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Chapter 1 

General Introduction 
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1.1 Cancer stem cells 

Cancer is one of the major causes of death all over the world. About 90% cancer related 

death are due to the metastasis cancer [1]. Radiation, Chemotherapy and/or surgery are the 

most common treatment of cancer. Cancer tissues are composed of the heterogenous population 

with small number of CSCs or Cancer stem-like cells, progenitor cells, and majority of 

differentiated non-CSCs. Where most cancer treatment are designed to target the rapidly 

dividing cancer cells, the slow-cycling quiescent CSC remain intact and cause therapy-

resistance and recurrence in cancer patients. Nevertheless, the identification of CSCs remains 

as a challenge owing to only few markers to detect CSCs and their limited abundance less than 

1%. Thus, development of more effective drugs targeting CSCs and the analyses of the 

characteristics should be urgent issue for complete eradication of cancer cells from human 

body, contributing to improvement of prognoses of cancer patients. Therefore, efficient, and 

reliable detection system of CSCs is necessary. 

1.2 Polymer hydrogel  

Polymer hydrogels are becoming a popular choice in cell biology as they offer a more 

physiologically relevant environment for cells. Conventional cell culture materials such as 

polystyrene and glass lack the ability to mimic the complex and dynamic extracellular matrices 

found in many soft tissues, whereas polymer hydrogels can be tailored to match these matrices 

in terms of mechanical, structural, and compositional properties. A recent study demonstrated 

that DN hydrogels composed of PAMPS and PDMAm could efficiently convert differentiated 

cancer cells into cancer stem cells (CSCs), a process known as the HARP phenomenon [2]. 

This is an important advance as it provides a new approach for understanding the behavior of 

CSCs in vivo. The study also showed that morphological changes and the elevation of stemness 

markers occurred in cancer cells when cultured on the DN hydrogel. This suggests that the 
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hydrogel provides a three-dimensional microenvironment that closely mimics the extracellular 

matrix and can support the growth and behavior of CSCs. Overall, polymer hydrogels offer a 

promising alternative to traditional cell culture materials and a new tool for studying cancer 

and other biological systems. 

1.3 Cell morphology 

Cell morphology contributes to diagnosis of various diseases [3], grade of cancer [4][5], 

disease progression [6], and treatment responses [7]. Variation in morphology linked to 

underlying molecular events in disease mechanism which determine the cellular response to 

different external stimuli such as alteration of microenvironment [5,8,9]. Morphological 

changes are driven by the cytoskeletal reformation in response to various external 

environmental changes, local information as well as different cell types [10]. Using actin 

cytoskeletal information along with morphological information, Mousavikhamene, Z et al. 

showed the morphological difference between cancer and non-cancer cells [11]. Moreover, 

morphological information in cancer cells has been able to show distinct metastatic 

characteristics in vivo where single cell colonies formed from breast cancer cell line showed 

different level of metastatic potential depending on their morphological features [12], and 

several genes associated with cell shape determinants also differ significantly between the 

morphologically distinct colonies. Morphological changes have also been reported for the stem 

cell undergoing the differentiation process in several studies [6]. In addition, morphological 

characteristics of stem cell also provides the characteristics of the lineage determination in their 

differentiation process [13-14]. 

1.4 Synovial sarcoma cells 

Synovial sarcoma is aggressive subtype of soft tissue sarcoma accounts for approximately 

10% of all soft tissue sarcoma [15,16]. The cause of this sarcoma is formation of chromosomal 
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translocation t(X:18; p11:q11), resulting in the fusion gene SSX-SS18. Oncoprotein SSX-SS18 

is involved in chromatin remodeling leading to epigenetic changes by replacing naïve SS18, 

an organizing component of the SWI/SNF or BRG1/BRM-associated factor (BAF) complex. 

It also causes transcriptional changes by cross-linking PRC2 to activate transcription factor 2 

(ATF2) [17-23]. The necessity to understand how the translocation and elevated biomarkers 

interact with the host is still unknown. Further research is required for development of greater 

understanding of these interactions and the downstream effects that occurs in synovial sarcoma. 

This will enable us to monitor patients for progression of disease and to develop better 

treatments to completely cure this subtype of soft tissue sarcoma. 

 

1.5 Aim of the study 

The aim of this study was to evaluate the impact of PAMPS gel as a culture substrate on 

synovial sarcoma model cells, with a focus on changes in cell morphology and the expression 

of stemness-associated genes. To better understand the relationship between cell morphology 

and stemness induction, fluorescence images of Sox2 and actin in CSCs were analyzed and 

single cells were segmented. Using geometrical features and unsupervised dimensional 

reduction, the study found a correlation between cell shape and Sox2 expression. The results 

show that cells with higher Sox2 expression tend to have a smaller, round shape, while flat 

polygonal cells have low Sox2 expression on hydrogel. In conclusion, there is a clear 

connection between the morphological changes in cells on hydrogel and an increase in 

stemness.  
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Chapter 2 

Materials and Methods 
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2.1 Synthesis of PAMPS gel for cell culture 

2-acrylamide-2-methyl-1-propanesulfonic acid (AMPS; Tokyo Kasei Kogyo), and 2-

oxoglutaric acid (Wako Pure Chemicals, Japan) were purchased. N,N′-Methylene-bis-

acrylamide (MBAA; Tokyo Kasei Kogyo) was purified by recrystallization from ethanol. 

PAMPS gel was synthesized by radical polymerization. An aqueous solution of 

1 mol/L monomer, 4 mol.% of MBAA as crosslinker, and 0.1 mol.% 2-oxoglutaric acid as 

initiator were prepared in a reaction cell that had been purged with nitrogen gas for 30 min and 

irradiated with UV light for 10 h. All gel reactions were carried out between a pair of glass 

substrates, separated by a 1.0 mm thick spacer. After gelation, gels were immersed in HEPES; 

(Sigma) buffer solution (NaHCO3 1.55 (10−2 M, HEPES 5 × 10–3 M, NaCl 0.14 M, pH 7.4) and 

the HEPES solution was changed twice every day for 1 week to reach equilibrium [24]. 

After sterilizing by autoclaving (120 °C, 20 min), gel disks were punched out of gel plate 

with a hole punch with a diameter of 1.5 cm. The thickness of gel was about 2–3 mm. The gel 

disks were then placed in 24-well polystyrene tissue culture dishes. 

 

2.2 Cell culture 

Murine myoblast cells C2C12 and its SS18-SSX1-infused cells (C2C12-SS18-SSX1 cells, 

synovial sarcoma model cells) were cultured in DMEM containing 10% FBS, and seeded on 

PAMPS gel or PS dish/glass bottom dish with density 1×105 cells/ml. The cultured cells were 

placed in an incubator at 37◦ C containing 5% CO2. After 24 hours incubation, the cells were 

washed with PBS (-) for any further experiment. Cell morphology was observed under the light 

microscope. 
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2.3 RNA extraction and PCR expression analysis 

Total RNA from cells was extracted using a RNeasy Mini Kit (Qiagen, Valencia, CA) 

according to the manufacturer’s protocols.). RNA quality from each sample was assured by the 

A260/280 absorbance ratio. The RNA was reverse transcribed into cDNA using the 

SuperScript® VILO™ cDNA Synthesis Kit (Invitrogen, Carlsbad, CA). The sequences of 

primers used in real-time PCR analyses were shown in Table 2.1. Real-time PCR analysis was 

performed using the StepOnePlus™ Real-Time PCR System (Applied Biosystems, Waltham, 

MA) using Power SYBR® Green PCR Master Mix (Invitrogen). The cDNA template (10 ng) 

was used for real-time PCR in a final volume of 10 µl, and cDNA was amplified according to 

the following conditions: 95°C for 15 sec and 60°C for 1 minute at 40 amplification cycles. 

Relative expression levels of RNA were normalized to GAPDH and we used 2-ΔΔCt method to 

obtain the value for relative mRNA expression.  
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2.4 Immunofluorescence 

We fixed the cells with 3% paraformaldehyde in PBS for 15 min at room RT and washed 

with PBS. After an incubation for 20 min with 1% BSA for blocking nonspecific antibody 

reactivity, we washed the cells with PBS. Following that, the cells were incubated with anti-

Sox2 antibody purchased from Cell Signaling Technology (Beverly, MA) [Cat# D9B8N] in 

concentration 1:400 diluted in PBT containing 0.1% BSA and 0.05% Triton X-100 in PBS 

overnight at 4°C and rinsed 3 times with PBT. After washing the primary antibody with PBT 

we incubate the cells with AlexaFluor594-conjugated secondary antibody (Invitrogen) with 

dilution concentration of 1:200 for 1 hour at RT and then rinsed with PBT 3 times. Following 

that it was incubated for 30 min in 37°C in dark after applying phalloidin (Alexa-488 

conjugated phalloidin) with a concentration 1:50 and DAPI with concentration 0.1 mg/ml 

Table: 2.1: Primer sequence for PCR experiment 

GAPDH 

Forward 

Reverse 

5’- TGTGTCCGTCGTGGATCTGA -3’ 

5’- TTGCTGTTGAAGTCGCAGGA -3’ 

Nanog 

Forward 

Reverse 

5’- 

CAGAAAAACCAGTGGTTGAAGACTAG -

3’ 

5’- GCAATGGATGCTGGGATACTC -3’ 

Sox2 

Forward 

Reverse 

5’- TAGAGCTAGACTCCGGGCGATGA -3’ 

5’- TTGCCTTAAACAAGACCACGAAA -3’ 

Oct3/4 

Forward 

Reverse 

5’- TCTTTCCACCAGGCCCCCGGCTC -3’ 

5’- TGCGGGCGGACATGGGGAGATCC -3’ 
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diluted in PBS. The sample was rinsed 3 times with PBT and then replaced by PBS for imaging. 

Images were observed and acquired with a phase contrast microscope, and FV3000 confocal 

laser scanning microscope (Olympus, Tokyo, Japan). Fluorescence images was acquired using 

a 10× objective image at 2048 × 2048 resolution, 0.621 µm/pixel and phase contrast images 

was acquired with 20× objective at 1200 × 1600 resolution, 0.44 µm/pixel. 

2.5 Cell segmentation 

Cell image processing for obtaining the morphological features from fluorescence images 

was conducted using a custom-built program developed in MATLAB (MathWorks, MA). The 

actin-stained fluorescence images were used for cell body segmentation, and the green channel 

was selected for analysis. At first, intensity of the images is rescaled into range [0,1] for contrast 

enhancement, shown in Fig. 2.1b. We applied 0.01 as threshold to create a binary mask from 

the rescaled image. Binary images were filled with “imfill” function, image after the operation 

is shown in Fig. 2.1c. Then an image opening operation (using “bwareaopen” function in 

MATLAB) was performed to remove small objects defined by a threshold (500 pixels) lower 

than the average cell size (Fig. 2.1d). Following that, cells touching the boundary pixels were 

removed using MATLAB function “imclearborder” (Fig. 2.1e). Later the cells that were 

touching was discarded manually and labelled with individual identity as shown in Fig 2.1f.  
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 Fig. 2.1: Actin-stained image at each processing step.  

(a) Raw image of Actin-stained image, scale bar indicating the raw intensity in the image, (b) 

Image after contrast adjustment, scale bar indicating the normalized intensity in the image, (c) 

Binary image after thresholding and applying filling, (d) Image after clearing the small object 

such as cell debris, (e) Image after removing the cells that is touching the border of the image, 

(f) Final image after labelling that is used for computation of individual cell shape feature. 

a.                      Raw image 

b.             After contrast adjusting 

c.    After applying “imfill” and thresholding 

 

d.           After removing small object 

e.  After clearing the border touching cells f.                     Labelled image 

 

a.             Raw Image 
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2.6 Nucleus segmentation 

Nucleus segmentation was performed on blue channel of the DAPI stained fluorescence 

images. At first, intensity of the images is rescaled into range [0,1] for contrast enhancement. 

We applied 0.35 as threshold to create a binary mask from the rescaled image followed by 

another operation “imfill” to fill any holes inside connected pixels. Then an image opening 

operation (using “bwareaopen” function in MATLAB) was 

performed to remove small objects defined by a threshold (200 

pixels) lower than the average nucleus size. Following that, cells 

touching the boundary pixels were removed using MATLAB 

function “imclearborder”. Following that individual cell was 

labeled using matlab function “bwlabel”. Later the nuclei that 

were touching (Example is shown in Fig. 2.2) and the 

associated cell was withdrawn from the analysis. Binary mask of the nucleus was labelled with 

the same label as the cell body. All the operations performed for nucleus segmentation is similar 

to the cell segmentation steps. 

 

2.7 Cell shape quantification 

Cells from segmented fluorescence images was labelled with a unique ID first to compute 

their geometrical features. A set of whole-cell shape features adopted from Ref. [25, 26] such 

as area, perimeter, circularity, solidity etc. were computed from each cell. The full list of 

features along with their description is given in Table 2.2. The whole database contains of total 

of 6453 cells consisting of 2259 cells from C2C12 cells on PS dish (24 images), 1068 cells 

from C2C12 cells on PAMPS gel (16 images), 1378 cells from C2C12 SS18-SSX1 cells on PS 

dish (15 images) and 1748 cells from C2C12 SS18-SSX1 cells on PAMPS gel (21 images). 

Fig. 2.2: Example image of 

touching nucleus  



21 
 

Firstly, all the features {𝐹𝑖} are standardized with their means 𝜇𝑖 and standard deviations 

𝜎𝑖  before any further analysis (𝐹𝑖 → (𝐹𝑖 − 𝜇𝑖)/𝜎𝑖 ). The space made from 12 standardized 

geometrical quantities characterizes the shape of a single cell, called shape space hereinafter. 

The feature set was utilized to perform a UMAP projection [27] in a 2D dimensional space. 

For acquisition of Sox2 intensity and high contrast morphological features of single cells, the 

immunofluorescence images of anti-Sox2 antibody were first globally normalized [28] to 

adjust the contrast of different images in different conditions [29]. Afterwards, corresponding 

Sox2 intensity was mapped for individual cell nucleus using nucleus region segmented from 

DAPI stained images to compute the average intensity for each cell. Average Sox2 intensity of 

individual set was rescaled between [0,1] to examine how Sox2 intensity in cells within each 

image are distributed over the shape space of single cells. The distribution of Sox2 intensity at 

each operation is provided in Fig. 2.3. All the computation was performed in MATLAB 

R2020b version.   
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Fig. 2.3: Intensity distribution of Sox2 in each stage of image processing. 

Average Sox2 Intensity from Raw Images 

Average Sox2 Intensity after global normalization 

Average Sox2 Intensity after rescaling 
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Table 2.2: Morphological features 

# Feature Name Feature description 

1 Area Number of pixels in the cell region  

2 Perimeter Number of pixels at edge of object 

3 Circularity Circularity value for each object in the input image. The 

circularity value is computed as (4*Area*pi)/(Perimeter2). 

For a perfect circle, the circularity value is 1. 

4 Solidity Proportion of the pixels in the convex hull that are also in 

the cell region. Computed as Area/Convex Area. 

5 Major Axis Length (in pixels) of the major axis of the ellipse that has 

the same normalized second central moments as the 

region. 

6 Convex Area Number of pixels in the convex polygon enclosing the 

cell boundary. 

7 Extent Ratio of major axis length to the cell area.  

8 Aspect Ratio Ratio between major axis length and minor axis length 

9 Maximum ferret diameter Maximum distance between two-parallel tangents on cell 

boundary 

10 Minimum ferret diameter Minimum distance between two-parallel tangents on cell 

boundary 

11 Skeleton End Points Number of endpoints of skeleton from the cell skeleton 

image. 

12 Roughness Roughness is computed as the ratio of average distance 

from cell center to the boundary to the standard deviation 

of the distribution of same distance. 

 

2.8 UMAP Embedding 

The UMAP algorithm [27] was used to embed the high-dimensional cellular features space 

into 2 dimensions for visualization. UMAP was run with an initial neighbor number of 15 and 

“Mahalanobis” distance as metric.  
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2.9 Statistical Analysis  

Graphical data of PCR experiment are presented as means and standard deviation. Two tail 

student’s t-test was used for comparison, with P<0.05 considered significant. Pearson 

correlation in Fig. 3.10 was computed using MATLAB function “corr”, where correlation 

coefficient can range from -1 to +1. A value of -1 indicated perfect negative correlation, 

whereas a value of +1 indicated perfect positive correlation. A value of 0 indicates no 

correlation. 

 

2.10 Clustering Analysis 

Morphological features of cells clustered on hydrogels for both wildtype C2C12 and 

sarcoma model C2C12 SS18-SSX1 was clustered into 3 cluster using MATLAB in-built 

function “kmeans” using default distance matrix. In addition, Sox2 intensity was also clustered 

for the same cells using MATLAB function “kmedoids” using “Mahalanobis” distance matrix 

into two clusters.   
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Chapter 3  

Results 
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3.1 Morphological alteration of cells on hydrogel and stemness elevation 

To investigate the influence of PAMPS gel, we cultured the C2C12 cells and the C2C12-

based SS18-SSX1-transformed cells (C2C12-SS18-SSX1) as synovial sarcoma model cells on 

the PAMPS hydrogel and PS dish. First, we observed difference in cell morphology of wildtype 

C2C12 cells and C2C12 SS18-SSX1 cells using phase contrast microscope. Both types of cells 

showed spindle shape on the PS dish (Fig. 3.1a, leftmost photo), while morphological 

heterogeneity was appeared in both cells on the PAMPS gel, mainly flat and spread cells on 

the gel surface (Fig. 3.1a, white arrowheads), elongated cells (Fig. 3.1a, black arrowheads), 

and round cells (Fig. 3.1a, black arrows). Time-lapse microscopic observation clarified the 

characteristics of each cell; the flat cells sometimes divided; the elongated spindle cells moved 

around vigorously, and round cells remained in place while appearing to be in contact with the 

gel (Movie 3.1). In concordance with their morphological change, the expression levels of 

cancer stemness markers such as Sox2, Nanog and OCT3/4 were significantly increased on the 

PAMPS gel, which was higher in the C2C12 SS18-SSX1 cells than the wildtype cells (Fig. 

3.1b). The stemness marker elevation on PAMPS gel, the first network of DN gel indicate the 

reprogramming phenomena that has been reported using the DN gel.   
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Fig. 3.1 Change of morphology and stemness elevation on hydrogel   

(a) C2C12 and its SS18-SSX1-transformed cells (C2C12-SS18-SSX1) were cultured on 

polystyrene (PS) dish and PAMPS gel, and the phase-contrast images after 24 hours were 
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displayed. Some area on the PAMPS gel were magnified in the right column. white 

arrowheads; flat and spread cells, black arrowheads; elongated cells, and black arrows; round 

cells. Scale bars represent 100 µm. (b) Real-time PCR analysis of the mRNA levels of the 

stemness marker genes Sox2, Nanog, and Oct3/4 in the C2C12 and C2C12-SS18-SSX1 cells 

cultured on PS dish and PAMPS gel for 24 hours. *P < 0.05, **P < 0.001, ***P < 0.0005, 

****P < 0.00005 vs. PS. (Student’s t test). 
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3.2 Stemness marker Sox2 is increased on PAMPS gel 

To clarify the relationship between cell morphology and stemness elevation, we examined 

the Sox2 expression in the cells cultured on the PS dish and the PAMPS gel from 

immunofluorescence images, along with actin cytoskeleton and nuclear staining by phalloidin 

and DAPI, respectively (Fig. 3.2). We found that the spread and adherent cells on the PAMPS 

gel grew in clusters and exhibited quite low Sox2 expression (Fig. 3.2a, white arrowheads). In 

contrast, small round cells grew sparsely and had high expression of Sox2 (Fig. 3.2a, white 

arrows). The long or slightly elongated cells exhibited low to intermediate Sox2 expression. 

Only few cells on PS dish exhibited high Sox2 compared to their cultured on PAMPS gel and 

there seems to be no visible similarity between cell morphology and the Sox2 expression levels 

(Fig. 3.3). In addition, the number of high Sox2 expressing cells on PS dish was higher in 

C2C12 SS18-SSX1 cells than C2C12 cells. The percentage of the cells with high Sox2 on the 

PAMPS gel (27% and 32% in C2C12 and C2C12-SS18-SSX1 cells, respectively) was 

approximately five times higher compared to those on the PS dish (4.7% and 7% in C2C12 and 

C2C12-SS18-SSX1 cells, respectively, Fig. 3.2b). These results indicate that there is a relation 

between different morphological feature of the cells and the stemness elevation of the cells on 

hydrogel. 
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Fig. 3.2 Immunofluorescence image revealed elevation of stemness marker on PAMPS 

gel. 

(a) Immunofluorescence images of C2C12 and C2C12-SS18-SSX1 cells after 24 hours 

cultured on PAMPS gel. Actin (green), nucleus (blue), Sox2 (red), and DIC images were 

shown. Area in each upper panel were enlarged in the lower panels. Scale bars indicate 100 

µm. (b) In C2C12 and C2C12-SS18-SSX1 cells cultured on PAMPS gel and PS dish, 

percentage of Sox2 positive cells were graphed (each n=5). The data represent means ± s.d..  

***P < 0.0005 vs. PS. 
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Fig 3.3: Cell morphology of the cells after 24-hour culture on PS dish.  

C2C12 cells and C2C12 SS18-SSX1 cells on PS dish. Actin (green), nucleus (blue), Sox2 (red), 

and DIC images were shown. Area in each upper panel were enlarged in the lower panels. Scale 

bars indicate 100 µm.   
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3.3 Segmentation, feature extractions and exploration of the relation between the Sox2 

expression and the cell morphology 

To investigate the role of cell morphological differences to the elevation of the stemness, 

we examined single cell morphometrical features using unsupervised dimensional reduction 

simultaneously from the fluorescence images of Sox2. First, we segmented a total of over 6,400 

cells from 76 fluorescent images and extracted 12 geometrical features described in Table 2.2. 

Using UMAP, we reduced the original 12 morphological dimension to a 2-dimentional space 

and showed that the morphological features can explain the cell shape in the UMAP space as 

cells sharing similar shape are localized close to each other in the UMAP space (Fig 3.4 - 3.7). 

Fig. 2.3 manifests that the raw Sox2 intensities of C2C12 and C2C12 SS18-SSX1 cells on 

PAMPS gel are distributed higher on average than those on PS dish. Thus, we focused on 

relationship between the relative Sox2 intensity of individual cells and their morphological 

heterogeneity only within each condition C2C12 and C2C12 SS18-SSX1 cells on PS 

dish/PAMPS gel (Figs. 3.8b, 3.8c) (Note that actual Sox2 intensity levels on each condition are 

different in Figs. 3.8b and 3.8c, and one should not compare the color of Sox2 expression level 

across conditions). The cells with relatively high Sox2 on the PS dish were scattered randomly 

in the UMAP and, importantly, had no similar morphological characteristics (Figs. 3.8b, 3.8c, 

3.4, and 3.6), whereas the cell on the PAMPS gel demonstrated that cells with relatively high 

Sox2 expressions exhibited similar morphological characteristics (Figs. 3.8b, 3.8c, 3.5, and 

3.7). Here, on the PAMPS gel, the round cells and the flat adherent cells expressed high and 

reduced Sox2 intensity, respectively, which was consistent with the observed morphology in 

Fig. 3.2a. In Fig. 3.9 we show the representative cell morphology associated to the cells 

cultured on PAMPS gel.  
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Fig 3.4: Morphology of C2C12 cells on PS dish in the UMAP space.  

C2C12 cell shape projection on UMAP space from PS dish with normalized SOX2 intensity 

(Scale bar). Scale bar is optimized for better contrast. 
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Fig 3.5: Morphology of C2C12 cells on PAMPS gel in the UMAP space. 

C2C12 cell shape projection on UMAP space from PAMPS gel with normalized SOX2 

intensity (Scale bar). Scale bar is optimized for better contrast. 
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Fig. 3.6: Morphology of C2C12 SS18-SSX1 cells on PS dish in the UMAP space. 

C2C12-SS18-SSX1 cell shape projection on UMAP space from PS dish with normalized 

SOX2 intensity (Scale bar). Scale bar is optimized for better contrast. 
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Fig. 3.7: Morphology of C2C12 SS18-SSX1 cells on PAMPS gel in the UMAP space. 

C2C12-SS18-SSX1 cell shape projection on UMAP space from PAMPS gel with normalized 

SOX2 intensity (Scale bar). Scale bar is optimized for better contrast. 
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Fig. 3.8: (a) Workflow of the morphological analysis. Images of fluorescence were segmented 

at single cell level, and the 12 geometrical features were extracted from each cell, accompanied 

by dimensional reduction at the final stage (b,c) 2d-UMAP projection of the cells from different 

conditions. (b) C2C12 and (c) C2C12-SS18-SSX1 cells were cultured on PS dish and PAMPS 

gel. Color bar represents the normalized Sox2 intensity for the individual cell.  
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Fig. 3.9: Representative cell morphology on PAMPS gel. Scale bar represents 50 µm.   

Small round cell Elongated cell Flat polygonal cell 

C2C12 cells on pamps gel  
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3.4 High Sox2 expressed cells on PAMPS gel and their associated morphological feature 

We explored the relation between the Sox2 intensity and different morphological features 

for the single cell group using Pearson correlation coefficient shown in Fig. 3.10. In 12 

geometrical features we tested, circularity and solidity were positively correlated with Sox2 

expression, whereas perimeter and maximum ferret diameter were negatively correlated with 

it, this indicates the relation of morphology to the stemness expression in cells cultured on 

PAMPS gel, where small round cell have small perimeter and maximum ferret diameter is 

small as well, whereas if the cell is large or elongated the perimeter is high and also maximum 

ferret diameter is high, however solidity of elongated cell is smaller compared to the flat 

polygonal and small round cells (Figs. 3.10-3.14). Variation between distinctive features 

localized the cells in different position in UMAP space. The normalized value of each feature 

between different cell groups are shown in Fig. 3.11-3.14. This result suggests that there is 

strong evidence of the relation between morphological differences on the PAMPS gel-induced 

stemness elevation. To analyze the rates of CSCs with small round cells, the cells were 

clustered into 3 clusters by the 12 morphological features using k-means clustering algorithm. 

In C2C12 cells cultured on the PAMPS gel, cluster 1 (Figs. 3.15a, 3.16a) mainly containing 

small round cells with high Sox2 accounts for 61.7%, which increased to 83.2% in C2C12-

SS18-SSX1 cells as sarcoma model, suggesting the synovial sarcoma model cells might be 

small round CSCs more readily (Figs. 3.15d, 3.16d). Together these results suggest that cells 

having more round morphology has a higher tendency to go through the HARP phenomena 

and elevate stemness associated genes on PAMPS gel. 
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Fig. 3.10: Pearson’s correlation coefficient between features and Sox2 intensity. In the graph, 

F1 to F12 indicate Feature 1 to 12 in Table 2.2. 
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Fig. 3.11: UMAP projections of C2C12 cells on PS dish. Each colorbar indicate the 

normalized intensity of either Sox2 intensity or the standardized value of each feature.  
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Fig. 3.12: UMAP projections of C2C12 cells on PAMPS gel.  

Each colorbar indicate the normalized intensity of either Sox2 intensity or the standardized 

value of each feature. 
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Fig. 3.13: UMAP projections of C2C12 SS18-SSX1 cells on PS dish.  

Each colorbar indicate the normalized intensity of either Sox2 intensity or the standardized 

value of each feature. 
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Fig. 3.14: UMAP projections of C2C12 SS18-SSX1 cells on PAMPS dish.  

Each colorbar indicate the normalized intensity of either Sox2 intensity or the standardized 

value of each feature. 
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Fig. 3.15: Cluster analysis of C2C12 cells on PAMPS gel. 

a. Cluster map of C2C12 cells on PAMPS gel (Using morphological feature) b. Cluster map of 

C2C12 cells on PAMPS gel (Using Sox2 intensity) c. Distribution of Sox2 intensity in the 

different d. Percentage of high Sox2 cells and low Sox2 cells in each cluster. 

 

a b 

c 

High Sox2 

Low Sox2 

d 



47 
 

 

Fig. 3.16: Cluster Analysis of C2C12 SS18-SSX1 cells on PAMPS gel 

a. Cluster map of C2C12 SS18-SSX1 cells on PAMPS gel (Using morphological feature) b. 

Cluster map of C2C12 cells on PAMPS gel (Using Sox2 intensity) c. Distribution of Sox2 

intensity in the different clusters, d. Percentage of high Sox2 cells and low Sox2 cells in each 

cluster. 
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Summary and remaining questions 

Currently, identification of CSCs is difficult because of their scarcity in the entire tumor. 

However, recent development of biomaterial introduces a new landscape in the field of cancer 

biology, especially for elucidating CSCs. In this study, we demonstrated that the PAMPS gel 

could reprogram murine myoblast (C2C12) and C2C12-based synovial sarcoma model cells 

(C2C12-SS18-SSX1) to the CSC like cells, and our geometrical analysis uncovered the 

essential morphological features for the CSCs. The reprogramming of cells to CSCs on PAMPS 

gel allowed us to study their morphology and associated stemness marker (Sox2).  

Cancer is composed of heterogeneous cell population with different morphological 

characteristics exhibiting distinct tumorigenicity and metastatic potential. In this study, time-

lapse microscopic observation clarified the morphological variety on the PAMPS hydrogel. 

The large flat cells regularly divided, while the elongated spindle cells moved around 

vigorously with dynamic morphological changes (Movie 3.1). On the other hand, the small 

round cells, where morphological feature circularity (F4) and solidity (F5) high, was identified 

as the hydrogel-induced CSCs (Fig. 3.10). The round cells indicate weak adhesiveness to the 

PAMPS gel. Adhesion between cells and matrix has been considered to be determined by 

several mechanisms, such as hydrophobic-dependent adhesion [30], receptor specific binding 

adhesion such as integrin [31], ionic-dependent adhesion [32], and topological adhesion. We 

had previously reported that the integrin a4 mediates ATDC5 cell adhesion to the PAMPS gel 

with anionic sulfate residue leading to chondrogenic differentiation [33]. Therefore, variation 

in the expression levels of adhesion molecules such as integrin a4 among cell populations may 

trigger non-uniform adhesiveness to the PAMPS gel, resulting in heterogenous production of 

the CSCs (Fig. 3.2b).  
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Meanwhile, on the PAMPS gel, a dense ring-like actin remodeling was occurred in the 

round cells with high Sox2 expression. These cytoskeletal reconstitutions may lead to the 

regulation of Hippo signaling pathway. YAP/TAZ are major components of the Hippo 

signaling, and sense the structural and mechanical features of the cell microenvironment [34]. 

The YAP/TAZ have been reported to be active in the tumor’s CSC fraction, and functionally 

instrumental and required for CSC expansion [35-39]. In addition, YAP/TAZ have 

demonstrated to reprogram non-stem tumor cells into cells with full CSC attributes, suggesting 

that YAP/TAZ may be implicated in the PAMPS gel-induced production of CSCs. Of note, our 

geometrical analysis clearly demonstrated that the CSCs induced by the PAMPS gel acquired 

unique morphology like small, rounded shape, whereas no similar morphological features were 

observed in the CSCs on the PS dish (Fig. 3.3b, 3.3c, 3.4-3.7). As the CSCs present in various 

tumor microenvironment (designated as niche), such as hypoxic niche [40], perivascular niche 

[41,42], invasive front niche [43], and immune niche, the PAMPS gel-induced CSCs might 

induce unique CSCs among them. Combining morphological and gene expression information 

at the single cell level will reveal the characteristics of the PAMPS gel-induced CSCs, which 

may unveil clinically and biologically significant features of the CSCs. 

Here, the synovial sarcoma model cells (C2C12-SS18-SSX1) demonstrated a higher 

ability in stemness induction than the wildtype C2C12 cells, which may suggest more poorly 

differentiated state by SS18-SSX1 oncogene product. Since the SWI/SNF complex including 

naïve SSX1 has reported to be a mechanoregulated inhibitor of YAP/TAZ [44] and fusion 

gene-induced stemness was discussed [45,46], the relationship between SS18-SSX1 product 

and efficiency of stemness induction will be elucidated in the future. 

Synovial sarcoma is a high-grade sarcoma [15,16]. Despite the therapeutic advancement, 

late recurrence more than 10 years after initial treatment may occur [47], indicating the 

presence of CSCs with dormancy in the surrounding microenvironment for a long time. 
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CD133+ and aldehyde dehydrogenase 1 (ALDH1)high have been reported to isolate or purify 

CSCs in synovial sarcoma [48,49]. We also found that CXC-chemokine receptor 4 (CXCR4)+ 

could be a stem cell marker in this sarcoma [45]. In this study, we incorporated single cell 

morphological information which is easily measurable to show their morphological 

heterogeneity with associated stemness related gene expression. Therefore, the gel-based 

morphological analysis may be a useful tool for rapidly predicting whether patients-derived 

primary cancer cells are prone to CSCs by seeding them on the hydrogel. In addition, we expect 

that incorporating bio-chemical characteristics of the CSCs, this could further improve in the 

development of new diagnostic and therapeutic tool, hopefully to assist in better prognosis of 

the patients not only the synovial sarcoma but also a lot of types of cancers. 

We have previously showed that PAMPS hydrogel can induce CSCs with an elevation of 

Sox2 expression levels, thus elevation of Sox2 levels is an indicator for CSCs in our system 

[2]. In addition, we have previously showed that CSCs of synovial sarcoma (SS18-SSX 

expressing tumor) is highly expressing Sox2 [45]. Thus, we believe that Sox2-high cells are 

CSCs. Based on our previous studies and current ongoing study, we have found that the 

endogenous expression levels of Nanog and OCT 3/4 were extremely low compared to the 

SOX2 even on the hydrogel [2], and they were undetectable in immunofluorescence of this 

study. 

On the other hand, one of the most reliable functional assays for CSCs is measurement of 

in vivo tumor forming potential, and for this assay we found that we need at least two weeks 

of culture on gel. In fact, we successfully proved that an injection of very small number of 500 

cells into mice clearly generated tumor in mice and concluded that the hydrogel appropriately 

generates CSCs [2]. We also confirmed that in case of 3 days of gel culture, co-injection of 

particle hydrogel with the CSCs needed to form tumor in vivo [2]. Thus, we have already 

extensively analyzed the potential of the hydrogels induced CSCs. On the other hand, because 
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the main purpose of this study is rapid prediction of CSCs within 3 days on hydrogels, thereby 

we did not perform in vivo tumor forming assay in this study, which might be the limitation of 

this study. The establishment of the rapid prediction system is expected to contribute to the 

clinical prediction of the presence of CSCs in the surgical/biopsy specimens for cancer patients 

in the future. 
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