizontal migration rate of RDs in HSMM sheet 

Horizontal migration rate of RDs in HSMM sheet was compared with HSMMs in 

HSMM sheet (Figure 2-9). 0.5% of RDs or HSMMs were stained green and tracked by 

a fluorescence microscopy with a 10× objective lens every 20 min. Migration rate of RDs 

and HSMM was calculated and the value were 7.35 µm/h and 5.07 µm/h, respectively.  
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Figure 2-9 Horizontal migration rate of target cells in the 3rd layer of HSMM sheet. Bars 

show standard deviation (SD) (n = 3). Asterisk indicates significant difference (***: P < 

0.001).  
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2.4 Discussion 

In this chapter, migratory behavior of RDs was studied in a five-layered HSMM 

sheet by co-culturing RDs with HSMM sheet. Cell migration was quantified by dividing 

into vertical and horizontal direction to understand migration in a 3D format. Vertical 

migration of RDs was quantified based on the vertical distribution of RDs in each layer 

of cell sheet from the bottom to top. It was found that more RDs located towards the upper 

layer of cell sheet, demonstrating that RDs migrate faster in vertical direction compared 

with myoblasts (Figure 2-7). Horizontal migration of target cells was tracked by time-

lapse observation and migration rate of RDs was calculated to be 7.35 µm/h, which is 1.5 

times faster than that of myoblasts (5.07 µm/h) (Figure 2-9). RDs demonstrated a fast 

migratory phenotype compared with surrounding myoblasts both in vertical and 

horizontal direction. 

Multilayered myoblast sheets consist of both cells and naturally formed ECM, 

providing a 3D playground to facilitate cell migration. Myoblast sheets have already been 

applied to understand target cell behaviors in our laboratory, including myoblasts, 

fibroblasts and HUVECs. Myoblasts were found migrate randomly and make cell sheet a 

homogeneous cell mixture with sheet fluidity (Kino-oka et al., 2012). Fibroblasts quickly 

localize to the top layer of cell sheet in single cell state while form aggregates at the 

bottom layer in confluent state (Nagamori et al., 2014). Endothelial cells undergo 

morphological change and form network at the proper seeding density (Nagamori et al., 

2013). To understand the different behavior of target cells in multilayered cell sheet, it is 

necessary to know the different adhesion molecules on the surface of each cell. Cadherin 

super-family is an important group of cellular adhesion molecules which mediate 

heterogeneous localization of cells in the 3D structure (Duguay et al., 2003). N-cadherin 
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and M-cadherin were found expressed in human myoblasts in which N-cadherin is 

associated with myoblast migration and M-cadherin plays an important role in the fusion 

of myoblast (Kaufmann et al., 1999; Wrobel et al., 2007). In the myoblast sheet, 

connection mediated by N-cadherin and M-cadherin is balanced. Therefore, no specific 

localization of myoblast was observed. As a type of mesenchymal cell, fibroblasts express 

N-cadherin which mediated fibroblast migration in the myoblast sheet (Matsuyoshi and 

Imamura, 1997). However, it also reported that fibroblasts expressed OB-cadherin to 

form strong connection in high-density culture (Pittet et al., 2008). VE-cadherin and N-

cadherin are expressed in endothelial cells in which VE-cadherin mediated endothelial 

cell tube formation (Bach et al., 1998; Kiran et al., 2011). It suggested that different 

cellular adhesion molecules were accounted for the different cell behavior and 

localization in the cell sheet. 

Abnormal expression and dysfunctional localization of N-cadherin and M-cadherin 

in the cellular contact sites were found in RMS cells (Charrasse et al., 2004; Soler et al., 

1993). The possible mechanism of active RD migration within an HSMM sheet was 

considered as follows: unlike HSMMs, which are capable of strongly adhering to their 

own cell type, RDs formed weak adhesions to the surrounding HSMMs. Therefore, RDs 

can detach easily from previous connections and anchor to other adhesion sites to initiate 

fast migration.  
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2.5 Summary 

Migratory behavior of RDs was investigated and quantified in cell sheet system. 

Compared with surrounding myoblast, RDs demonstrated a fast migratory phenotype 

both in vertical and horizontal direction. High motility, one hallmark of cancer, was 

represented in this in vitro model.  
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Chapter 3 Heterotypic interaction between RMS cells and 

host tissue cells 

3.1 Introduction 

After acquiring rapid migratory ability by abnormal expression of adhesion 

molecules and up-regulation of MMPs, tumor cells will face a microenvironment consists 

of ECMs and the cells that beget them, such as fibroblasts and host tissue cells (Friedl 

and Alexander, 2011). Cell-cell interaction, especially which between invasive tumor 

cells and normal cells, plays a vital role in tumor invasion and metastasis (Tisdale, 2004). 

Understanding heterotypic cellular interactions is beneficial for deciphering the 

mechanism of tumor invasion. 

Conventionally, heterotypic cellular interaction has been investigated using 2D 

substrates or 3D ECM systems with or without direct contact. However, the playground 

to support cellular interaction in vivo is always through use of other cells (Bogdanowicz 

and Lu, 2013; Chandrasekaran et al., 2012; Charras and Sahai, 2014). Intravital 

microscopy associated with multiphoton microscopy benefits real-time tracking of 

fluorescent human tumor cell in model animals; however, a gap still remains between 

animal models and real conditions in human body (Condeelis and Segall, 2003; Jain et 

al., 2002). Human cells cultured as spheroid aggregates closely resemble in vivo solid 

tumors in terms of cellular heterogeneity, nutrient and oxygen gradients, and cell-cell 

connections (Thoma et al., 2014; Vinci et al., 2012). Studies in which normal and 

malignant epithelial cells were co-cultured in spheroids demonstrated that malignant 

epithelial cells engulf normal epithelial spheres (Ivers et al., 2014). However, individual 

cell behavior inside a spheroid cannot be monitored in real time simultaneously with the 
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bulk properties of the spheroid, thereby presenting a challenge in understanding cellular 

interactions. 

Cell sheet technology has been emerged as a powerful tool not only in tissue 

engineering, but also in modeling individual cell behavior on a 3D scale (Matsuda et al., 

2007; Yang et al., 2007). In this technology, intact monolayer cell sheets containing ECM 

are harvested and layered to construct a multilayered cell sheet. This system consists of 

both cells and ECM, thereby closely resembling in vivo conditions. Quantitative analysis 

can be easily divided into components of the X-Y plane and the Z-axis. Unlike spheroid 

aggregates, the dynamic status of overall cell sheets can be estimated in terms of sheet 

fluidity (Kino-oka et al., 2012).  

This chapter aimed to reveal the interaction between RMS tumor cells (RDs) and 

non-malignant myoblast cells using a 3D cell sheet culture. Multilayered heterogeneous 

ERMS sheets were constructed by co-culturing RDs with HSMMs. Time-lapse 

observation was used to reveal the dynamics of tumor cells in the HSMM sheets and the 

structure of heterogeneous cell sheets. This chapter revealed heterotypic interaction 

between tumor cells and normal cells in a 3D cell sheet model, and highlighted the value 

of using 3D cultures to analyze the dynamics of tumor cells.   
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3.2 Materials and methods 

3.2.1 Cell preparation  

Human skeletal muscle myoblasts (HSMMs, Lot. No. 4F1619; Lonza Walkersville 

Inc.) and a human ERMS cell line (RD, Cat. No. EC85111502, American Type Culture 

Collection) were used in this study. Subcultures of HSMMs on laminin-coated surfaces 

were conducted at 37°C in an atmosphere of 5% CO2 in Dulbecco’s Modified Eagle’s 

Medium (DMEM; Sigma-Aldrich) containing 10% fetal bovine serum (FBS; 

ThermoFisher Scientific) and antibiotics (100 U/cm3 penicillin G, 0.1 mg/cm3 

streptomycin, and 0.25 mg/cm3 amphotericin B; Invitrogen). RDs were grown in the same 

medium as the HSMMs without laminin coating. The medium depth was set to 2 mm 

throughout the experiments. All cells were harvested until 70%–80% confluency. 

 

3.2.2 Fabrication of heterogeneous tumor cell sheet  

HSMMs and RDs harvested from subcultures were stained with a fluorescent 

reagent (CellTrackerTM Orange and Green, Invitrogen) to obtain different fluorescence 

according to the commercial instruction. Heterogeneous monolayers were prepared by 

mixing different ratios of RDs (0%, 10%, 25%, 50%, 75% and 100%) with HSMMs to 

make final seeding density of 3.5×105 cells/cm2 in each well of 24-well UpcellTM plates 

(CellSeed) with a temperature-responsive PNIPAAm grafted surface and incubated for 24 

h at 37°C in a 5% CO2 atmosphere to form the monolayer sheet (Figure 3-1). Five-layered 

heterogeneous sheets were fabricated and cultured at 37°C in a 5% CO2 atmosphere. Cell 

sheet morphology was observed by an imaging system (IN Cell Analyzer 2000, GE 

Healthcare) with a 2× objective lens at 0 and 96 h of incubation time. The samples were 

fixed at 96 h and observed using a confocal laser scanning microscope (FV1000, Olympus) 
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with a 60× objective lens. 

 

 

 

 

 

Figure 3-1 Fabrication of heterogeneous tumor cell sheet. 

 

3.2.3 Evaluation of sheet fluidity in HSMM and RD sheet  

Evaluation of sheet fluidity in the HSMM and RD sheets was based on a previously 

reported method (Kino-oka et al., 2012). Briefly, a five-layered cell sheet with a basal 

layer (stained by CellTrackerTM Green) and upper layers (stained by CellTrackerTM 

Orange) was prepared to observe the spatial distribution of the basal target layer using a 

confocal laser scanning microscope (FV1000, Olympus) with a 60× objective lens at 9 

random positions in each sample. Original 8-bit images (256×256 pixels) of both colors 

in each slice were converted into binary images after identifying intensity threshold 

values. The ratio of green pixels to sum of green pixels in each slice was normalized to 

determine the distribution of green pixels by dividing into five layers. The normalized 

distribution of green pixels was assumed to be equivalent to the green cell distribution in 

the sheet, which was considered to be the frequency of green cells, fG, in each layer. To 

quantify sheet fluidity, the diffusivity (D, µm2/h) was applied to measure vertical 

distribution of target cells based on Fick’s second law, 

2
G G

2

f f
D

t h

 


 
, in which fG, t and 

h represent the green cell frequency, incubation time, and sheet thickness, respectively. 



 
Chapter 3 

 

29 

 

The Crank-Nicolson finite difference method and least squares method were applied to 

calculate the diffusivity using a customized software designed by LabVIEW (National 

Instruments).   

 

3.2.4 Spatial distribution of target cells in five-layered HSMM and RD sheet  

To determine the vertical distribution of target cells (HSMMs and RDs) inside the 

HSMM and RD sheets, localization of the green target cells (HSMMs or RDs labeled 

green) within the red HSMM or RD sheets was observed by a confocal laser scanning 

microscope (FV1000, Olympus) with a 60× objective lens. Quantitative analysis of the 

frequency of green target cells and diffusivity is same as described above. Time-lapse 

observation was conducted to assess the dynamic behavior of individual cell by obtaining 

images every 1 h at several positions using a confocal laser scanning microscope (FV10i, 

Olympus). 

 

3.2.5 Statistical analysis  

Data presented in this study were obtained from three independent cultures and 

expressed as means with standard deviations (SDs). Student’s t-test was used to determine 

the statistical significance of differences among data sets, and values of P < 0.05 were 

considered significant.  
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3.3 Results 

3.3.1 Effect of RD ratio on sheet morphology disruption and segregation 

To understand the effect of the RD ratio on the overall sheet structure, heterogeneous 

five-layered cell sheets were fabricated by stacking monolayer sheets with different ratios 

of RDs ranging from 0% to 100%. To visualize different cell types, RDs and HSMMs 

were stained green and red on captured images, respectively. Figure 3-2A depicts the 

morphologies of different heterogeneous cell sheets at the initial (t = 0) and final (t = 96 

h) of the culture. At t = 0, all sheets were constructed with an intactly round shape, thereby 

demonstrating success in sheet fabrication. At t = 96 h, the sheets with low ratio of RDs 

(less than 50%) experienced destruction of overall sheet structure, while the sheets with 

high ratio of RDs (75% and even 100%) and HSMM control maintained their original 

shape and size. The sheet was found to be most disrupted when mixing 25% RDs into the 

HSMM sheet. After culturing for 96 h, samples were fixed to clarify the vertical 

localization of constituent cells. In the low RD ratio sheets (10% and 25%), HSMMs were 

surrounded by RDs as indicated by the white arrows in Figure 3-2B. Meanwhile, in the 

high RD ratio sheets (50%, 75%), individual HSMMs were found distributed in the upper 

layer of the cell sheets.  
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3.3.2 High sheet fluidity of RD sheet compared with HSMM sheet 

The fluidity of RD sheets was compared with that of HSMM sheets. The basal layer 

of the cell sheet was stained to appear green on captured images as starter cells and upper 

layers were stained to appear red. After culturing for 24 h, the vertical distribution of the 

first layer of green cells was measured and sheet fluidity was calculated. Here, the 

thickness of HSMM sheet and RD sheet were 43.9 ± 0.5 µm and 78.3 ± 3.9 µm, 

respectively. Figure 3-3A shows the histogram of fG in HSMM and RD sheets. In the 

HSMM sheet, the fG value in the first and second layer from the bottom were estimated 

to be 0.80 and 0.19, respectively, while in the RD sheet, a broad distribution of 0.36, 0.28, 

and 0.21 was observed for the first, second and third layer, respectively. The vertical 

diffusivity of RDs, D, was estimated based on the Crank-Nicolson finite difference 

method and least squares method (Figure 3-3B), and had a value of 18.03 µm2/h, which 

was about 56 times higher than that of the HSMM sheet (D = 0.32 µm2/h).   



 
Chapter 3 

 

33 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3 Evaluation of sheet fluidity in HSMM and RD sheets. (A) Frequency of the 

green cells (fG) distributed in five layers inside the each sheet at t = 24 h. (B) Diffusivity 

of the HSMM and RD sheets. Bars show standard deviation (SD) (n = 3). Asterisk 

indicates significant difference (***: P < 0.001). Scale bar: 20 μm. 

 

3.3.3 Vertical distribution of target cells in low and high fluidic sheet 

Understanding single cell behavior in the lowest (HSMMs only) and highest (RDs 

only) fluidic sheets was beneficial to elucidating overall sheet deformation phenomenon. 

HSMM and RD sheets were fabricated and co-incubated with pre-cultured target cells 

(HSMMs and RDs) with a seeding density of 2.0 x 103 cells/cm2. The distribution of 

target cells within the cell sheets was estimated and dynamic migration patterns were 
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monitored via time-lapse observation. Figure 3-4A shows the vertical distribution of 

target cells in HSMM and RD sheets at 24 h. Here, the thickness of HSMM and RD sheets 

were 38.3 ± 6.0 µm and 76.3 ± 5.3 µm, respectively. In the HSMM sheet, the fG value of 

RDs in the first and second layer were 0.63 and 0.32, while 93% of HSMMs remained in 

the first layer. Surprisingly, when HSMMs and RDs were cultured in RD sheet, an 

elevated level of distribution was found. HSMMs distributed at a frequency of 0.66 and 

0.30 in the first and second layer, similar to the distribution of RDs in the HSMM sheet, 

whereas RDs retained their migration potential and showed a broader distribution 

compared with HSMMs (Figure 3-4A). The value of diffusivity was calculated based on 

the vertical distribution of target cells, demonstrating that RDs had enhanced migration 

compared with HSMMs in both HSMM and RD sheets (Figure 3-4B). The dynamic 

behavior of RDs and HSMMs was monitored by confocal laser scanning microscopy, 

thereby revealing target cell migration patterns in HSMM and RD sheets, as shown in 

Figure 3-5 and Figure 3-6. RDs underwent active migration in the HSMM sheet with 

one or more obvious leading pseudopods having a faster migration speed compared with 

surrounding HSMMs. Conversely, HSMMs possessed a spindle shape without 

pseudopods when surrounded by other HSMMs, demonstrating a restricted migration 

pattern (Figure 3-5A). The migration pattern of RDs in the RD sheet was same as that of 

the HSMM sheet with faster migration speed. In the RD sheet, HSMMs initially migrate 

with obvious pseudopods, but later migrated in a spherical shape with fewer pseudopods, 

thereby demonstrating failure in active migration (Figure 3-5B). Interestingly, HSMM 

aggregates were maintained in the HSMM sheet but disrupted in the RD sheet, which 

revealed that RDs can adversely affect myoblast interactions (Figure 3-6).   
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Figure 3-4 Vertical analysis of target cells inside the five-layered HSMM sheet or RD 

sheet. (A) Frequency of green target cells in each layer of HSMM or RD sheet. Bars show 

standard deviation (SD) (n = 3). (B) Diffusivity of target cells in different sheets. Bars 

show standard deviation (SD) (n = 3). Asterisk indicates significant difference (*: P < 

0.05; **: P < 0.01).  
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Figure 3-5 Time-lapse observation of target cells in HSMM sheet (A) and RD sheet (B) 

at low seeding density. Scale bar: 20 µm.  
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Figure 3-6 Time-lapse observation of target cells in HSMM sheet (A) and RD sheet (B) 

at high seeding density. Scale bar: 20 µm.  
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3.3.4 RD disruption of HSMM alignment and disorder of heterogeneous cell sheet 

structure  

To understand how the HSMM sheet was disrupted by a low ratio of RDs, time-

course observation was conducted using confocal laser scanning microscopy with a 60x 

objective lens. RDs were stained to appear green on captured images to differentiate them 

from surrounding HSMMs (10% of HSMMs were stained to be green in the control 

HSMM sheet). At the beginning of culture, RDs distributed homogeneously in the mixed 

sheet (Figure 3-7). In the HSMM control sheet, migration of HSMMs was also random 

with no alignment observed at t = 0. As culture time elapsed, HSMMs gradually aligned 

with each other in the control sheet, which was an important event in myoblast 

differentiation. In the HSMM sheet mixed with 10% RDs, HSMM alignment was 

disrupted and the overall environment of the sheet was chaotic compared with the control 

HSMM sheet.   
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3.4 Discussion 

In this chapter, heterogeneous tumor cell sheets were constructed by co-culturing 

RDs and HSMMs to investigate heterotypic interactions between a tumor and its host 

tissue. Disruption of sheet structure was observed in heterogeneous cell sheets with low 

ratios of RDs (less than 50%); whereas, homogeneous HSMM or RD sheets maintained 

intact structure (Figure 3-2). Deeper exploration of dynamic tumor cell behavior inside 

HSMM sheets revealed that HSMM alignment was disrupted by highly motile RDs 

(Figure 3-7). This study demonstrated that RMS cells are capable of inducing disorder 

within their surrounding environment via decay of myoblast alignment.  

In our previous studies, an HSMM sheet was proposed for establishing fluidic plate-

shaped cell aggregates that provide a 3D platform to understand cell behavior (Kino-oka 

et al., 2012). Cell sheets differ from other static scaffolds made by isolated or synthetic 

matrices in that they are capable of generating fluidity from movements of constituent 

cells. In this chapter, a five-layered tumor cell sheet with constant seeding densities was 

successfully constructed and characterized by higher fluidity than normal HSMM sheets 

(Figure 3-3). This could be a result of deficient cellular adhesive molecules (Charrasse 

et al., 2004) and increased migration potential (Meriane et al., 2002; Onisto et al., 2005) 

of RDs. Although multicellular tumor spheroids have been widely used to resemble in 

vivo tumors, these models frequently experience failure because of their weak 

connections and inadequate ECM secretion (Ivascu and Kubbies, 2006). This reveals that 

tumor spheroids are loosely compacted compared with normal cell spheroids. It is 

reported that large extracellular spaces exist in multicellular spheroids fabricated by rat 

RMS cells (Davies et al., 2002). In cell sheet system, high fluidity within RD sheets 

revealed that tumor sheets demonstrated lower compactness than normal sheets. This 
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indicated that the bulk properties of the sheet were dependent on building cell types and 

that sheets fabricated by tumor cells were more dynamic compared with their normal 

counterparts.  

Tissue cells are capable of sensing environmental stiffness and determining the 

migration strategy based on their surrounding environment (Clark and Vignjevic, 2015; 

Discher et al., 2005; Kumar et al., 2016). Stiffness and topology of the surrounding ECM 

affect cell migration, resulting in different cell migration patterns and speeds (Charras 

and Sahai, 2014). Since sheet fluidity has been shown to be quite different between 

HSMM and RD sheets, we hypothesized that the migration patterns of target cells could 

be selectively altered based on the structures were of low or high fluidity. Figure 3-4 

indicates that RDs migrate faster than HSMMs in HSMM sheets. Prior to this research, 

there was limited knowledge regarding how cells migrate over other cells (Charras and 

Sahai, 2014). Instead of using an integrin-mediated strategy to migrate, cells rely much 

more on cell surface adhesion molecules, such as cadherins and proteoglycans. One 

specific role of E-cadherin reported was to generate adhesive forces required for germ 

cell migration in vivo (Cai et al., 2014; Kardash et al., 2010). Abnormal expression and 

dysfunctional localization of N-cadherin and M-cadherin in the cellular contact sites was 

found in RMS cells (Charrasse et al., 2004; Soler et al., 1993). Chapter 2 clarified that 

RDs migrated faster than surrounding HSMMs in a 3D format. Interestingly, when 

HSMMs were surrounded by rapidly migrating RDs, the HSMMs failed to initiate active 

migration and later lost pseudopods formation, causing them to float within the RD sheet 

in a spherical configuration (Figure 3-5).This suggested that RDs were capable of 

changing their surrounding environment, while HSMMs could not.  

Tissue cells can not only sense their environment but also remodel their environment 
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by anchoring to and pulling on their surroundings to migrate. Tumor cells have been 

documented to be more adaptive and plastic than normal cells, contributing to their 

invasive and metastatic abilities (Friedl and Wolf, 2010; Wolf et al., 2003). To initiate 

tumor metastasis, tumor cells initially invade the surrounding normal tissue, and engage 

in tissue remodeling. To decipher the mechanism used to accomplish this, heterotypic cell 

interactions have been studied by mixing different ratios of RDs to HSMMs to construct 

heterogeneous cell sheets. The overall sheet structures were monitored over culture time. 

Sheet structures were maintained in mono-culture, and disruption was only found in the 

heterogeneous cell sheet having a relatively low RD ratio (Figure 3-2). Deeper 

exploration by time-course observation demonstrated that HSMM alignment was 

disordered by fast and random migration of RDs (Figure 3-7). Harjanto et al. revealed 

that a prostate cancer cell line can induce matrix remodeling in a 3D collagen system 

(Harjanto et al., 2011). Apart from the matrix system, this study demonstrated how the 

structures of in vitro tissue-like cell aggregates could be remodeled by tumor cell 

participation. Similar destructive effects were reported from an induced zebrafish model, 

in which disorganization of normal muscle architecture was found in the late stage of 

ERMS development (Ignatius et al., 2012). The disruptive effect of RDs on the alignment 

of myoblasts was revealed in this study which suggested heterogeneous tumor cell sheets 

can be utilized to understand heterotypic cell-cell interactions and remodeling of tumor 

microenvironment.   
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3.5 Summary 

In this chapter, the heterotypic cell-cell interaction was investigated by co-culturing 

malignant RMS cells with normal myoblasts in a cell sheet system. In 3D cell crowding 

conditions, tumor cells flexibly adapt to various conditions, acquire increased migratory 

phenotype, and were capable of compromising the structure of HSMM sheet. Moreover, 

the disruptive effect of RDs on myoblast sheet structures was initiated by the decay of 

myoblasts alignment. This study demonstrated that RMS cells were capable of 

disordering their surrounding environment through induced decay of HSMM alignment. 

This suggests that muscle disruption could be a significant byproduct of RMS cell 

invasion into muscle. 
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Chapter 4 Tumor angiogenesis in the progression of RMS 

 

4.1 Introduction 

Tumor angiogenesis, the process of new blood vessel formation induced by a tumor 

mass, is an important process in tumor malignancy (Folkman, 1971). In the tumor region 

of RMS, increased angiogenesis can be found (Bid and Houghton, 2011). Over-

expression of vascular endothelial growth factors (VEGFs), basic fibroblast growth 

factors (bFGFs) and interleukin-8 have been detected in serum and urine samples from 

RMS patients (Pavlakovic et al., 2001), demonstrating an important role of tumor 

angiogenesis in the disease malignancy. Tumor angiogenesis has already been identified 

as a therapeutic target for cancer treatment (Hillen and Griffioen, 2007). However, tumor 

neovascularization is typically disorganized compared with its healthy counterpart, 

characterized by a defective endothelial monolayer with abnormal sprouts and large 

intercellular openings (Dudley, 2012). Tumor neovascularization is thought to impair 

drug delivery to the tumor core and induce radioresistance due to the hypoxic 

microenvironment, thereby hampering the effectiveness of chemotherapy and 

radiotherapy.  

Disruption of tumor blood vessel formation is a complex process associated with 

many factors; however, the exact mechanism has not been fully understood. Recently, 

overexpression of VEGFs by tumor cells has been considered as one cause of tumor 

vessel abnormality (Nagy et al., 2009). Targeted therapy against VEGF expression has 

been performed in an attempt to normalize tumor vasculature prior to subsequent 

chemotherapy or radiotherapy (Goel et al., 2011). Other studies reported decreased 

endothelial cell networks along with increasing ECM stiffness (Edgar et al., 2014; Ghajar 
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et al., 2008). However, these studies failed to demonstrate a direct role for tumor cells in 

the disorganization of the tumor blood vessels. 3D co-culture of tumor cells and 

endothelial cells has typically been conducted in a spheroid system, with limited success. 

Timmins et al. observed that a 3D branched endothelial network formed when single 

endothelial cells were seeded onto HCT116 spheroids (Timmins et al., 2004). However, 

quantitative evaluation of endothelial network formation is difficult in a spheroid 

aggregate.  

Intact cell sheets can be harvested on temperature-responsive PNIPAAm grafted 

surfaces by lowering the temperature to less than 32oC (Okano et al., 1995; Sawa and 

Miyagawa, 2013). Cell sheets preserve both the cells and the naturally formed ECM, thus 

closely mimicking the true in vivo conditions. Using this 3D model, observation of cell 

behaviors can be divided into the X-Y plane and the Z-axis, enabling temporal and spatial 

interpretation (Kino-oka et al., 2012). In chapter 2 and 3, we observed active and rapid 

migration of malignant RDs in the HSMM sheet. Disruption of sheet structure was 

observed in the heterogeneous cell sheets when co-cultured with 10%–50% tumor cells 

(Figure 3-2). In this chapter, a tumor-containing cell sheet was prepared by mixing a 

small population of RDs with HSMMs and co-cultured with GFP-HUVECs. The effect 

of this small population of tumor cells on the behavior of endothelial cells and network 

formation was investigated.  
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4.2 Materials & Methods 

4.2.1 Cell preparation 

Human skeletal muscle myoblasts (HSMMs, Lot. No. 4F1619; Lonza Walkersville 

Inc.), a human embryonal RMS cell line (RD, Cat. No. EC85111502, American Type 

Culture Collection) and green fluorescence expressing human umbilical vein endothelial 

cells (GFP-HUVECs, Lot. No.20100201001, Angio-Proteomie, MA, USA) were used in 

this study. HSMMs were subcultured on laminin-coated surfaces at 37°C in an 

atmosphere of 5% CO2 in Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-

Aldrich) containing 10% fetal bovine serum (FBS, Thermo Fisher Scientific) and 

antibiotics (100 U/cm3 penicillin G, 0.1 mg/cm3 streptomycin, and 0.25 mg/cm3 

amphotericin B; Invitrogen). RDs were grown in the same medium as the HSMMs 

without laminin coating. GFP-HUVECs were cultured in a commercially available 

medium (EGM-2; Lonza Walkersville Inc.). The medium depth was set to 2 mm 

throughout the experiments. All cells were harvested until 70%–80% confluency. 

 

4.2.2 Incubation of five-layered tumor-containing cell sheet with GFP-HUVECs  

RDs and HSMMs harvested from subcultures were stained using a fluorescent 

reagent (CellTrackerTM Orange, Invitrogen), according to the commercial instructions. A 

monolayer tumor-containing cell sheet was prepared by mixing 8% RDs with HSMMs at 

a final seeding density of 3.5 × 105 cells/cm2 then seeded onto the temperature-responsive 

24-well UpcellTM plate (CellSeed). The seeded cells were incubated for 24 h at 37oC in a 

5% CO2 atmosphere to form the monolayer sheet. A five-layered tumor-containing cell 

sheet was constructed and transferred to a 35-mm culture dish (ibidi GmbH) with pre-

cultured GFP-HUVECs (Nagamori et al., 2013), as shown in Figure 4-1. A five-layered 
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HSMM sheet without RDs was used as a control sheet. GFP-HUVECs were seeded at a 

density of 5.0 × 103 cells/cm2 in EGM-2 medium supplemented with 20% (v/v) FBS and 

incubated at 37oC in a 5% CO2 atmosphere for 24 h. A commercially available medium 

(SkGM-2; Lonza Walkersville Inc.) supplemented by 10 ng/ml bFGF (ReproCell Inc., NJ, 

USA) was adapted for co-incubation of the tumor-containing cell sheet with GFP-

HUVECs. During the incubation period, the medium was renewed every 24 h. The 

morphology of GFP-HUVECs was observed using a fluorescence microscope (IN Cell 

Analyzer 2000, GE Healthcare) with a 10× objective lens every 24 h. Time-lapse 

observation of the endothelial network formation was conducted by obtaining images 

every hour at several positions with a 10× objective lens using a confocal laser scanning 

microscope (FV10i; Olympus). 

 

4.2.3 Evaluation of endothelial network formation inside cell sheet  

Evaluation of the endothelial network formation was based on a previously 

described method (Nagamori et al., 2013) which is shown in Figure 4-2. Briefly, the 

images were captured using a confocal laser scanning microscope (FV10i; Olympus) with 

a 10× objective lens at more than eight positions in each sample. Each image was 8-bit 

gray scale with a size of 256×256 pixels and covered an area of 1.27×1.27 mm. Image 

processing was performed using commercialized software (Image-Pro Plus, Media 

Cybernetics Inc., MD, USA). The total network length per image area (L; mm-1), and the 

number of total tips of the network (NT; tip/mm2) were measured to calculate the extent 

of network (L/NT; mm/tip).   
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Figure 4-1 Experimental procedure. (A) Schematic drawing. (B) The method of 

stacking multilayered cell sheets and co-culturing with GFP-HUVECs.  
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Figure 4-2 Image processing procedure and measurement method to evaluate 

endothelial network formation.  
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4.2.4 Immunofluorescence staining of fibronectin in monolayer tumor-containing 

cell sheet 

Fibronectin structure was measured in the monolayer tumor-containing cell sheet. 

The monolayer tumor-containing cell sheet was cultured in SkGM-2 medium 

supplemented with 10 ng/ml bFGF for 96 h. The samples were fixed with 4% 

paraformaldehyde (Wako Pure Chemical Industries) in PBS for 15 min at room 

temperature and rinsed twice with PBS. The samples were then incubated in PBS 

containing 0.5% polyoxyethylene octylphenyl ether (Wako Pure Chemical Industries) for 

5 min and then blocked in 1% (w/v) bovine serum albumin (BSA; Wako Pure Chemical 

Industries) in PBS for 90 min at room temperature. The specimens were incubated with 

primary antibody against human fibronectin (F7387, Sigma-Aldrich) at 4oC overnight. 

The samples were rinsed in PBS for three times and reacted with secondary antibodies 

(Alexa Flour 594-conjugated anti-mouse IgG; Life Technologies) for 1 h at room 

temperature. Images were captured using a confocal laser scanning microscope (FV1000; 

Olympus) with a 60× objective lens. 

 

4.2.5 Evaluation of sheet fluidity in tumor-containing cell sheet  

Evaluation of sheet fluidity in the tumor-containing cell sheets and control sheet was 

same as described above. Briefly, a five-layered cell sheet with a basal layer (stained 

using CellTrackerTM Green) and upper layers (stained using CellTrackerTM Orange) was 

prepared for spatial distribution observation using a confocal laser scanning microscope 

(FV1000; Olympus) with a 60× objective lens at 9 random positions in each sample. 

Original 8-bit images (256×256 pixels) of both colors in each slice were converted into 

binary images after identifying intensity threshold values. The ratio of green pixels to the 
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sum of green pixels in each slice was normalized to determine the distribution of green 

pixels by dividing into five layers. The normalized distribution of green pixels was 

assumed to be equivalent to the green cell distribution in the sheet, which was considered 

to be the frequency of green cells, fG, in each layer. To quantify sheet fluidity, the 

diffusivity (D, µm2/h) was applied to measure vertical distribution of target cells based 

on Fick’s second law, , in which fG, t and h represent the green cell 

frequency, incubation time, and sheet thickness, respectively. The Crank-Nicolson finite 

difference method and least squares method were applied to calculate the diffusivity using 

customized software designed by LabVIEW (National Instruments). 

 

4.2.6 Vertical distribution of GFP-HUVECs in tumor-containing cell sheet 

Five-layered tumor-containing cell sheets and control sheets were stained with a 

fluorescent reagent (CellTrackerTM Orange, Invitrogen) and co-cultured with GFP-

HUVECs at a seeding density of 2.0 x 103 cells/cm2 for early individual cell migration (at 

t = 12 h) and 5.0 × 103 cells/cm2 for final localization of GFP-HUVECs with network 

formation at t = 96 h. Vertical distribution of GFP-HUVECs inside the tumor-containing 

cell sheets and control sheets was observed by a confocal laser scanning microscope 

(FV1000; Olympus) with a 60× objective lens. The frequency of green cells (fG) in each 

layer was analyzed by using the same method described above.  

 

4.2.6 Transwell experiment  

The effect of cytokines secreted from tumor cells on endothelial network formation 

was investigated by using the polyester membrane transwell-clear inserts with the 0.4 µm 

pore size (Corning, NY, USA). 2.6 ml of DMEM medium with 10% FBS was firstly 
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added to the lower chamber. Then 1.5 ml RDs suspension containing the same number as 

RDs in five-layered tumor-containing cell sheet was added to the upper chamber of the 

transwell and incubated at 37oC in a 5% CO2 atmosphere for 24 h in advance. Five-

layered HSMM sheets with or without 8% RDs were constructed as described above and 

transferred to a 6-well culture plate (Corning) on which GFP-HUVECs were seeded at a 

density of 5.0 × 103 cells/cm2. The transwell inserts with RDs were transferred on the top 

of HSMM sheet and incubated in the SkGM-2 medium supplemented with 10 ng/ml 

bFGF. The total volume is 4.1 ml according to the commercial instruction. The same 

volume of medium was added to the co-culture of tumor-containing cell sheet or the 

control sheet with GFP-HUVECs. The medium was renewed every 24 h. All samples 

were fixed at t = 96 h for analyzing the final localization of GFP-HUVECs. Vertical 

distribution of GFP-HUVECs in cell sheets was observed by a confocal laser scanning 

microscope (FV1000; Olympus) with a 60× objective lens. The frequency of green cells 

(fG) in each layer was analyzed by using the same method described above. 

 

4.2.6 Statistical analysis 

Data presented in this study were obtained from three independent cultures and 

expressed as means with standard deviations (SDs). Student’s t-test was used to determine 

the statistical significance of differences among data sets, and values of P < 0.05 were 

considered significant.  
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4.3 Results  

4.3.1 Endothelial network formation inside the tumor-containing cell sheet 

Tumor-containing cell sheets were prepared by mixing 8% RDs with HSMMs. The 

behavior of GFP-HUVECs in the five-layered tumor-containing cell sheet was observed 

for 96 h to estimate network formation according to the parameters L, NT, and L/NT. 

Endothelial network formation in a five-layered HSMM sheet without RDs was used as 

a control. The initial density of GFP-HUVECs was 1.60 ± 0.03 × 104 cells/cm2 and 1.56 

± 0.12× 104 cells/cm2 in the tumor-containing cell sheet and control sheet, respectively. 

As shown in Figure 4-3A, GFP-HUVECs were observed to be single and round-shaped 

with early elongation in the tumor-containing cell sheet as well as in the control sheet at 

the beginning of the incubation period. Figure 4-3B shows the quantitative analysis of L, 

NT, and L/NT. At t = 24 h, GFP-HUVECs were found to elongate and connect with each 

other, resulting in an increase in L and decrease in NT. Less L/NT was found in the tumor-

containing cell sheet compared with the HSMM sheet. After 24 h, GFP-HUVECs 

elongated with overlapping each other to form a thick network, and L started to decrease 

correspondingly. At t = 48 h, the value of L/NT in the tumor-containing cell sheet and 

HSMM sheet was 0.29 and 0.30 mm/tip, respectively. Degradation of the endothelial 

network in the tumor-containing cell sheet was observed, and the value of L/NT decreased 

to 0.21 mm/tip at t = 96 h, while the value of L/NT increased to 0.34 mm/tips in HSMM 

sheet.  
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Figure 4-3 Time course of GFP-HUVEC network formation inside the five-layered 

tumor-containing cell sheet. A: Morphology of GFP-HUVECs in tumor-containing cell 

sheet (a–e) and control sheet (f–j). Scale bar: 200 μm. B: Quantitative analysis of 

endothelial network formation. The closed circle and open circle correspond to tumor-

containing cell sheet and control sheet, respectively. The bars show the standard deviation 

(SD) (n = 3). Asterisk indicates significant difference (*: P < 0.05; **: P < 0.01; ***: P < 

0.001). 
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From time-lapse observation, endothelial network was formed by dynamic 

connections (white arrows) and disconnections (red arrows) among endothelial cells. 

Figure 4-4 illustrates the endothelial network at the endpoint in each period. From 24 h 

to 48 h, the frequency of connection and disconnection is balanced in both cases. From 

48 h to 72 h, more red arrows against white arrows was observed in tumor-containing cell 

sheet, which indicated the degradation of endothelial network. This trend is continuously 

observed from 72 h to 96 h, resulting in small and branched network.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4-4 Connections (white arrows) and disconnections (red arrows) in endothelial 

network formation. Scale bar: 200 µm. 

 

4.3.2 Disordered fibronectin meshwork in monolayer tumor-containing cell sheet 

Fibronectin assembly was observed by immunofluorescence staining of fibronectin 

in the monolayer sheet at t = 96 h (Figure 4-5). Initially, the fibronectin structure was 
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discontinuous and disordered in both the tumor-containing and HSMM monolayer. After 

96 h of culture, alignment of the fibronectin meshwork was disordered in the tumor-

containing cell monolayer. In the HSMM monolayer, a continuous assembly and 

alignment of fibronectin to fibrils was observed, demonstrating the disruptive effect of 

tumor cells on the ECM structure of the cell sheet. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-5 Immunofluorescence staining of fibronectin in monolayer of tumor-

containing cell sheet (A) and control sheet (B) at t = 0 and 96 h. Scale bar: 20 μm. 

 

4.3.3 Sheet fluidity increased in tumor-containing cell sheet 

Based on the method described previously (Kino-oka et al., 2012), fluidity of the 

tumor-containing cell sheet was compared with the control sheet. After culturing for 48 

h, vertical distribution of the first layer cells was measured to estimate the frequency of 

green cells (fG) in each layer. Figure 4-6A shows the histogram of fG in tumor-containing 
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cell sheet and HSMM sheet. In the tumor-containing cell sheet, the fG value in the first, 

second and third layer from the bottom were estimated to be 0.67, 0.29 and 0.03, 

respectively, while in the HSMM sheet, distribution of 0.77 and 0.21 was calculated in 

the first and second layer. The vertical diffusivity of green cells, D, in the tumor-

containing cell sheet was estimated to be 0.57 µm2/h, which was 2.7 times higher than 

that of the HSMM sheet (D = 0.21 µm2/h), as shown in Figure 4-6B. 
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Figure 4-6 Evaluation of sheet fluidity in tumor-containing cell sheet. A: Frequency of 

the green target cells (fG) distributed in five layers inside the each sheet at t = 48 h. B: 

Diffusivity of tumor-containing cell sheet and control sheet. Bars show standard deviation 

(SD) (n = 3). Asterisk indicates significant difference (*: P < 0.05). Scale bar: 20 μm. 
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4.3.4 Active migration of endothelia cells in tumor-containing cell sheet 

Vertical distribution of GFP-HUVECs was estimated to analyze the migration of 

these cells. The vertical distribution of GFP-HUVECs at t = 12 h is shown in Figure 4-7. 

In the tumor-containing cell sheet, the frequency of GFP-HUVECs in the first and second 

layer was estimated to be 0.78 and 0.21, respectively. Most GFP-HUVECs stayed in the 

first layer in the HSMM sheet, having an fG value of 0.91. At t = 96 h, most GFP-HUVECs 

existed in the first and second layer of the control sheet with the fG value of 0.77 and 0.23 

to form the endothelial network. In the tumor-containing cell sheet, 11% of GFP-

HUVECs migrated to the fifth layer of the sheet, demonstrating fast migration in the 

vertical direction. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-7 Vertical analysis of GFP-HUVEC localization inside the five-layered tumor-

containing cell sheet (A) and control sheet (B) at t = 12 h and t = 96 h. Bars show the 

standard deviation (SD) (n = 3). 
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4.4 Discussion 

Tumor angiogenesis is a prerequisite for initiating tumor malignancy, and blood 

vessel formation in the tumor region is typically abnormal. In this chapter, a small 

population of RDs (8%) was found to disrupt the structure of the myoblast sheet, resulting 

in disordered fibronectin alignment (Figure 4-5) and elevated sheet fluidity (Figure 4-6). 

In this highly fluidic sheet, the vertical migration of GFP-HUVECs was increased (Figure 

4-7) and resulted in the degradation of the endothelial network (Figure 4-3) compared 

with the myoblast sheet without RDs. This observation revealed that small numbers of 

tumor cells could disrupt the structure of their surrounding microenvironment. The 

disordered sheet could not support proper endothelial network formation by activation of 

endothelial cell migration.  

In the HSMM sheet, homotypic adhesion, mediated by N-cadherin and M-cadherin, 

promotes sheet integrity as well as fibronectin alignment, followed by directional cell 

migration. However, downregulation of N-cadherin and its abnormal function was found 

in RMS cell lines (Charrasse et al., 2004; Soler et al., 1993), which promotes fast 

migration of RDs in the HSMM sheet. In chapter 3, RDs were found to migrate rapidly 

in the HSMM sheet and disrupt normal intercellular adhesions among myoblasts, causing 

breakdown of myoblast alignment. Individual tumor cells determined the migration 

strategy depending on the physical properties of their surrounding environment, 

undergoing mesenchymal or amoeboid migration (Friedl and Wolf, 2003). It was found 

that RDs migrated in a mesenchymal phenotype with several leading pseudopods in 

HSMM sheet (Figure 3-5A). Tumor cells undergoing mesenchymal migration are 

dependent on integrin-mediated adhesion and pericellular proteolysis to remodel the 

structure of normal tissue. ECM meshwork, as well as intercellular adhesions, contributes 
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to tissue integrity. As assembly of fibronectin into fibrils localizing to the cell surface was 

required for the accumulation and stability of other ECM proteins (Daley et al., 2008; 

Sottile and Hocking, 2002), fibronectin meshwork of monolayer sheet was investigated 

in this study. Our results showed that an ordered fibronectin meshwork generated and 

arranged by HSMMs was destroyed by the addition of RDs (Figure 4-5). RDs are 

reported to express elevated level of MMPs, such as MMP-2, MMP-9 and MT1-MMP, 

which are associated with cleavage and remodeling of fibronectin (Ito et al., 2004; Onisto, 

2005). To quantify the disruption of the cell sheet by tumor cells, we analyzed sheet 

fluidity. The fluidity of the HSMM sheet containing only a small amount of RDs was 

elevated 2.7 times higher than that of the control sheet without RDs. RDs created a 

disordered environment and affected migration of normal myoblasts. These results 

indicated that a well-aligned HSMM sheet structure with proper fluidity was disordered 

by a small number of RDs. The disruption of the whole tissue structure was measured 

both qualitatively and quantitatively by using cell sheet technology. 

Tumor cells break adhesions among normal cells as well as alignment of fibronectin 

in the cell sheet. As activation of endothelial cell migration from quiescent state was 

considered as a pre-angiogenesis event, vertical migration of endothelial cells was 

analyzed in this chapter. As shown in Figure 4-7, GFP-HUVECs migrated faster in the 

vertical direction of the tumor-containing cell sheet. A supplementary transwell 

experiment was performed to eliminate the paracrine effect from RDs. Promotion of 

vertical migration was observed when RDs were inserted directly into the cell sheet 

system (Figure 4-8A). It has been reported that during tissue remodeling by tumor cells, 

cleavage of the ECM components reveals more binding sites, which can be detected and 

utilized by endothelial cells, thus promoting endothelial cell migration (Stupack and 
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Cheresh, 2002; Xu et al., 2001). In our system, the fibronectin meshwork was disrupted, 

potentially exposing ligands, which may support fast migration of endothelial cells.  

 

 

 

 

 

Figure 4-8 Vertical analysis of GFP-HUVEC localization inside the five-layered 

sheet at t = 96 h. A: Tumor-containing cell sheet. B: RDs pre-cultured on the transwell 

inserts and co-incubated with HSMM sheet. C: Control sheet. Bars show standard 

deviation (SD) (n = 3). 

 

Tumor angiogenesis has been identified as an important trigger in tumor malignancy. 

Traditionally, the effect of tumor cells on angiogenesis was studied in 2D or 3D gel 

systems cultured in conditioned medium collected from the pre-culture of tumor cells. 

These systems failed to study the effect of direct contact from tumor cells on the behavior 

of endothelial cells. Onisto et al. reported the expression of VEGFs and MMPs in most 

RMS cell lines and the promotion of endothelial network formation in the Matrigel system 

cultured in conditioned medium collected from those cell lines (Onisto, 2005). To the best 

of our knowledge, the effect of RMS cells on endothelial cell behavior has not been 

studied in a 3D cell-based system. Our previous work demonstrated that an endothelial 

network was formed in normal HSMM sheets (Nagamori et al., 2013; Ngo et al., 2013). 

The addition of a small population of RDs resulted in a high fluidic sheet and the 

endothelial cells adapted to this disordered structure with a fast migratory phenotype. As 
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endothelial network formation is a dynamic process with alternating connections and 

disconnections, fast migration of HUVECs increased the frequency of disconnection 

(Figure 4-4). Although an endothelial network was initially established (at t = 48 h) in 

the tumor-containing cell sheet, degradation of the network was observed at the end of 

culture. By disrupting the sheet structure, RDs altered the behavior of endothelial cells, 

thus causing abnormalities in the endothelial network formation, which suggested the 

facilitation of tumor angiogenesis. 

 

4.5 Summary 

In this chapter, the effect of minor tumor cells on endothelial cell behavior was 

investigated by co-culturing tumor-containing cell sheets with endothelial cells. Tumor-

containing cell sheets with a disrupted ECM structure and elevated sheet fluidity 

promoted migration of endothelial cells and increased the frequency of endothelial 

disconnection. Early degradation of the endothelial network was observed in the tumor-

containing cell sheet. 
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Chapter 5 Concluding remarks 

 

5.1 Summary 

RMS is a highly metastatic tumor with low survival ratio. As RMS is always 

diagnosed with secondary metastasis, the problem is failure to acquire adequate 

information of primary tumor site. It remains largely unknown the structure of tumor 

microenvironment at the primary site and the tumor progression of this malignancy. This 

study focused on the study of embryonal rhabdomyosarcoma progression in a 3D 

multicellular system constructed by cell sheet technology. As tumor progression is a 

complex multi-step process, this study is divided into three main parts: 1. Behavior of 

tumor cell migration in 3D tissue structure; 2. Heterotypic cellular interaction between 

tumor cells and host tissue cells in tumor invasion; 3. Angiogenesis process influenced 

by tumor cells.  

Firstly, migration ability of human embryonal RMS cells was studied in the 3D 

HSMM sheet. The analysis of cell migration was divided into vertical migration and 

horizontal migration to understand migration in a 3D format. Vertical migration of RDs 

was quantified according to the distribution of RDs in each layer from the bottom to top. 

It was found that more RDs located towards the upper layer of cell sheet, demonstrating 

that RDs migrate faster in vertical direction compared with myoblasts. Horizontal 

migration of target cells was tracked by time-lapse observation and migration rate of RDs 

was calculated to be 7.35 µm/h, which was 1.5 times faster than that of myoblasts (5.07 

µm/h). RDs demonstrated a fast migratory phenotype compared with surrounding 

myoblasts both in vertical and horizontal direction.  

After acquiring high motility, tumor cells will invade into their surrounding 
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environment to seek a way out. The heterotypic interaction between tumor cells and host 

tissue cells plays a vital role in this process. In chapter 3, the heterotypic cell-cell 

interaction was investigated by co-culturing malignant RMS cells with normal myoblasts 

in a cell sheet. Heterogeneous cell sheet was prepared by mixing different ratios of RDs 

with HSMMs. The deformation of sheet structure was only observed when RDs were co-

cultured with myoblasts at a low ratio; whereas, homogeneous HSMM or RD sheets 

maintained the intact structure. Further exploration revealed that tumor cells can adapt to 

their surrounding environment, keep a highly motile feature and remodel the environment, 

while myoblasts lose migration ability when facing a comparably dynamic environment. 

A small population of RDs (10%) were capable to disorder the alignment of myoblasts in 

the cell sheet and finally disrupt the structure of whole cell sheet. It indicated that minor 

tumor cells can affect the bulk tissue and suggested that muscle disruption could be 

initiated by RMS invasion. 

Tumor angiogenesis is an important trigger of metastasis by providing oxygen and 

nutrients to the starving primary tumor. In chapter 4, a tumor-containing cell sheet was 

prepared by mixing RDs with HSMMs at a ratio of 8% to avoid deformation of sheet 

structure and co-cultured with GFP-HUVECs to understand the effect of tumor cells on 

endothelial behaviors. The structure of tumor-containing cell sheet differed from the 

HSMM sheet without tumor cells in disordered fibronectin alignment and elevated sheet 

fluidity. Interestingly, in highly fluidic tumor-containing cell sheet, the vertical migration 

of GFP-HUVECs was promoted, finally resulting in the degradation of endothelial 

network formation. Unlike the conventional study of tumor angiogenesis, which focusing 

on the cytokines secreted from tumor cells, this chapter studied how the environment 

change caused by minor RDs affected endothelial network formation. It indicated that 
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disorganized tissue structure facilitated tumor angiogenesis by activation of endothelial 

cell migration. 

In conclusion, the three important steps of RMS progression were studied in this 

research. The direct role of tumor cells in tissue remodeling and subsequent influence on 

angiogenesis was studied, bringing new insights into the field. This study firstly applied 

cell sheet technology in the in vitro study of cancer, revealing the advantages of this 

technology in the field. In future, drug screening system will be developed based on cell 

sheet technology and more cancer types will be tested using this method.   
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5.2 Future perspectives 

To continue the research initiated by this work, the following proposals are 

recommended. 

1) Explore more in the mechanism of cell migration using multicellular cell sheet 

Phenotypically, tumor cell migration was compared with normal cells and a fast 

migratory phenotype of tumor cells was confirmed. Cell morphology and migration was 

observed by time-lapse observation. However, to deeply explore the mechanism of cell 

migration facing 3D environment, there is a limitation of cell sheet system. Due to the 

multicellular feature of cell sheet, it is difficult to investigate the gene expression of the 

component cells using endpoint analysis. Therefore, transgenic manipulation of target 

cells in advance, such as downregulation or upregulation of genes related to migration 

(e.g. N-cadherin) or introducing fluorescence-labeled proteins into target cells, will be 

helpful to elucidate the mechanism during tumor cell migration. 

2) Apply to other cancer types 

Rhabdomyosarcoma is the first in vitro cancer model constructed by cell sheet 

engineering. However, every cancer is specific to its origins, development process and 

treatment. In future, more cancers can be modeled using cell sheet technology. 

3) Apply for drug screening 

3D cell culture has been highlighted as a prospective system for drug screening, 

filling the gap between in vitro 2D culture and animal test. This work initially studied the 

tumor cell behaviors and proposed to model the phenomenon occurred during embryonal 

rhabdomyosarcoma progression, such as invasion and angiogenesis. More efforts need to 

make in future to apply these models for cancer drug screening.
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Nomenclature 

 

fG Frequency of green target cells in each layer of the cell sheet [-] 

h Thickness of the cell sheet [µm] 

t Incubation time [h] 

D Diffusivity of target cells [µm2/h] 

(xi, yi) The centroids of each cell  

di Cell displacement during each time interval µm 

V Horizontal migration rate of target cells [µm/h] 

L Total length of endothelial network formation [mm-1] 

NT Total tip number of endothelial network formation [tip/mm2] 

L/NT The extent of endothelial network formation [mm/tip] 
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