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Abstract 
The in vitro cell culture models of human pluripotent stem cells (hPSC)-derived cardiomyocytes 
(CMs) have gained a predominant value in the field of drug discovery and is considered an 
attractive tool for cardiovascular disease modellings. However, despite several reports of 
different protocols for the hPSC-differentiation into CMs, the development of an efficient, 
controlled and reproducible 3D differentiation remains challenging. The main aim of this research 
study was to understand the changes in the gene expression as an impact of spatial orientation of 
hPSC-derived CMs in 2D(two-dimensional) and 3D(three-dimensional) culture conditions and to 
identify the topologically important Hub and Hub-Bottleneck proteins using centrality measures 
to gain new knowledge for standardizing the pre-clinical models for the regeneration of CMs. The 
above-mentioned aim was achieved through an extensive bioinformatic analysis on the list of 
differentially expressed genes (DEGs) identified from RNA-sequencing (RNA-Seq). Functional 
annotation analysis of the DEGs from both 2D and 3D was performed using Cytoscape plug-in 
ClueGO. Followed by the topological analysis of the protein-protein interaction network (PPIN) 
using two centrality parameters; Degree and Betweeness in Cytoscape plug-in CenTiScaPe. The 
results obtained revealed that compared to 2D, DEGs in 3D are primarily associated with cell 
signalling suggesting the interaction between cells as an impact of the 3D microenvironment and 
topological analysis revealed 32 and 39 proteins as Hub and Hub-Bottleneck proteins, 
respectively in 3D indicating the possibility of utilizing those identified genes and their 
corresponding proteins as cardiac disease biomarkers in future by further research. 

Keywords: Cardiomyocytes, Pluripotent stem cells, 2D, 3D, differentially expressed genes, Hub 
nodes, Hub-Bottleneck nodes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Popular scientific summary 
Despite the recent development in novel drug therapies for heart failure, cardiovascular diseases 
(CVDs) remain the leading cause of death, accounting for over one-third of all deaths worldwide. 
This indicates the importance of the development of an alternative approach for the improvement 
of therapeutic strategies by understanding the cellular and molecular mechanisms of CVDs.  

Over the past years, various in vitro models using animals and primary cell lines have been used 
for the understanding of cardiac disease progression and drug screening. Unfortunately, due to 
the associated limitations such as the physiological difference between human and animal hearts, 
ethical issues and costs have led to the development in the field of regenerative medicine using 
stem cells as an alternative approach. Stem cells help by providing unlimited sources of CMs for 
the disease modelling particularly the discovery of induced pluripotent stem cells (iPSCs). 
Successful generation of human-induced pluripotent stem cells derived Cardiomyocytes (hiPSC-
CMs) plays a significant role in the disease modelling by mimicking the in vivo mechanism of the 
heart for the better understanding of disease progression and safer and more efficient cardiac 
drug screening. 

For the development of in vitro disease models even though to some extent certain stages of 
cardiac differentiation have been recapitulated in a 2D culture condition, it is very challenging to 
mimic the in vivo condition in 2D. To overcome the limitations of the commonly used 2D models, 
3D cultures have been introduced to closely resembles the in vivo microenvironment. However, 
despite several reports of different protocols for in vitro hiPSC-differentiation of hiPSC into CMs 
in 3D culture conditions, an efficient and reproducible protocol remains challenging. It is essential 
to understand the transcriptional changes that occur to hiPSC-CMs in both the culture condition 
to explore the factors contributing to cardiac disease progression.  

Keeping in mind the above-mentioned point, the current study performed an extensive 
bioinformatic analysis comparing differentially expressed genes (DEGs) from 3D and 2D to 
understand the impact of the structural orientation of hiPSC-CMs in culture condition when it 
comes to gene expression and by understanding their involvement in biological and molecular 
function, pathways and network analysis. To the best knowledge of the author, this is the first 
study that focuses on the topologically important proteins to gain new knowledge for 
standardizing the pre-clinical cardiac disease modelling.  

Results from our comparative study suggested that hiPSC-CMs in 3D culture conditions were in 
the early stages of differentiation. At the same time, hiPSC-CMs in 2D culture conditions were 
highly proliferative. Investigation of topologically important proteins from 3D shows the 
possibility of utilizing those identified proteins/genes as cardiac disease biomarkers in future. 
Based on the obtained results it could be interesting to use the combination of 2D and 3D to obtain 
proliferated and matured hiPSC-CMs for the development of in vitro cardiac models for future 
research.  
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Abbreviations 
ASPM  Abnormal spindle-like microcephaly-associated protein 

BC  Betweenness Centrality 

BP  Biological Process 

BIRC5  Baculoviral IAP Repeat containing 5 

C3  Complement 3 

CDC20  Cell Division Cycle 20 

CDK1  Cyclin-Dependent Kinase 1 

CEP55  Centrosomal protein 55 

CF  Cardiac Fibroblast 

CMs  Cardiomyocytes 

CPC  Cardiac Progenitor Cells 

CVDs  Cardiovascular Diseases 

CXCL1  C-X-C Motif Chemokine Ligand 1 

CXCL2  C-X-C Motif Chemokine Ligand 2 

2D  Two Dimensional 

3D  Three Dimensional 

DC  Degree Centrality 

DEG  Differentially Expressed Genes 

DLGAP5 DLG Associated Protein 5 

EC  Endothelial Cells 

ECM  Extracellular Matrix 

FDR  False Discovery Rate 

GO  Gene Ontology 

hESC  Human Embryonic Stem Cells 

HCM  Human Cardiac myocytes 

hiPSC  Human Induced Pluripotent Stem Cells 

HES1  Hes Family BHLH Transcription factor 

hPSC  Human Pluripotent Stem Cells 

IGF1  Insulin-Like Growth Factor-1 
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Kif20A  Kinesin Family member 20A 

NUF2  NUF2 Component of NDC80 Kinetochore Complex 

P4HA3  Prolyl 4-Hydroxylase Subunit Alpha 3 

PCSK9  Proprotein Convertase Subtilisin/Kexin Type 9 

PENK  Proenkephalin 

PPI  Protein-Protein Interaction 

PPIN  Protein-Protein Interaction Network 

RNA-Seq RNA Sequencing 

RRM2  Ribonucleotide Reductase Regulatory Subunit M2 

SKA1  Spindle And Kinetochore Associated Complex Subunit 1 

SPARCL1 SPARC Like Protein 1 

SSTR2  Somatostatin Receptors 2 

TFs  Transcription Factors 
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Introduction 
During embryonic development, the heart is the first organ to develop and become functional. 
Although the development of the heart occurs early, the cardiogenic process is highly regulated 
(with differentiation and specialization of the cells) and coordinated by several signalling 
pathways (Leitolis et al.,2019). A fully developed heart is composed of multiple cell lineages 
including Cardiomyocytes (CMs), Endothelial cells (ECs), Cardiac Fibroblast (CF) and Cardiac 
progenitor cells (CPCs), which jointly bring out a sophisticated network of cross-talk during 
cardiac development (Sun & Kontaridis,2018).   

Amidst these cells, CMs (Figure 1) occupies the majority of the heart volume and plays an essential 
role in tissue contraction and overall functionality of the heart (Omrani et al.,2020). Unlike other 
muscle cells, CMs are highly contractile due to the presence of contractile myofibrils in the 
cytoplasm. These myofibrils are composed of many functional units called Sarcomere for the 
transmission of force developed by the contracting myofibrils through highly specialized cell-cell 
junctions called Intercalated discs (Soares et al.,2012). These CMs reaches the terminally 
differentiated state during the fetal and postnatal stage and gradually loses their ability to 
regenerate as they mature, resulting in the reduced functionality of the CMs and leading to the 
primary cause for severe cardiac disorders (Kolanowski et al.,2017). 

Despite the advancement in drug development for cardiac disorders, they remain the global 
leading cause of death (Omrani et al.,2020). Among the various treatment strategies, a heart 
transplant is the only available therapeutic approach for severe heart failure (Alba,2016). 
Unfortunately, the lack of donors and the risks associated with post-transplant complications 
have led to the development of alternative therapeutic strategies (Omrani et al.,2020). 

Over the past years, various disease models using transgenic animals and primary cell lines have 
contributed significant molecular insights into cardiovascular disease development.  However, the 
physiological difference between animal and human hearts based on their electrophysiology, 
myofilament composition, limited proliferation potential and survival of primary cell lines 
(Kolanowski et al.,2017) indicates the importance of generating a human-relevant disease model 
in vitro.  Therefore, the knowledge gained from this in vitro model using animal and primary cell 
lines can lead to the development of advanced therapeutic approaches. This also leads to the 
emergence of human pluripotent stem cells(hPSC) technology for the generation of cardiac-
specific progenitor cells for patient-specific in vitro derived cellular therapies (Kolanowski et 
al.,2017). 

Human embryonic stem cells (hESC) and human-induced pluripotent stem cells (hiPSC) together 
referred to as hPSC offers a limitless source of progenitor cells for disease modelling. Particularly 
the discovery of hiPSC by Takashi and Yamanaka in 2007, revolutionized the field of medicine 
with their ability to reprogram the adult somatic cells to pluripotent condition by overexpressing 
the four transcription factors (TFs) or Yamanaka factors such as Oct3/4, Sox2, Kif4, c-Myc (Takeda 
et al.,2018). Even though hESC and hiPSC can self-renew and differentiate into three embryonic 
germ layers, the ability to recapitulate among normal and pathological conditions (in vitro) 
(Hnatiuk et al.,2018) lead to the exploitation of hiPSC for a patient-specific disease modelling and 
drug development compared to hESC. This was due to their somatic origin bypassing the ethical 
hurdles unlike hESC (Takeda et al.,2018) and also low budget concerning animal experiments. 



 

4 
 

Figure 1. Image depicting the Cardiac Muscles or Cardiomyocytes (CMs). This image was adapted from an 
open-source under a free license (BruceBlaus, CC BY-SA 4.0 <https://creativecommons.org/licenses/by-
sa/4.0>, via Wikimedia Commons). 

 

Especially the in vitro cell culture models based hiPSC- derived CMs (hiPSC-CMs) have gained a 
predominant value in the field of drug discovery and is considered an attractive tool for CVD 
models (Branco et al.,2019, Omrani et al.,2020). This was achieved by the recognition of key 
signalling pathways and transcriptional networks involved in the cardiogenesis during embryonic 
development. During embryogenesis, the human heart development is a complex process in which 
spatial gradients of molecules, biophysical stimuli due to the 3D configuration of an embryo are 
decisive to determine the final heart tissue structure and function (Sacchetto et al.,2020). It is 
essential for in vitro models to closely mimic the biological and functional properties of the in vivo 
conditions.  

Two-dimensional (2D) cell culture (Figure 2) is considered as the standard cell culture condition 
widely used for expanding the cell lines, bioproduction and characterisation of cells in defined 
conditions and lineage studies (Zuppinger,2019). In general, the 2D culture condition relies on the 
adherence of hiPSC-CMs to tissue culture polystyrene plates which is often coated with the natural 
or synthetic substrate to mimic the extracellular matrix (ECM) components for the propagation of 
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cells (McKee et al.,2021). By sequential addition of growth factors and small molecules modulating 
the signalling pathways, to some extent, certain stages of cardiac differentiation have been 
recapitulated in the 2D or traditional monolayer culture condition (Briket et al.,2015; Rao et 
al.,2016). 

               

Figure 2. Image created to show the cultured cells in the 2D and 3D culture conditions. A &B – Depicts the 
propagation of cells in 2D culture condition. C &D – Depicts the aggregation of cells in the 3D culture 
condition indicating the interaction between the cells compared to 2D culture condition.  

However, 2D culture conditions fail to mimic the three-dimensional (3D) microenvironment 
essential for the regulation of cell fate in vivo with the help of spatial interactions between cells, 
ECM components and other soluble factors via biochemical, mechanical and structural stimuli 
(McKee et al.,2021).  In addition, in vivo CMs undergo cyclic deformation and depict rapid electric 
signals, calcium-ion channels, and shear stress from the surrounding blood flow 
(Zuppinger,2019).  All these complex processes are very challenging to summarize in a simplified 
2D monolayer differentiation condition (Sacchetto et al.,2020). To overcome these limitations 
with 2D models, 3D in vitro models have emerged in the past few years as an appealing alternative 
to the traditional monolayer culture condition for the differentiation and maturation of hiPSC-
CMs. By repeating important spatial gradients involved in the different signals that are essential 
for the cardiogenesis the differentiation stages in the in vivo embryonic process is mimicked. 

Previous studies have shown that the 3D culture conditions (Figure 2) depict higher similarity to 
in vivo extracellular microenvironment by supporting the cellular interactions and allows the 
biochemical and physical stimuli to reach the cells in an evenly distributed manner (Ahmed et 
al.,2020). Notably, improvement of structural, functional and metabolic maturation of hiPSC-CMs 
can be observed in 3D cultures compared to standard 2D culture conditions (Ahmed et al.,2020). 

Despite several reports on different protocols for hiPSC differentiation into CMs as 3D aggregates, 
the development of an efficient, controlled, reproducible 3D differentiation regime remains 
challenging (Branco et al.,2019). To improve in vitro differentiation protocols, it is essential to 
explore transcriptional profiling of the hiPSC-CMs and investigate the factors that may contribute 
to cardiac disease progression (Omrani et al.,2020). For transcriptional analysis research, RNA-



 

6 
 

sequencing (RNA-seq) remains the most commonly employed technique to investigate the gene 
expression in different populations of cells (DÜnder et al.,2015).  

In this study, a comparative bioinformatic analysis of DEGs from two datasets (3D and 2D culture 
condition) have been performed to investigate the effect of the spatial orientation of CMs with 
respect to DEGs. The current research study builds on the previous work conducted in Jane 
Synnergren’s lab; where a list of DEGs was generated in the study conducted on “RNA-seq analysis 
of 2D and 3D cultures of cardiac cells (Manuscript in preparation)”. The study was conducted to 
compare 2D and 3D cardiac cell cultures and investigate the impact of spatial orientation on CMs 
at gene expression levels. The first part of the study will describe an enrichment analysis of 1490 
DEGs extracted from RNA-seq data where pathways and also the biological process associated 
with their phenotypic change have been analyzed. This was followed by the protein-protein 
interaction network (PPIN) analysis to identify the topologically relevant DEGs as Hub and Hub-
Bottleneck proteins on their centrality parameters which help to understand their importance in 
the PPIN and investigates their potential role as a biomarker for the pathogenic condition or as 
responding of parameters to drug targets for the development of in vitro derived model systems. 

Aim 
The main aim of this research study was to perform extensive bioinformatic analysis on the list of 
1,490 DEGs extracted from the RNA-seq analysis, to understand the changes in the gene 
expression as an impact of spatial orientation of hPSC-CMs in 2D and 3D culture conditions and 
gain an understanding of their involvement in the biological and molecular function, pathway and 
network interactions. In addition, we also wanted to identify the topologically important Hub and 
Hub-Bottleneck proteins using centrality measures to gain new knowledge for standardizing the 
pre-clinical models for the regeneration of CMs. 

The aforementioned aim was achieved through the following objectives: 

i. To investigate the functional characterisation of the genes and pathways affected by the 
two-culture conditions.  

ii. To investigate the molecular functions of DEGs between different culture conditions and 
explore their putative role in cardiac disease development. 

iii. To identify important protein-protein interaction (PPI) networks and understand their 
interactivity among 2D and 3D culture conditions. 

iv. To perform a topological analysis of the PPI network and identify key genes or proteins 
based on the centrality parameters affected by the culture condition. 

Materials and Methods 
In this study, Gene Ontology (GO) enrichment analysis, Pathway enrichment analysis and Network 
analysis (Figure3) have been performed in Cytoscape version 3.8.2 software (Shannon, 2003). 
Cytoscape is an open-source platform that can be used for the visualization of molecular 
interaction networks and biological pathways (Ono,2018). This tool provides a basic set of 
features for data integration, analysis and visualization (Ono,2018). Details about different plug-
ins used and their references can be found in the corresponding sections. Parameters that are not 
mentioned were left as default. 
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Origin of the dataset 
The dataset containing the DEGs used in this research project originates from the previous study 
conducted in Synnergren’s lab “RNA-seq analysis of 2D and 3D cultures of cardiac cells 
(Manuscript in preparation)”. In that study, the researchers used primary Human Cardiac 
Myocytes (HCM) from PromoCell®, which were maintained in the PromoCell Myocyte medium. 
The HCMs were cultured 10 days in the 2D and 3D culture conditions respectively and then 
harvested for RNA isolation, transcription profiling and subsequent data processing to identify 
DEGs. Genes with log2 fold-change>1 and false discovery rate (FDR) ≤ 0.05 were considered as 
significantly DEGs (this dataset was prepared from the previous study) and were used as input 
data in the current study (Figure 3). In total 1,490 DEGs were identified and selected for further 
analysis of which 708 were up-regulated in the 3D condition and 782 were up-regulated in the 2D 
culture condition. This list of DEGs was subject to further bioinformatic analysis in this research 
project. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Workflow diagram illustrating the experimental techniques used in this study. The concept for the 
workflow figure is adapted from Vetrivel et al., (2021). 

Functional analysis of DEGs 
Gene ontology enrichment analysis 
To understand the functional properties of the DEGs the Gene Ontology (GO) (geneontology.org) 
was used to perform enrichment analysis. Enriched GO terms that are overrepresented in the list 
of DEG’-s were identified by performing enrichment analysis separately for both the 2D and the 
3D datasets using Cytoscape (version 3.8.2) and the ClueGO plug-in (Version2.5.8). ClueGO is an 
open-source Java-based tool implemented as a Cytoscape plug-in and designed to extract the non-
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redundant biological information of lists of genes derived from high throughput analysis (Bindea 
et al.,2000). The enrichment analysis requires large sets of genes as input in ClueGO.  

For the analysis, only the Gene Ontology terms GO Biological Process (GO_BP) (Updates as per 
08/05/2020) and GO Molecular Function (GO_MF) (Updates as per 08/05/2020) were selected. 
GO terms with p≤0.05 were considered significantly enriched. To identify the enriched GO_BP and 
GO_MF terms, the following criteria were defined. “Grouping” was used as “Visual style”, 
Organism: “Homo sapiens” and GO _BP (Updates as per 08/05/2020)/ GO_MF (Updates as per 
08/05/2020) and evidence code “All experimental” was selected for the functional analysis. 
Annotations from GO levels 3 which were annotated to a minimum of 3 genes in the input list were 
considered for further analysis. Only annotations with a p-value ≤0.05 are reported and “Selected 
Ontologies” were used as the reference set. The p-value was calculated by a two-sided 
hypergeometric test (Enrichment/depletion) and Bonferroni step-down correction (default). 

Pathway Enrichment analysis 
To gain a mechanistic understanding of the list of DEG’s generated from the two-culture 
conditions (3D and 2D) significantly over-represented pathways were identified using the ClueGO 
plug-in, which was using the Reactome database (Updates as per 08/05/2020). The Reactome 
database is an open-source, curated and peer-reviewed pathway database providing a platform 
for the visualization, interpretation and analysis of pathways (Fabregat et al.,2017). 

For this analysis, the same list of DEG’-s (up-regulated in 3D and up-regulated in 2D) was used as 
the input data to ClueGO. By default, a kappa score of 0.4 was used to indicate the groups of 
pathways with shared genes. Unlike, other ontology sources, ClueGO uses kappa score to define 
term-term interactions and to associate the terms and pathways into functional groups based on 
shared genes (Bindea et al.,2000) and only pathways with p-value ≤0.05 were reported as 
significantly enriched, “Significance” was used as “Visual style” and “Selected Ontologies” were 
used as the reference set. Pathways with Bonferroni step-down adjusted p-value ≤0.05, calculated 
by the two-sided hypergeometric test were considered significantly enriched. 

Integration of Protein-protein Interaction network and Module analysis 
Protein-Protein Interaction (PPI) network 
To understand the functional interaction of DEG’s in 3D and 2D culture conditions Protein-Protein 
Interaction (PPI)networks were generated. The PPI networks were constructed using the STRING 
(Search Tool for the Retrieval of Interacting Genes and proteins) database version 11.0 
(http://www.string-db.org). STRING is an online database for the retrieval of known and 
predicted proteins/genes interactions. STRING V.11 which was originally introduced by Snel et 
al., (2000) aims to integrate all known and predicted associations between proteins including both 
physical interaction as well as functional associations (Szklarczyk et al.,2021) In a PPI, nodes 
correspond to the proteins and edges indicates their interactions. To understand the physical and 
functional interactions of PPI in 3D and 2D culture conditions, text mining was excluded from the 
active interaction sources but all other interactions were selected. Species was limited to “Homo 
sapiens” with the highest confidence of a combined score>0.9 were applied to construct the PPI 
networks. Cytoscape software was used for the visualization of the PPI networks. 

Topological analysis of the PPI network 
To investigate the topological characteristic of derived networks for the 2D and 3D culture 
conditions, the CenTiScaPe 2.2 software was used. CenTiScaPe is a Cytoscape plug-in that 

http://www.string-db.org/
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computes the network centrality parameters and allows for visualization of network nodes that 
are biological significance (Scadoni et al.,2009). To perform this analysis two algorithms were 
applied: Degree centrality and Betweenness centrality. According to Bertolazzi et al., (2013), 
centrality is considered an important property for nodes in biological networks. This analysis 
shows the prominent nodes that are crucial for the strength and functions of the networks. 

Degree centrality (DC) is the simplest topological parameter to determine the number of nodes 
directly connected to a given node, indicating the biological relevance of the node in the network. 
In signalling networks, nodes (Proteins) with a very high degree centrality interacts with many 
other nodes, indicating their regulatory role, and these are considered as “Hub nodes”. 

Betweenness centrality (BC) is related to the total number of shortest paths linking two nodes. In 
a protein signalling network, BC shows the capability of nodes to bring in communication with 
distinct nodes. Nodes with the highest BC is considered as “Bottleneck nodes”. Nodes with the 
highest DC and highest BC are considered as “Hub-Bottleneck nodes”. To identify nodes with the 
highest degree (Hub nodes) and highest BC (Bottleneck nodes), considered to play important role 
in the biological network, the CenTiScaPe 2.2 software was used with two algorithms: Degree 
centrality and Betweenness centrality.  

The overlapping genes were selected as “Hub-Bottleneck nodes” using the online Venn diagrams 
application (http://bioinformatics.psb.ugent.be/webtools/Venn/). 

Module analysis 
The interaction network derived from STRING was further analyzed in Cytoscape by the 
Molecular Complex detection 2.0.0(MCODE)plug-in. This algorithm is mainly employed to identify 
the highly connected dense regions (modules) in the network sharing a similar function (Bader & 
Hogue,2003). MCODE was applied with default parameters (Degree cut-off =0.2, K-Score=2, Max 
depth=100). 

Results 
Functional analysis of the DEG’s 

A list of all significantly enriched GO terms and Reactome pathways can be found in Appendix A 
(Table 1-8). 

Gene Ontology (GO) enrichment analysis 
Gene Ontology enrichment analyse of the DEG’-s with p-value≤0.05 was performed using ClueGO. 
Comparative enrichment analyses of HCM cells cultured in 3D and 2D conditions respectively 
were performed using Biological Process (BP) (Figure 4A-B) and Molecular Function (MF) (Figure 
5A-B) ontologies. 

http://bioinformatics.psb.ugent.be/webtools/Venn/
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Biological Process (BP) 
In the biological process (BP) category, for genes up-regulated in the 3D culture condition, highly 
enriched BPs are related to Signal transduction (GO:0007165), Multicellular tissue development 
(GO:0007275), cell migration (GO:0016477) and Circulatory system development (GO:0072359) 
(Figure 4 A, Appendix A Table 1). This depicts the importance of the complex 3D structure, 
supporting the cell with attachment and cell-cell contact for their maintenance and differentiation. 
As an impact of 2D culture condition, significantly up-regulated genes highly enriched BP terms 
were related to Mitotic cell cycle process (GO:1903047), and Microtubule Cytoskeleton 
organization involved in Mitosis (GO:1902850) (Figure 4, Appendix A Table 2). This indicates that 
significantly up-regulated DEG’s in the 2D culture condition are more proliferative than when 
cultured in 3D. 

Figure 4. Functional analysis of DEGs from 3D and 2D using ClueGO plug-in.  A- Enriched biological process 
(BP) in 3D. B – Enriched biological process in 2D. Results are shown as pie charts. Only significantly enriched 
(p-value≤0.05) terms are shown (*p≤0.05, **p≤0.01, ***p≤0.001). 

 

 
 Figure 4. Enriched Biological terms in 3D and 2D culture condition 

A. 

B. 
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Molecular Function (MF) 
In the molecular function (MF) category, as an impact of 3D culture condition significantly up-
regulated genes were highly enriched for molecular activities related to Cell signalling and Signal 
transduction (Figure 5 A, Appendix A Table 3). Other notable terms significantly over-represented 
annotations are related to the Angiotensin type 1 receptor binding (GO:0031702) and Calcitonin 
family binding (GO:0097644), that are playing important roles in cardiac growth and has an 
influence on the pathophysiological condition. Significantly up-regulated genes in the 2D culture 
condition were highly enriched for molecular activities related to the regulation of the Cell cycle, 
Positive regulation of Transferase activity (Figure 5B, Appendix A Table 4). Similar to in the 3D 
cultures, a notable significantly over-represented annotation is Nitric oxide synthase binding, 
which plays an important role in regulating vascular smooth muscle cell proliferation (Napoli et 
al.,2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Functional analysis of DEGs from 3D and 2D using ClueGO plug-in.  A- Enriched molecular function 
(MF) in 3D. B – Enriched molecular function in 2D. Results are shown as pie charts. Only significantly 
enriched (p-value≤0.05) terms are shown (*p≤0.05, **p≤0.01, ***p≤0.001). 

 

 

 

 

Figure 5. Enriched Molecular function in 3D and 2D culture condition 

A. 

B. 
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Pathway Enrichment Analysis 
To identify pathways including DEG’s in the 3D and 2D culture conditions respectively, pathway 
enrichment analysis was performed on each dataset separately using ClueGO. For this analysis, 
the Reactome Database was referred and only pathways with a p-value ≤0.05 were reported. In 
total 30 pathways were enriched for the up-regulated DEG’s in the 3D culture (Figure 6 A, 
Appendix A Table 5). Among the significantly enriched pathways in 3D a greater number of 
associated genes was seen in the pathways related to Signal Transduction. For the 2D culture, the 
corresponding number of pathways is 28 (Figure 6 B, Appendix A Table 6). In contrast to 3D, 
significantly enriched pathways in 2D were related to mitotic cell cycle process. The edges 
between the enriched pathways show the common genes involved in multiple pathways. 

Integration of Protein-Protein network and Module analysis 
Protein-Protein Interaction (PPI)network construction 
To explore the Interactivity among the significantly up-regulated DEG’s from both datasets 
Protein-protein Interaction (PPI) analysis was performed for 708 DEG’-s in 3D and 782 DEG’-s in 
2D. Results from the STRING database were further explored and visualized using the Cytoscape 
software. PPI networks generated for the DEG’-s up-regulated in the 3D culture condition 
contained 245 nodes and 696 edges (Appendix B Figure I) and DEG’-s in the 2D culturing condition 
contained 293 nodes and 1,669 edges (Appendix B Figure II). Node colours correspond to the 
logFC of the DEGs. To differentiate the DEG’s from 3D and 2D, blue and purple colours have been 
used respectively. The lines (edges) indicate interactions between the nodes (proteins). More 
interactions were observed in the 2D culture than in the 3D, indicating the higher interactivity 
among the DEG’-s identified from the 2D cultures. 

Topological analysis of the PPI network 
To identify nodes with the highest degree (Hub nodes) and highest betweenness (Bottleneck 
nodes), expected to play an important role in the biological network, the Cytoscape plug-in 
CenTiScaPe was used. Based on the average value computed by the software both Hub and 
Bottleneck nodes were identified in both the 3D and the 2D PPI networks, for the 3D PPI network 
the average (Avg). Degree was 5.68 and the Avg. Betweenness was 324.91. In total 18 nodes were 
identified as Hub nodes;32 nodes were identified as Betweenness nodes and 39 common nodes 
between Hub and Bottleneck as Hub-Bottleneck nodes. Subnetworks depicting both the nodes as 
well as the Venn diagram that shows the overlap are shown in Figure 7 A-B.  A list of all the Hub 
nodes and Hub-Bottleneck nodes can be seen in Appendix A, Table 7A and Table 7B. Among the 
identified Hub and Hub-bottleneck nodes for the 3D PPI network, the top five Hub and Hub-
Bottleneck nodes are the following: PCSK9, P4HA3, SSTR2, SPARCL1, HES1 and CXCL1, IGF1, 
CXCL8, PENK, C3. For the 2D PPI network the Avg. Degree was 11.39 and the Avg. Betweenness 
was 647.3. In total 43 genes were identified as Hub nodes;33 genes were identified as Bottleneck 
nodes and 28 genes as Hub-Bottleneck nodes (Figure 7 C-D). Among the identified Hub and Hub-
Bottleneck nodes for the 2D PPI network, the top five Hub and Hub-Bottleneck nodes are the 
following: NUF2, CEP55, SKA1, BIRC5, DLGAP5 and CDK1, CDC20, RRM2, KIF20A, ASPM. A list of 
all identified Hub nodes and Hub-Bottleneck nodes can be seen in Appendix A Table 8A and Table 
8B. More Hub nodes were identified in the 2D PPI network compared to 3D. Whereas more Hub-
Bottleneck nodes were identified in the 3D PPI network. 
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Figure 7. Subnetwork depicting both Hub nodes and Hub-Bottleneck nodes. Hub nodes are shown in a 
triangle shape with a dark brown border whereas Hub-Bottleneck node a diamond shape with a black 
border. Venn diagrams show the number of overlapping nodes between the Hub and Bottleneck nodes as 
Hub-Bottleneck nodes. A &B – Subnetworks for the 3D PPIN and Venn diagram. C &D – Subnetwork and 
Venn diagram for 2D. 

Module analysis 
To further explore the densely connected clusters in the constructed networks of 3D and 2D DEGs 
the MCODE Cytoscape plug-in was employed. For both the 3D and the 2D PPI networks, the top 
three clusters were identified and each cluster has seed nodes (Highest scoring nodes). All the 
details of the Hub nodes and Hub-Bottleneck nodes present in the identified clusters can be found 
in Table 9 (for 3D) and Table 10 (for 2D). For the 3D PPI network, the following modules were 
identified (including their scores along with the interactions). Module 1 (Score -11.2) with 59 
nodes and 337 edges, Module 2 (Score= 8.5) with 21 nodes and 93 edges and module 3 (Score=7.5) 
with 25 nodes and 97 edges (Figure 8A-C) (Table 9). A similar analysis was performed for the 2D 
condition and the top three modules were identified. Module 1(Score=24.3) having 105 nodes and 
1,286 edges, Module 2 (Score=10.3) with 75 nodes and 392 edges, Module 3 (Score=6) having 33 
nodes and 102 edges (Figure 8D-F) (Table 10). 

Figure 7 - Subnetwork depicting Hub and Hub-Bottleneck nodes in the PPIN of 3D and 2D 

B. 

C. D. 

A. 
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Table 9. List of all Hub nodes, Hub-Bottleneck nodes and Seed nodes from the modules identified 
using MCODE built-in application in Cytoscape for 3D PPIN. 

Cluster Cluster 
Score 

Nodes, 
Edges 

Hub nodes Hub-Bottleneck nodes Seed 

1 
 
 

11.233 59,337 CXCL2,SSTR2,CXCL6,
CX3CL1,PCSK9,ITGB
5,CP,SPARCL1,GPC6,
VWA1,FAM20C,SCG2
,FAM20A,ISLR, 
FRK,BPI, 
TMEM132A 

CXCL1,PENK,CXCL8,S1PR
1,TGFB3,C3,BDKRB1,AGT,
FOS,PDGFB, 
PLAUR,ITGAV,IL6,H2PG2,
SPP1,IGFBP3,CDH2,TNC, 
ITGAV,LTBP1,IGF1,JUP,H
GF,TIMP1,APOE,FN1,MMP
2,BDKRB2,CXCR4 

IL6,ITGB5,JUP, 
BDKRB2 
 
 
 
 
 
 

2 
 
 

8.455 21,93 COL24A1, COL16A1, 
COL15A1, P4HA3, 
ITGB5, COL13A1, 
COL14A1, COL22A1 

ITGA2,COL18A1,ITGAV,P
DGFB,MMP2,BGN, 
COL9A3,COL7A1,COL1A1, 
COL6A3 

P4HA3,ITGB5 
 
 

Table: 10 List of all Hub nodes, Hub-Bottleneck nodes and Seed nodes from the modules identified 
using MCODE built-in application in Cytoscape for 2D PPIN. 

Cluster Cluster 
Score 

Nodes, 
Edges 

            Hub nodes Hub- 
Bottleneck                     
nodes 

Seed   

1 24.264 105.1286 TTK,NUSAP1,HJURP,ECT2,CK
AP2,CEP55,HMMR,PBK,MK16
7,NEK2,CENPF,KNL1,TACC3,T
PX2,PCLAF,MELK,MAD2L1,N
DC80,ESPL1,NCAPG,NCAPH,C
DCA8,SPAG5,FOXM1,TOP2A,B
UB1B,ZWINT,SPC24,SGO2,CE
NPI,ERCC6L,KIF2C1,CENPK,K
IF18B,DLGAP5,SKA1,CENPH,
CENPU,CDCA5,NUF2,CENPM,
BIRC5,CENPA 
 

CDK1,CDC45,PRC
1,KIF4A,KIF2C,KI
F15,AURKB,PLK1,
CHEK1,CENPE,CC
NB1,AURKA,ASPM
,CCNB2,CDC20,UB
E2C,KIF20A,CCN1,
RACGAP1,HLA-
DPA1,BUB1,KIF11
,KIF23,RRM2 

TTK,LMO
7,CDC25C,
ZWINT 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

2 10.316 75,392 FOXM1,TOP2A,TTK,NUSAP1,
HJURP,ECT2,CKAP2,CEP55,H
MMR,PBK,MK167,NEK2,KIFC
1,KIF18B,TACC3,DLGAP5,TPX
2,PCLAF,MELK,NCAPG,NCAP
H,SPAG5 

UBE2C,BRCA1,KIF
20A,CCN1,CDC45,
PRC1,KIF4A,RACG
AP1,HLA-
DPA1,KIF11,KIF2
3,KIF15,RRM2,AU
RKA,ASPM 

LMO7,CD
C25C,BRC
A1,TTK,KI
F20B 
 
 
 

 
 
 
 
 
 
 

3 6 33,102  AP1M1,MELTF, 
BST1 

SPRN  
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Figure 6. Pathway enrichment analysis of significantly up-regulated DEGs from both datasets was performed using Cytoscape plug-in ClueGO. Only pathways with p-
value≤0.05 were shown. A- pathways enriched in DEGs derived from 3D. B- Pathways enriched in DEGs derived from 2D. Pathways are depicted in the form of nodes, 
in which node color and size are shown based on their p-value and associated number of genes respectively. Edges between the pathways show the shared genes 

 

A. 
B. 

Figure 6 - Enriched pathways in 3D and 2D culture condition 
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Figure 8. To identify densely connected regions in the PPIN of 3D and 2D, the MCODE Cytoscape plug-in was employed. The top three clusters or modules are shown 
for both 3D and 2D clusters. A-C are the modules identified for 3D and D-F are the modules identified for 2D. 

Clusters in 3D Clusters in 2D 

A. 

B. C. 

D. 

E. F. 
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Discussion 
During the last decade, the emergence of hiPSC based cardiac models has provided opportunities 
for the development of a new experimental platform for the investigation of drug targetable 
disease areas (Karakikes et al.,2015). Several studies have shown that 2D or traditional monolayer 
culture techniques have significant limitations compared to 3D culturing approaches due to 
various factors (Chen et al.,2015) (Zhang et al.,2015).  

This was first addressed in the study conducted by Soares et al., (2012) depicting a significant 
difference between cardiac cells grown in 2D and 3D culture conditions, concerning their 
morphology, contraction ability of the cells, cellular contents, distribution of ECM and the 
expression of cardiac-specific differentiation markers (Soares et al.,2012). Their investigation 
shows the impact of 3D culture conditions on cardiac differentiation. In line with these finding 
similar observations was found in the study conducted by Zhang et al., (2015).  

All these studies were using traditional quantitative RT-qPCR based approaches, which are low 
scale and cannot be used for assessment of the global mRNA expression patterns at high 
throughput experiments (Costa-Silva et al.,2017). To be able to mimic the in vivo embryogenic 
process it is important to understand the transcriptomic changes that occur during the 
differentiation. Previous studies including Branco et al., (2019), Fleischer et al., (2019) and McKee 
et al., (2020) have been conducted for transcriptomic analysis of CM’-s derived from 3D and 2D 
culture conditions.  Their studies focused on the transcriptomic analysis of the sequential stages 
of the cell lines cultured in 3D and 2D conditions on which the differentiation and maturation of 
the cardiomyocytes were obtained by modulating the Wnt signalling pathways, depicting faster 
maturation of CM’s in 3D culture condition compared to traditional monolayer condition. 

 However, despite the development of several protocols for differentiation of hiPSC to mature CM-
’s in 3D, a reproducible and controlled protocol for cardiomyocyte differentiation and cardiac 
disease modelling remains challenging (Lodrini et al.,2020, Sacchetto et al.,2020). With the 
aforementioned goal, the current study was focused on performing comparative bioinformatics 
analysis on the DEG’-s identified from the RNA-sequencing analysis comparing HCM cells 
(PromoCell®) grown in 3D and traditional monolayer (2D) culture condition, for exploring the 
gene expression changes that have evolved as an impact of the culture condition and to 
standardize the pre-clinical models for the regeneration of CMs. For the first time, the current 
study reports on topological analysis of the network using centrality measures to identify the Hub 
and Hub-Bottleneck proteins from the PPINs derived using lists of genes that showed up-
regulation in3D and 2D culture conditions, respectively. These results also help in understanding 
a putative role in disease development and their potential for the development of the disease 
models. 

For the comparative analysis, one of the objectives of this research project was to investigate the 
functional characteristics of the DEGs by identifying enriched biological processes and pathways 
affected by the 3D microenvironment. For this, Cytoscape plug-in ClueGO was used. ClueGO group, 
them based on their biological role after removing the non-redundant terms, instead of 
representing the results as a long list of terms like the other enrichment analysis (Mlecnik et 
al.,2018). 

 The functional characterization of the DEG’-s from 3D and 2D was performed to investigate the 
impact of spatial orientation of cells in the culture condition. Compared to 2D, the DEG’-s from 3D 
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were enriched in biological processes and pathways related to signal transduction, cell migration, 
circulatory system development, ECM organization, response to growth factors, cytokine activity 
(Figure 4A) and (Figure 6A). This indicates the early stages of differentiation among the cells. In 
contrast, DEGs from 2D were enriched in biological processes and pathways related to the mitotic 
cell cycle processes thereby indicating the proliferative nature of these cells. 

 Functional characterization of DEG’-s from 3D depicts a strong indication of structural 
organization and interaction between cells forming a niche within the 3D microenvironment 
supporting their differentiation capacity compared to 2D. Jones and Wager,(2008) mentioned in 
their research about stem cell niche that it is an anatomical structure that includes stem cells, 
ECM’-s, growth factors and other secretory factors (Cytokines etc) regulating the maintenance, 
expansion and behaviour of these cells. These interactions between cells and the ECM are 
converted into intracellular signals leading to phenotypic changes that result in cardiac 
differentiation (Zhu et al.,2014). An important factor in a niche is the ECM, which is a complex 
cluster of collagen, proteoglycan, glycosaminoglycan and numerous signalling molecules that 
plays an important role in providing structural and functional integrity to the cells (Järveläinen et 
al.,2009). This was achieved by their interactions with the cellular receptors which thereby 
triggers a response to the enzymatic degradation of proteins and molecules from ECM (Rozario 
and DeSimone,2010). A study by Brizzi et al., (2012) have shown that integrins are one of the 
major receptors for the proteins released by the ECM. Furthermore, the interaction between the 
ECM and the integrins will lead to extensive crosstalk between the growth factors and receptors 
of cytokines, that generates an intracellular signalling network for modulating the cellular 
behaviour (Brizzi et al.,2012). It was interesting to find similar results in the current study from 
the DEG’-s in 3D. Especially in the pathway enrichment analysis, enriched pathways for 
degradation of ECM, ECM organization and integrin interactions strongly indicate these 
interactions between the cells as regulators of the differentiation of hiPSC-CMs compared to 2D.  
Therefore, it was not surprising to find among the 708 DEG’s from 3D, 160 and 141 number of the 
associated genes are highly enriched in signal transduction biological processes and pathways 
respectively depicting the high interaction between the hiPSC-CMs as an impact of the 3D 
microenvironment.  

Similarly, functional characterization of DEGs from 2D depicts the proliferative nature of cultured 
cells. This could be hypothesized to be due to the rigid environment of the monolayer culture 
condition (Beauchamp et al.,2020).  As suggested in the study conducted by Beauchamp et al., 
(2020), the cells are homogeneously exposed to the stimuli released from the coated flat surface 
of the polystyrene plates helps in mimicking the ECM, and plays a key role in the proliferative 
nature of the cells. Another reason that can be hypothesized is the PromoCell Human Cardiac 
Myocytes used in the previous study for the data was derived from the normal human ventricle 
tissue of the adult heart (“Human Cardiomyocytes Myocytes n.d.”). It is known that cardiac 
muscles are composed of single cardiac myocytes and these cardiomyocytes are highly energetic 
since they are responsible for the contraction of cardiac muscles (Paige et al.,2015).  Also, it is 
reported in the technical manual of PromoCell that HCM derived from the human ventricle tissue 
shows high potency for proliferation (“Human Cardiac Myocytes n.d.”). This also could be the 
reason for the highly proliferative nature of cells in the 2D condition. Besides, Soares et al., (2012) 
comparing CM-cultured in 3D and 2D conditions speculated that the more proliferative nature of 
cells cultured in 2D could be due to extended membrane lamellae of CMs during the passaging of 
the cells. Extended lamellae include microtubules and organelles like mitochondria. These 
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extended mitochondria provide energy for the rapid spreading of the cells resulting in the high 
proliferative nature (Soares et al.,2012). 

Since there is an analogy between molecular function and biological process (Hill et al., 2008), the 
second objective of this research study was to identify the molecular activities of the enriched 
DEG’-s from the two culture conditions and understand their putative role in disease 
development.  

The enrichment analysis of molecular functions (MF) indicates that DEG’s in 3D is involved in the 
molecular activities highly related to the signal transduction process through serine/threonine 
kinase activity whereas, in 2D, cells are highly involved in the molecular activities related to the 
regulation of the cell cycle process. 

Among the enriched terms in 3D are; Cytokine activity, Transforming growth factor-beta (TGF-β) 
binding, type 1 angiotensin receptor binding plays a significant role in cardiac disease 
development. Obtained data from the current study has been supported by Liu et al., (2017). In 
their study it is mentioned that Angiotensin II (via type 1 angiotensin receptor), cytokines 
including TGF-β exerts their effects through cell surface receptors Serine/Threonine kinase 
resulting in the process of transforming quiescent fibroblast to myofibroblast, leading to cardiac 
fibrosis and eventually to Myocardial infarction and Hypertrophy (Liu et al.,2017). 
Proinflammatory cytokines/chemokines are considered as the crucial biomarkers to predict 
cardiovascular disease and possible therapeutic targets due to their impact on myocyte 
contractility and their role in mediating the immune and cardiovascular system (Dusi et al.,2016). 
In particular, TGF-β is considered a more prominent chemokine involved in cardiac disease 
development especially in hypertrophic development, by mediating cardiomyocyte growth 
through fibroblast activation and ECM deposition (Dobaczewski et al.,2011). 

Interactions between proteins have shown to play a remarkable role in cellular proliferation, 
differentiation and pathological process (Zhu et al.,2007). This indicates the importance of 
understanding the PPIN and their effort in regulating the network for controlling and mediating 
various complex biological processes (Zhu et al.,2007). 

Therefore, following the functional analysis of the enriched DEG’-s, another objective of this study 
was to investigate the PPI networks (PPINs) and to identify the proteins that play key roles in the 
interaction network for both datasets (2D and 3D). PPINs were generated for DEGs using STRING 
with a combined score >0.9 and visualized in the Cytoscape software. For the observed 3D PPIN 
in total 245 nodes and 696 edges were identified (Appendix B Figure I) and for the 2D PPIN, 293 
nodes and 1,669 edges were identified (Appendix B Figure II). Compared to 3D, more interactions 
were observed for 2D, which indicates that there is a higher number of interacting proteins in 2D. 

 Among the interacting nodes in the network few nodes can be differentiated from further nodes 
based on their topological properties. Therefore, characterization of these topological properties 
is essential to gain insights into the network structure (Assenov et al.,2007, Ramirez et al.,2007, 
Koh et al.,2012). For assessing the topological properties and to study their importance in the 
protein network, various centrality measures are considered. Interestingly some nodes are 
playing their crucial role as Hub and Bottleneck nodes and they are known as “Hub-Bottleneck 
nodes”. Other than being a topologically important structure in the interacting network it also 
shows that deletion or removal of these Hub nodes are lethal and they also play a significant role 
in regulating the network (Jeong et al.,2001). Bottleneck nodes have a role in holding together the 
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modules and involve in the communication within the nodes, acting as central relevant molecules 
(Yu et al.,2007). 

 Apart from their topological importance in the network, various research studies have also shown 
their involvement in disease development. Kulshrestha et al., (2016). In their study, they 
identified the important Hub and Bottleneck nodes as potential markers for pediatric 
adrenocortical carcinoma. Similarly, Liu et al., (2016), Zhang et al., (2017) and Piacentini et al., 
(2020) in their study identified important Hub and Bottleneck nodes as markers for 
hepatocellular carcinoma, bladder carcinoma and abdominal aortic aneurysm respectively based 
on network analysis. Whereas Asadzadeh-Aghdae et al., (2016) in their study identified the 
importance of Hub-Bottleneck nodes as biomarkers for inflammatory bowel disease. All these 
investigations suggest the importance of these Hub nodes, Bottleneck nodes and Hub-Bottleneck 
nodes for the development of efficient disease modelling strategies in understanding the effects 
of drugs. A study by Nitya et al., (2021) stress the importance of these topologically important 
nodes due to their characteristic properties, which have high potential as drug targets (Nithya et 
al.,2021). 

 With the aforementioned aim, topological analysis was performed using CenTiScaPe software to 
identify the important Hub and Hub-Bottleneck nodes. Among the up-regulated DEG-’s in 3D,18 
nodes were identified as Hub nodes and 39 nodes as Hub-Bottleneck nodes whereas, in 2D, 43 
nodes were identified as Hub nodes and 28 nodes as Hub-Bottleneck nodes. Compared to 3D, 2D 
PPIN have a higher number of Hub nodes. This could be due to the more interacting nodes in the 
2D PPIN (293 nodes and 1669 edges) and also this high number of Hub nodes could be due to the 
highly proliferative nature of DEG’-s in 2D. A module analysis was performed for both the PPIN to 
identify densely connected regions and it was interesting to find the presence of Hub and Hub-
Bottleneck nodes in the top three clusters of each dataset indicating their importance in the 
network.  

Among the identified Hub and Hub-bottleneck nodes for both 3D and 2D PPIN, the identified node 
in 2D illustrates their function related to the cell cycle process. For instance, among the identified 
top five Hub and Hub-Bottleneck nodes in 2D, CDK1 (Cyclin-dependent kinase 1) also known as 
CDC2 (Cell division cycle 2) and CDC20 (Cell division cycle 20) are crucial for the G1/S and G2/M 
phase transition during the cell cycle in eukaryotes (Kulshrestha et al., 2016). 

Moreover, it was interesting to find that the identified top five Hub and Hub-Bottleneck nodes in 
3D have shown their potential role in disease development indicating their possibilities for the 
development of disease modelling. Within the identified Hub and Hub-bottleneck nodes: PCSK9 
(Proprotein Convertase Subtilisin/Kexin type 9) protein belongs to the family of intracellular 
convertase or subtilase enzymes. These proteins help in regulating the amount of cholesterol in 
the bloodstream by binding the low-density lipoprotein (LDL) receptors on the cell surface of 
hepatocytes (Seidah et al.,2014). Studies have shown that gain-of-function mutation of PCSK9 is 
associated with hypercholesteremia (higher level of LDL-cholesterol) and loss-of-function 
mutation associated with reduced LDL-cholesterol (Schulz et al.,2015) resulting in the risk of 
atherosclerosis and other major cardiovascular diseases. Due to their ability in the hepatic LDL 
clearance PCSK9 have been used as an important therapeutic target in the treatment of 
hypercholesteremia (Zhang et al.,2017).  

The P4HA3(Prolyl 4-Hydroxylase Subunit Alpha 3) protein encodes a component of Proxyl 4-
Hydroxylase, and a key enzyme in collagen synthesis that catalyzes the formation of 4-
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Hydroxyproline which is used for the three-dimensional folding of the newly synthesized 
procollagen chain (Genecards Human Gene Database, n.d.). Ziesensis et al., (2015) in their 
research mentioned that P4HA3 plays a crucial role in response to ischemia and identified them 
as the novel therapeutic targets for ischemic tissue protection.  

SSTR2 (Somatostatin Receptor 2) and similar receptors, are mediated by the G-protein coupled 
receptor family and modulates the vascular function with their actions on vascular smooth muscle 
cells and endothelial cells (Badway and Blake.,2005). Various studies also show that SSTR2 
induces apoptosis arresting cardiac cell growth and get involved in calcium homeostasis by 
modulating the calcium associated pathways which later get triggered by adrenergic receptors 
that result in cardiac hypertrophy (Somvanshi et al.,2014).  

Studies of CXCL1 (C-X-C Motif Chemokine ligand 1), a member of CXC subfamily of chemokine, 
have illustrated the role of CXCL1 and its receptor CXCR2 in promoting the recruitment of 
neutrophils and macrophages into the injured arterial wall resulting in myocardial infarction, 
atherosclerosis and hypertension depicting them as a potential therapeutic target for 
cardiomyopathy (Wang et al.,2018). 

However, the current study shows the significant difference in the transcriptomic analysis of 
enriched DEG’-s as an impact of 3D and 2D culture conditions. A few limitations were observed 
that need to be discussed. This whole project was built on the previously generated data and only 
bioinformatic analysis were done for this study. Since in the previous study, the duration of HCM 
culture in two conditions were only 10 days no sequential time points (12days,18 days, 20days 
etc) was investigated to understand the transcriptomic changes leading to differentiation in each 
time point as an impact of the culture conditions. Since the technical manual of HCM has reported 
that long cultures are necessary for imparting the differentiation of cardiac cells in vitro, it is 
recommended for future research to combine the transcriptomic analysis with the laboratory 
experiments monitoring different time points to understand the gene expression changes 
occurring to the hiPSC-CM leading to matured and differentiated CMs, by analyzing different 
cardiomyocytes activities such as cell morphology, cell viability and contractility.  

Overall, the current research study is based on bioinformatic analysis succeeded in fulfilling its 
aim to understand the changes in gene expression as an impact of spatial orientation of cells in 
two culture conditions. Functional analysis indicates that CMs from the 3D microenvironment are 
in the early stages of differentiation and 2D cells were proliferative. Indicating the impact of the 
3D microenvironment helps the CM’s to remain in the cell-cell contact resulting in the several 
signalling cues necessary for the adhesion, self-renewal, growth and differentiation of cells 
compared to traditional monolayer. In support of the previous research, it could be concluded that 
results obtained from the functional analysis give insights into the ability of the 3D 
microenvironment to improve communication among the cells. And for the future project, it could 
be interesting to use the combination of 2D and 3D to obtain proliferated and matured hiPSC-CMs 
for the development of in vitro cardiac models. 
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Ethical aspects, gender perspectives, and impact on the society 
This research project carries out bioinformatic analysis on a dataset obtained from the previous 
study “RNA-Seq analysis of 2D and 3D cultures of Cardiac cells (Manuscript in preparation)” 
conducted in the Jane Synnergren’s team. Human Cardiac Myocytes (HCM) were obtained from 
PromoCell® (PromoCell GmBH, Germany). Isolation of human cell culture was derived from the 
donors with their informed consent, because of their high ethical standards, PromoCell has been 
approved as a Global Supplier by GlaxoSmithKline (GSK). 

Animal experiments are widely conducted to develop and understand the efficacy of the new 
drug/disease development. Ethical committees across the globe have agreed on three principles 
of R’s: Reduction, Refinement, Replacement to encourage the use of alternative techniques to 
minimize animal studies. The demand to replace animal studies in biomedical research has led to 
the development of in vitro models and the development of pluripotent stem cell-based studies 
are promising as in vitro models. Due to the ethical conflicts and religious concerns associated 
with Human Embryonic stem cells (hESC). The development of the human-induced pluripotent 
stem cells (hiPSC) has provided a promising tool to predict the impact of drugs on gene expression 
or understanding the disease molecular pathways with the stem-cell-based disease models. 

This study, which is based on bioinformatic analysis of DEG’s will help in understanding the 
changes in gene expression due to the impact of 3D culture conditions helping in standardizing 
the protocols for the development of stem cell-based disease models. Allowing the stem cell-
derived cardiomyocytes to resemble the in vivo condition more closely for reducing the necessity 
for the need of animal testing and thus allowing the research to be conducted more ethically and 
economically. Also, the topological based analysis to identify the Hub-Bottleneck nodes will help 
in understanding the drug targetable areas leading to the development of disease models for 
cardiac diseases with furthermore studies.  For the optimized treatments for the patients with 
cardiovascular diseases. 

Future perspectives 
For the standardization of protocol for the development of stem cell-based cardiac disease models 
a significant amount of future research is needed to fulfil the aforementioned aim. Possibilities of 
achieving this could be through validation of obtained bioinformatic analysis from this study on 
different hiPSC-CMs cell lines. It would be interesting to understand overlap across multiple cell 
lines and their interactions for the development of disease models.  

By combining laboratory experiments as well as bioinformatics analysis and take a closer look at 
different time points during the culture process would be instrumental to understand the 
sequential changes in gene expression. By repeating all the analysis: identification of differentially 
expressed genes, functional characterization network analysis along with transcription factor 
(TF) enrichment analysis, since in in vivo condition TFs play a crucial role in the development of 
cardiac lineage during embryogenesis.  Along with the morphological analysis, cell viability 
assays, immunocytochemical analysis of CMs’ cultured in both conditions to observe the cardiac 
surface protein (Alpha-Smooth muscle cell, Vimentin, Laminin etc) expression followed by 
contractile motion assessment to compare the differentiation and maturation of cardiomyocytes 
in two culture condition.  

Together with this analysis, further focus should be given to the topological analysis, to categories, 
the topological properties based on their degree and betweenness centrality values characterizing 
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based on the pure hub, mix proteins, high bottleneck nodes. A recent study by Nithya et al., (2021) 
proved that characterizing these categories would help in prioritizing the network-based target 
selections for developing novel drug targetable areas for the development of patient-specific 
therapeutic models. 
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Appendix 

Appendix A – Enriched terms and pathways in Up-regulated DEG’s  

Functional Characterisation of DEG’s 
Appendix A- Table 1. List of all significantly enriched GO terms, identified for the up-regulated 
DEG’s from 3D culture condition. GO ID shows Gene ontology for the enriched term. Nr genes show 
the number of associated genes with the enriched term.  

Ontology 
source 

Go ID GO Terms Nr. 
Genes 

Associated Genes 

BP GO:0007275 Multicellular 
Organism 
Development 

115 ADTRP,AGT,ANGPT1,APCDD1,APOE,B3GNT5,
BMP2,BMP6,BMPR1B,CALCRL,CD9,CDKN2B,
CHD7CHI3L1,CLCF1,CLDN1,COL1A1,COL7A1,
COMP,CSTA,CX3CL1,CXCL8,DACT1,DLL4,DNE
R,E2F7,EGR3,ESMI,F11R,F2RL1,FAM20A,FA
M20C,FLT1,FN1,FZD7,GAB2,GL12,HES1,HEY
1,HEY2,HGF,IGF1,IGSF3,IL1B,IL1RN,IL6,IRF2
BPL,ITGA2,ITGAV,ITGB5,JCAD,JUP,KIF13B,LG
ALS9,LIF,LRP4,MAFB,MFAP2,MFSD2A,MINA
R1,MMP4,MMP2,NGFR,NOTCH4,NR4A1,NRC
AM,NTRK3,PDGFB,PDPN,PIR,PRICKLE1,PTHL
H,PTPRD,PTPRU,RAMP1,RAMP2,RARRES2,R
ELB,RGCC,RNF112,SAT1,SCG2,SERPINE2,SER
PINF1,SH3PXD2B,SHROOM4,SLIT2,SMAD7,S
NAI1,SOD2,SOX5,SOX6,SOX9,SPHK1,SPOCK1,
SULF1,SYN,DIG1,SYT1,TBX20,TENM3,TENM4
,TGFB3,TIMP1,TNFRSF21,TNFSF11,TRPS1,TY
MP,VASH1,VASH2,WNT5,WWTR1,ZC3H12A,Z
FPM2,ZMIZ1,ZNF365 
 

BP GO:0007165 Signal 
transduction 

160 ABHD2,ADAMTSL2,ADTRP,AGT,AKR1C2,ANG
PT1,ANTXR1,APCDD1,APOE,ATP2A3,BCL2L1
1,BDKRB1,BDKRB2,BMP2,BMP6,BMPR1B,C3,
CALCRL,CCL7,CD14,CDKN2A,CDKN2B,CGNL1
,CHI3L1,CLCF1,CMKLR1,CNIH3,COL1A1,CRLF
1,CX3CL1,CXCL6,CXCL8,CXCR4,DACT1,DUSP4
,DUSP6,DYRK2,E2F7,EDNRB,EFNA1,EGR1,EL
MO1,EPHA4,EREG,ERN1,ESM1,F11R,F2RL1,F
AIM2,FLT1,FN1,FOS,FZD7,FZD8,G0S2,GAB2,G
LI2,GPAT3,GPNMB,GRIA3,GRIN2A,HBEGF,HE
S1,HEY1,HGF,HTR4,HYOU1,ICAM1,IGF1,IL11,
IL1A,IL1B,IL1RN,IL21R,INSIG1,IRAK2,ITGA1
1,ITGA2,ITGAV,ITGB5,JCAD,KCNN4,KLF5,KSR
1,LGALS9,LGR4,LIF,LRP4,LTBP1,MAML3,MA
P3K4,MDFIC,MECOM,MINAR1,MRAP2,NDP,N
FKBIA,NGFR,NPTX2,NPTXR,NR4A2,NTRK3,P
CSK9,PDE4B,PDE4D,PDGFB,PDK4,PDPN,PID1
,PLA2R1,PLAUR,PLVAP,PLVAP,PMEPA1,PPA
RGC1B,PRICKLE1,PRR5L,PTHLH,PTPN22,PT
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PRU,RAMP1,RAMP2,RARRES2,REL,RGS2,RNA
SE1,RPS6KA5,S1PR1,SCG2,SH3BP5,SIK1,SLC
7A8,SLIT2,SMAD7,SNAI1,SOD2,S0X4,SOX9,SP
HK1,STK38L,SULF1,TCIM,TFAP4,TGFB3,TIFA
,TIMP1,TLR1,TLR6,TMEM100,TMEM170B,TN
FSF10,TNFSF11,TRAF1,UNC5B,VCAM1,WNT
5A,WWTR1,ZC3H12A,ZMIZ1 
 

BP GO:0016477 Cell Migration 66 ADTRP,AGT,ANGPT1,APOE,CCL7,CD9,CLDN1,
CMKLR1,COL1A1,CX3CL1,CXADR,CXCL6,CXC
L8,DLL4,EDNRB,EFNA1,EGR3,EMILIN1,F11R,
F2RL1,FAP,FLT1,FMNL3,FN1,GPC6,GPNMB,H
BEGF,HGF,ICAM1,IGF1,IGFBP3,IL1B,IL6,ITGA
11,ITGA2,JCAD,JUP,KLF5,LGALS9,MMP14,NA
NOS1,NR4A1,NTRK3,PDGFB,PDPN,PLVAP,PR
R5L,PTPRU,RARRES2,RGCC,RNASE1,SCG2,SL
IT2,SNA1,SOD2,SOX9,SPHK1,SULF1,TIMP1,T
MSB15B,TNFSF11,VASH1,VCAM1,WNT5A,ZC
3H12A,ZMIZ1 
 

BP GO:0072359 Circulatory 
System 
development 

48 ADTRP,ANGPT1,BMP2,CALCRL,CHD7,CHI3L1
,COL1A1,CXCL8,DLL4,E2F7,EGR3,ESM1,FLT1,
FZD7,HEY1,HEY2,IGF1,IL1B,ITGAV,JCAD,JUP,
MINAR1,NGFR,NR4A1,NRCAM,NTRK3,PDGFB
,PRICKLE1,RAMP1,RAMP2,RGCC,SAT1,SCG2,S
ERPINF1,SH3PXD2B,SLIT2,SOD2,SOX6,SOX9,
SPHK1,SULF1,TBX20,VASH1,VASH2,WNT5A,
WWTR1,ZC3H12A,ZFPM2 
 

BP GO:0006935 Chemotaxis 28 ANGPT1,CCL7,CMKLR1,CX3CL1,CXADR,CXCL
6,CXCL8,CXCR4,EDNRB,EGR3,F2FRL1,FLT1, 
HBEGF,HGF,IL6,ITGAV,KLF5,LGALS9,NR4A1, 
NTRK3,PDGFB,PTPRU,RARRES2,RNASE1,SCG
2,SLIT2,TNFSF11,WNT5A 
 

BP GO:0070848 Response to 
Growth factor 

34 ADAMTSL2,AGT,BMP2,BMP6,BMPR1B,CDKN
2B,CXCL8,DLL4,EGR3,ERN1,FLT1,FOS,GAS1,
HGF,IL6,ITGB5,JCAD,LTBP1,MXRA5,NR4A1,N
TRK3,PDGFB,PMEPA1,SLIT2,SMAD7,SOX5,SO
X6,SOX9,SPHK1,SULF1,TGFB3,TMEM100,WN
T5A,ZMIZ1 
 

BP GO:0005125 Cytokine Activity 16 CCL7,CLCF1,CRLF1,CX3CL1,CXCL6,CXCL8,IL1
A,IL1B,IL33,IL6,KLF5,LIF,NDP,SCG2,TMP2,TN
FSF11 
 

BP GO:0006355 Regulation of 
Transcription-
DNA-templated 

101 AGT,APOE,ARNTL,AUTS2,BHLHE40,BHLHE4
1,BMP2,BMP6,BMPR1B,CDKN2A,CMKLR1,CO
LA1,CX3CL1,DACT1,E2F7,EDNRB,EGR1,EGR2
,ERF,ERG,ETV1,ETV4,F2RL1,FNIP2,FOS,FRK,F
ZD7,GLI2,HEY1,HEY2,ID1,ID2,ID3,ID4,IGF1,IL
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11,IL1B,IL33,IL6,INSIG1,IRAK2,IRF2BPL,IRF6
,JUNB,JUP,KALRN,KLF5,LGALS9,LIF,LMO2,MA
FB,MAML3,MAP3K2,MDFIC,MECOM,MXD1,N
DP,NFKB2,NFKBIA,NGFR,NOTCH4,NR4A1,NR
4A2,PDGFB,IPID1,PLK3,PPARGC1B,PRDM1,P
RICKLE1,PTPRN,REL,RGCC,RPS6KA5,RUNX2,
SKIL,SLC39A8,SMAD7,SNAI1,SOD2,SOX4,SOX
8,SOX9,SPHK1,SPP1,TBX20,TCIM,TET3,TFAP
4,TGTB3,TIMP1,TLR6,TNFSF11,TRAF1,TRPS
1,TSHZ3,WNT5A,ZC3H12A,ZFPM2,ZMIZ1 
 

BP GO:2000741 Positive 
regulation of MSC 
differentiation 

5 LTBP2,LTBP3,SOX5,SOX6,SOX9 
 
 
 

BP GO:0030193 Regulation of 
Blood 
coagulation 

10 ADTRP,APOE,CD9,EPHB2,F11R,F2RL1,PDGF
B,PDPN,PLA2G4A,SERPINE2 
 
 

BP GO:0030198 Extracellular 
matrix 
organisation 

11 ADTRP,AGT,COL1A1,FAP,FBLN5,IL6,MFAP4,
PDPN,RGCC,SH3PXD2B,SLC39A8 
 
 

BP GO:0098609 Cell-Cell 
adhesion 

33 ADTRP,BMP2,BMP6,CD58,CD9,CD93,COL13A
1,CSTA,CX3CL1,CXADR,ESAM,F11R,GPNMB,I
CAM1,IGF1,IL1B,IL1RN,IL6,ITGAV,ITGB5,JUP,
LGALS9,NOTCH4,NTNG2,PDPN,PLAUR,PTPN
22,PTPRD,PTPRU,RGCC,SMAD7,TNFSF11, 
VCAM1 
 

BP GO:0034112 Positive 
regulation of 
homotypic cell-
cell adhesion 

4 F11R,PDPN,PLAUR,TNFSF11 
 
 
 
 

BP GO:2000482 Regulation of 
Interleukin8 
secretion 

7 CD14,CD58,F2RL1,LGALS9,PTPN22,TLR1, 
TLR6 
 
 

BP GO:0007267 Cell-Cell 
signalling 

46 ANO1,APCDD1,APOE,BMP2,CADM1,CD14,CD
58,CHD7,COL1A1,CX3CL1,DACT1,EREG,F2RL
1,FN1,FZD8,GPNMB,HGF,IL11,IL16,IL1B,IL33,
IL6,KLF5,LGALS9,LGR4,LIF,LRP4,MDFIC,NDP,
NPTX2,NPTXR,PRICKLE1,PTPN22,PTPN22, 
PTPRD,PTPRU,PTPRN,RGCC,SPP1,SULF1,TLR
1,TLR6,TMWM170B,WNT5A,WWTR1 
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Appendix A- Table 2. List of all significantly enriched GO terms, identified for the up-regulated 
DEG’s from 2D culture condition. GO ID shows Gene ontology for the enriched term. Nr genes show 
the number of associated genes with the enriched term.  

Ontology 
source 

GO ID GO Term Nr.Genes Associated genes 

    BP GO:1903047 Mitotic cell cycle process 58 ANK3,ANLN,AURKB,BCL2L1,BR
IP1,CCNA2,CCNB1,CCND1,CDC2
5C,CDCA8,CDK1,CENPF,CEP55,
CHEK1,CIT,CKAP2,CLSPN,DBF4
B,DTL,ECT2,EDN1,ERCC2,ESPL
1,FHL1,FOXM1,FSD1,KIF11,KIF
14,KIF20A,KIF23,KIF2C,KIF4A,
KIFC1,KNSTRN,MAD2L1,MKI67
,MUC1,NABP1,NCAPG,NCAPH, 
NDC80,NEK2,NUSAP1,PLK1, 
PSRC1,RACGAP1,SPAG5,STIL, 
STMN1,TACC3,TPD52L1,TPX2,
TRIP13,UBE2C,ZWINT 
 

BP GO:1902850 Microtubule cytoskeleton 
organization involved in 
mitosis 

19 AURKB,CCNB1,CENPA,CENPE,F
SD1,KIF11,KIF23,KIF4A,KIFC1,
MAD2L1,NDC80,NUSAP1,PLK1,
PSRC1,STIL,STMN1,TACC3, 
TPX2 
 

BP GO:0030334 Regulation of Cell 
migration 

48 ACTN4,ACVRL1,ADAM9,ADRA2
A,ANXA3,ATP2B4,BST1,BST2,C
AV1,CCL28,CCN1,CCNA2,CD74,
CEMIP,CITED2,CORO1C,DAB2,D
LC1,DPP4,EDN1,ENPP2,HDAC9,
IGFBP5,KIF14,LAMC2,MCU,ME
OX2,MET,MGAT3,MYADM,MYL
K,NEXN,NR2F2,NTF3,PADI2,PF
N2,PLAU,PLPP3,PPARG,PSG1,RI
POR2,SASH1,SERPINE1,SMURF
2,SORL1,TCAF2,THY1,VSIR 
 

BP GO:0030155 Regulation of Cell 
adhesion 

35 ACTN4,ACVRL1,ADAM9,BST1,C
AV1,CCL28,CD36,CNKSR3,COR
O1C,CYTIP,DLC1,DPP4,FLOT1,G
BP1,HLA-
DPA1,IGFBP2,KIF14,LEP,MAGI1
,MBP,MELTF,MUC1,MYADM,PD
CD1LG2,PLAU,PLEKHA2,PLPP3,
RIPOR2,S100A10,SERPINE1,TG
FBR2,THY1,TINAGL1,TRIOBP, 
VSIR 
 

BP GO:0051128 Regulation of Cellular 
component organization 

85 ACVRL1,ADAM9,ANKRD13A,AN
LN,APLN,ATP8B1,AURKB,AXL,B
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AIAP2L1,BNIP3,BRCA1,BST1,B
ST2,BUB1,CAV1,CCN2,CCNB1,C
D22,CD36,CDCA5,CENPE,CFL2,
CHAF1B,CHEK1,CORO1C,CRYA
B,DAB2,DLC1,DPP4,EDN1,EHD
3,ENPP2,EZR,FHL1,FLOT1,FRM
PD4,FSD1,HJURP,KIF11,KIF14,L
CP1,LMOD1,MAD2L1,MAGI1,M
CU,MELTF,MET,MKI67,MUC1,M
YADM,NDC80,NECAB2,NEK2,N
EK7,NEXN,NLGN1,NTF3,NUSAP
1,PADI2,PFN2,PLK1,PLK4,PSRC
1,RIMS1,RIPOR2,RRAD,S100A1
0,SCIN,SERPINE1,SKA1,SKA3,S
ORL1,SPAG5,STIL,STMN1,STXB
P6,TACC3,THY1,TNIK,TOP2A,T
PX2,TRIP13,UBE2C,WDR54 
 

BP GO:0051094 Positive regulation of 
developmental process 

47 ADAM9,ADIRF,ANXA3,AQP1,AX
L,BNIP3,BRCA1,CCN1,CCN2,CC
NA2,CD36,CD4,CD74,CORO1C,D
AB2,EDN1,ENPP2,FLOT1,FST,G
DF5,HDAC9,HMGB2,HSPB6,KIT,
LCP1,LEP,LOXL2,MCU,MYADM,
MYOCD,NLGN1,OSR1,PLAAT4,P
SG1,RBM24,RIMS1,RIPOR2,S10
0A10,SASH1,SCIN,SERPINE1,SL
C8A1,SMURF2,SORL1,TGFBR2,
TRIOBP,VSIR 

     
     
     
      

Appendix A- Table 3. List of all significantly MF GO terms enriched for the up-regulated DEG’s from 
3D culture condition. GO ID shows Gene ontology for the enriched term. Nr genes show the 
number of associated genes with the enriched term.  

Ontology 
source 

GO ID GO Term Nr.Genes Associated genes 

    MF GO:0071900 Regulation of Protein 
Serine/Threonine 
kinase activity 

     26 AGT,APOE,BMP2,CDKN2A,CDK
N2B,DUSP4,DUSP6,ERN1,FAM
20A,FLT1,IGF1,IL1B,KSR1,MA
P3K4,MDFIC,NTRK3,PDGFB,P
KIA,PRKAR2B,PTPN22,RGCC,T
CIM,TFAP4,TLR6,TNFSF11, 
WNT5A 
 

MF GO:0005125 Cytokine activity       16 CCL7,CLCF1,CRLF1,CX3CL1,CX
CL6,CXCL8,IL1A,IL1B,IL33,IL6,
KLF5,LIF,NDP,SCG2,TIMP1, 
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TNFSF11 
 

MF GO:0005178 Integrin binding       15 CD9,COL16A1,CX3CL1,CXADR,
EMILIN1,ESM1,F11R,FAP,FN1,
ICAM1,IGF1,IL1B,ITGAV,SPP1,
VCAM1 
 

MF GO:0050431 Transforming growth 
factor beta binding 

      6 LTBP1,LTBP2,LTBP3,LTBP4,N
RROS,TGFB3 
 

MF GO:0031702 Type 1 Angiotensin 
receptor binding 

      3 AGT,BDKRB1,BDKRB2 
 

MF GO:0005102 Signalling receptor 
binding 

       72 AGT,ANGPT1,APOE,ARNTL,AT
PA3,BDKRB1,BDKRB2,BMP2,B
MP6,C3,CADM1,CCL7,CD58,CD
9,CLCF1,COL16A1,CRLF1,CX3
CL1,CXADR,CXCL6,CXCL8,EFN
A1,EMILIN1,ERN1,ESM1,F11R,
FAP,FN1,FZD7,GAB2,GPNMB,H
BEGF,HGF,ICAM1,IGF1,IL11,IL
16,IL1A,IL1B,IL1RN,IL33,IL6,I
TGAV,KIF5,LIF,MRAP2,NDP,PC
SK9,PDGFB,PDPN,PLAUR,PLSC
R4,PPARGC1B,PTHLH,RARRES
2,S1PR1,SCG2,SEC14L2,SERPI
NE2,SLIT2,SMAD7,SPP1,SYT1,
TCIM,TGFB3,TIMP1,TLR1,TLR
6,TNFSF11,TRAF1,VCAM1,WN
T5A 
 

MF GO:0097644 Calcitonin family 
binding 

   3 CALCRL,RAMP1,RAMP2 
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Appendix A- Table 4. List of all significantly MF GO terms enriched for the up-regulated DEG’s from 
2D culture condition. GO ID shows Gene ontology for the enriched term. Nr genes show the 
number of associated genes with the enriched term.  

Ontology 
source 

GO ID GO Term Nr.Genes Associated genes 

     MF GO:0051347 Positive regulation of 
transferase activity 

     35 ADAM9,ADRA2A,ARRDC4,ATP2B4,A
URKB,CCN1,CCNA2,CCNB1,CCND1,C
D4,CD74,CDC20,CEMIP,CENPE,CLSP
N,DBF4B,ECT2,EDN1,HTR2B,KIF14,
KIT,LEP,NEK2,NTF3,PLAAT4,PLK1,P
RKAG2,RASGRP1,SASH1,STRADB,TN
IK,TPD52L1,TPX2,ZNF367 
 

MF GO:0050998 Nitric-oxide synthase 
binding 

     4 ATP2B4,CAV1,SCN5A,SNTA1 
 

 
MF 

 
GO:0032091 

 
Negative regulation of 
protein binding 

 
      12 

 
AURKA,AURKB,CARD16,CAV1,DAB2,
IFIT1,IFIT2,MET,PTPRF,RIPOR2,SOR
L1,STMN1 
 

MF GO:0019901 Protein Kinase binding    35 ACVRL1,ADRA2A,AURKA,BANK1,BC
L2L1,CALM3,CAV1,CCNA2,CCNB1,CC
ND1,CD4,CDC25A,CDC25C,CSPG4,DB
F4B,EZR,FAM83D,FOXM1,GYS1,HDA
C9,INKA2,KIF11,KIF14,KIF20A,PLK1,
PRC1,PRKAG2,PRKAR1B,RACGAP1,S
ASH1,SCN5A,STING1,TOP2A,TPX2,ZF
P36 
 

MF GO:0008092 Cytoskeletal Protein 
binding 

    47 ACTN4,ANKRD1,ANLN,ARL4C,CALM
3,CENPE,CNKSR3,CORO1C,COTL1,D
MD,EZR,FAM83D,FLNC,FMN2,FSD1,
GBP1,IQGAP3,KIF18B,KIF20B,KIF23,
KIF2C,LCP1,MAGI1,MAP7D3,MYL4,M
YO1B,MYOZ2,MYPN,NEXN,PFN2,PLK
1,PPARG,PRC1,RAB3B,RAB6B,RACG
AP1,RCAN3,RCSD1,SCN5A,SKA1,SLC
8A1,SPAG5,STMN1,SYNPO2,TPM2,T
RIM63,TRIOBP 
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Appendix A- Table 5. List of all significantly enriched Reactome pathways identified from the Up-
regulated DEG’s of 3D culture condition. ID shows Reactome pathway ID for the enriched 
pathways identified. Nr genes show the number of associated genes with the enriched term.  

Ontology 
Source 

ID Term Nr. Genes Associated Genes 

Reactome 
Pathway 

R-HAS:162582 Signal Transduction      141 AGT,ANGTP1,APOE,ARHGEF3
7,ARHGEF40,ATP2A3,ATP6V0
A2,BCL2L11,BDKRB1,BDKRB2
,BIRC3,BMP2,BMPR1B,C3,CAL
CRL,CAMKK1,CCL7,CDKN2B,C
DON,CMKLR1,COLA1,COL24A
1,COL6A3,COL9A3,CX3CL1,CX
CL1,CXCL2,CXCL6,CXCL8,CXCR
4,DACT1,DGKI,DLL4,DNER,DN
M1,DTX4,DUSP4,DUSP6,EDNR
B,EGR1,EGR2,EGR3,ELMO1,ER
EG,ETV4,F11R,F2RL1,FABP5,F
LRT2,FLT1,FMNL1,FMNL2,FM
NL3,FN1,FOS,FRK,FZD7,FZD8,
GAB2,GAS1,GLI2,GPNMB,GPR6
8,HBEGF,HES1,HEY1,HEY2,HG
F,HHAT,HTR4,HTR7,ID1,ID2,I
D3,IER3,IGF1,IL32,IL33,IL6,IR
S2,ITGA2,ITPR2,JUNB,JUP,KAL
RN,KHDRBS3,KSR1,LAMA2,LA
MC3,LGR4,MAML3,MECOM,M
MP2,MSI2,NFKBIA,NGFR,NMB,
NOTCH4,NR4A1,NRP2,NTRK3,
PDE4B,PDE4D,PDGFB,PDGFD,
PDK4,PENK,PLA2G4A,PLEKHG
1,PMEPA1,PRICKLE1,PRKAR2
B,PTHLH,PTPRU,RAB9B,RAMP
1,RAMP2,RDH10,RGS2,RPS6K
A5,S1PR1,SCD,SHC2,SKIL,SMA
D7,SMAD9,SNAI1,SOX4,SOX6,S
OX9,SPHK1,SPP1,SSTR2,TNFS
F10,TRAF1,TUBA4A,WNT5A,
WWTR1,ZFYVE16. 
 

Reactome 
Pathway 

R-
HAS:1566948 

Elastic Fibre 
Formation 

     14 BMP2,EMILIN1,FBLN2,FBL
N5,FN1,ITGAV,ITGB5,LTBP
1,LTBP2,LTBP3,LTBP4,MFA
P2,MFAP4,TGFB3 
 

Reactome 
Pathway 

R-
HAS:2129379 

Molecules 
associated with 
Elastic Fibres 

     14 BMP2,EMILIN1,FBLN2,FBL
N5,FN1,ITGAV,ITGB5,LTBP
1,LTBP2,LTBP3,LTBP4,MFA
P2,MFAP4,TGFB3 
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Reactome 
Pathway 

R-
HAS:8940973 

RUNX2 regulates 
Osteoblast 
Differentiation 

7 COL1A1,HES1,HEY1,HEY2,R
UNX2,WWTR1,ZNF521 
 

Reactome 
Pathway 

R-
HAS:8941326 

RUNX2 regulates 
Bone Development 

8 COL1A1,GLI2,HES1,HEY1,H
EY2,RUNX2,WWTR1,ZNF52
1 
 

Reactome 
Pathway 

R-HAS:381426 Regulation of 
Insulin-Like 
Growth Factor 
(IGF) transport and 
uptake by Insulin-
like Growth factor 
Binding 
Proteins(IGFBPs) 

23 APOE,C3,CDH2,CP,FAM20A,
FAM20C,FN1,IGF1,IGFBP3,I
L6,LTBP1,MMP2,PAPPA,PA
PPA2,PCSK9,PENK,SCG2,SP
ARCL1,SPP1,TIMP1,TMEM1
32A,TNC,VWA1. 
 

Reactome 
Pathway 

R-
HAS:8957275 

Post-Translational 
Protein 
Phosphorylation 

19 APOE,C3,CDH2,CP,FAM20A,
FAM20C,FN1,IGFBP3,IL6,LT
BP1,PCSK9,SCG2,SPARCL1,
SPP1,TIMP1,TMEM132A,TN
C,VWA1 
 

Reactome 
Pathway 

R-HAS:449147 Signalling by 
Interleukins 

36 CLCF1,CRLF1,CXCL1,CXCL2,
CXCL8,DUSP4,FN1,FOS,GAB
2,HGF,ICAM1,IL11,IL16,ILA,
IL1B,IL1RN,IL21R,IL27RA,I
L32,IL33,IL6,IRAK2,IRS2,JU
NB,LGALS9,LIF,MMP2,NFK
B2,NFKBIA,PTGS2,RPS6KA
5,S1PR1,SOD2,TIMP1,VCAM
1 
 

Reactome 
Pathway 

R-
HAS:6783783 

Interleukin-10 
Signalling 

11 CXCL1,CXCL2,CXCL8,ICAM1
,IL1A,IL1B,IL1RN,IL6,LIF,PT
GS2,TIMP1 
 

Reactome 
Pathway  

R-
HAS:6785807 

Interleukin-4 and 
Interleukin-13 
signalling 

15 CXCL8,FN1,FOS,HGF,ICAM1,
IL1A,IL1B,IL6,JUNB,LIF,MM
P2,PTGS2,S1PR1,TIMP1,VC
AM1 
 

Reactome 
Pathway 

R-HAS:191273 Cholesterol 
Biosynthesis 

10 ACAT2,DHCR24,DHCR7,HM
GCR,HMGCS1,HSD17B7,IDI
1,MSMO1,SC5D,SQLE 
 

Reactome 
Pathway 

R-
HAS:6807047 

Cholesterol 
biosynthesis via 
Desmosterol 

3 DHCR24,DHCR7,SC5D 
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Reactome 
Pathway 

R-
HSA:6807062 

Cholesterol 
Biosynthesis via 
Lathosterol 

3 DHCR24,DHCR7,SC5D 
 
 
 

Reactome 
Pathway 

R-
HSA:8957322 

Metabolism of 
Steroids 

18 ABCC3,ACAT2,AKR1C1,AKR
1C2,CYP27A1,DHCR24,DHC
R7,HMGCR,HMGCS1,HSD11
B1,HSD17B7,IDI1,INSIG1,M
SMO1,OSBPL6,SC5D,SCD,SQ
LE 
 

Reactome 
Pathway 

R-HSA:216083 Integrin Cell 
Surface 
Interactions 

20 COL13A1,COL16A1,COL18A
1,COL1A1,COL6A3,COL7A1,
COL9A3,COMP,F11R,FN1,H
SPG2,ICAM1,ITGA11,ITGA2,
ITGAV,ITGB5,LUM,SPP1,TN
C,VCAM1 
 

Reactome 
Pathway 

R-
HSA:3000157 

Laminin 
Interactions 

7 COL18A1,COL7A1,HSPG2,IT
GAV,LAMA2,LAMC3 
 

Reactome 
Pathway 

R-
HSA:3000171 

Non-Integrin 
membrane-ECM 
interactions 

10 COL1A1,FN1,HSPG2,ITGA2,I
TGAV,ITGB5,LAMA2,LAMC3
,PDGFB,TNC 
 

Reactome 
Pathway 

R-
HSA:3000187 

ECM Proteoglycans 15 BGN,COL1A1,COL6A3,COL9
A3,COMP,FN1,HSPG2,ITGA2
,ITGAV,ITGB5,LAMA2,LRP4,
LUM,TGFB3,TNC 
 

Reactome 
Pathway 

R-
HSA:8874081 

MET activates 
PTK2 signalling 

7 COL1A1,COL24A1,FN1,HGF,
ITGA2,LAMA2,LAMC3 
 

Reactome 
Pathway 

R-HSA:198725 Nuclear Events 
(Kinase and 
Transcription 
factor activation) 

12 DUSP4,DUSP6,EGR1,EGR2,E
GR3,FOS,ID1,ID2,ID3,ID4,JU
NB,RPS6KA5 
 

Reactome 
Pathway 

R-
HSA:9006934 

Signalling By 
Receptor Tryosine 
Kinases 

43 APOE,ATP6V0A2,COL1A1,C
OL24A1,COL6A3,COL9A3,,D
NM1,DUSP4,DUSP6,EGR1,E
GR2,EGR3,ELMO1,EREG,FL
RT2,FLT1,FN1,FOS,GAB2,H
BEGF,HGF,ID1,ID2,ID3,IGF1
,IRS2,ITGA2,ITGAV,ITPR2,J
UNB,JUP,LAMA2,LAMC3,NR
P2,NTRK3,PDGFB,PDGFD,P
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TPRU,RPS6KA5,SHC2,SPHK
1,SPP1 
 

Reactome 
Pathway 

R-
HSA:9031628 

NGF-stimulated 
Transcription 

9 EGR1,EGR2,EGR3,FOS,ID1,I
D2,ID3,ID4,JUNB 
 

Reactome 
Pathway 

R-
HSA:1442490 

Collagen 
Degradation 

11 COL13A1,COL14A1,COL15A
1,COL16A1,COL18A1,COL1
A1,COL6A3,COL7A1,COL9A
3,MMP14,MMP2 
 

Reactome 
Pathway 

R-
HSA:1474228 

Degradation of the 
Extracellular 
Matrix 

19 ADAMTS4,ADAMTS9,COL13
A1,COL14A1,COL15A1,COL
16A1,COL18A1,COL6A3,CO
L7A1,COL9A3,FN1,HSPG2,
MMP14,MMP16,MMP17,M
MP2,SPP1,TIMP1 
 

Reactome 
Pathway 

R-
HSA:1474244 

Extracellular 
Matrix 
Organisation 

48 ADAMTS4,ADAMTS9,BGN,B
MP2,COL13A1,COL14A1,CO
L15A1,COL16A1,COL18A1,
COL1A1,COL22A1,COL24A1
,COL6A3,COL7A1,COL9A3,C
OMP,EMILIN1,F11R,FBLN2,
FBLN5,FN1,HSPG2,ICAM1,I
TGA11,TGA2,ITGAV,ITGB5,
LAMA2,LAMC3,LRP4,LTBP1
,LTBP2,LTBP3,LTBP4,LUM,
MFAP2,MFAP4,MMP14,MM
P16,MMP17,MMP2,P4HA3,
PDGFB,SPP1,TGFB3,TIMP1,
TNC,VCAM1 
 

Reactome 
Pathway 

R-
HSA:1474290 

Collagen formation 12 COL13A1,COL14A1,COL15A
1,COL16A1,COL18A1,COL1
A1,COL22A1,COL24A1,COL
6A3,COL7A1,COL9A3,P4HA
3 
 

Reactome 
Pathway 

R-
HSA:1650814 

Collagen 
Biosynthesis and 
Modifying Enzymes 

12 COL13A1,COL14A1,COL15A
1,COL16A1,COL18A1,COL1
A1,COL22A1,COL24A1,COL
6A3,COL7A1,COL9A3,P4HA
3 
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Reactome 
Pathway 

R-HSA:216083 Integrin Cell 
Surface 
Interactions 

20 COL13A1,COL16A1,COL18A
1,COL1A1,COL6A3,COL7A1,
COL9A3,COMP,F11R,FN1,H
SPG2,ICAM1,ITGA11,ITGA2,
ITGB5,LUM,SPP1,TNC,VCA
M1 
 

Reactome 
Pathway 

R-
HSA:3000171 

Non-Integrin 
Membrane-ECM 
interactions 

10 COL1A1,FN1,HSPG2,ITGA2,I
TGAV,ITGB5,LAMA2,LAMC3
,PDGFB,TNC 
 

Reactome 
Pathway 

R-
HSA:8948216 

Collagen Chain 
Trimerization 

11 COL13A1,COL14A1,COL15A
1,COL16A1,COL18A1,COL1
A1,COL22A1,COL24A1,COL
6A3,COL7A1,COL9A3 

 

Appendix A- Table 6. List of all significantly enriched Reactome pathways identified from the Up-
regulated DEG’s of 2D culture condition. ID shows Reactome pathway ID for the enriched 
pathways identified. Nr genes show the number of associated genes with the enriched term. 

Ontology 
Source 

ID Term Nr. Genes Associated genes 

Reactome 
Pathway 

R-HSA:898249 Glycogen 
Metabolism 

7 CALM3,GBE1,GYS1,PPP1R3C,P
YGL,PYGM,UGP2 
 

Reactome 
Pathway 

R-HSA:90130216 RHOB GTPase cycle 11 ANLN,CAV1,CAVIN1,CIT,DIAP
H3,DLC1,ECT2,FLOT1, 
IQGAP3,RACGAP1,STOM 
 

Reactome 
Pathway 

R-HSA:983189 Kinesins 11 CENPE,KIF11,KIF15,KIF18B,K
IF20A,KIF23,KIF2C,KIF4A,KIF
C1,RACGAP1 
 

Reactome
Pathway  

R-HSA:397014 Muscle Contraction 23 ACTA2,ACTG2,ATP2B4,CALD1
,CALM3,DMD,DMPK,GUCY1A2,
KCND3,KCNJ12,LMOD1,MYH1
1,MYL4,MYL9,MYLK,SCN2A,SC
N3A,SCN5A,SCN8A,SLC8A1,SL
N,TPM2,VIM 
 

Reactome 
Pathway 

R-HSA:445355 Smooth Muscle 
Contraction 

10 ACTA2,ACTG2,CALD1,CALM3,
GUCY1A2,LMOD1,MYH11,MYL
9,MYLK,TPM2 
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Reactome 
Pathway 

R-HSA:156711 Polo-like Kinase 
Mediated Events 

10 CCNB1,CCNB2,CDC25A,CDC25
C,CENPF,FOXM1,MYBL2,PKM
YT1,PLK1,WEE1 
 

Reactome 
Pathway 

R-HSA:176417 Phosphorylation of 
Emi1 

4 CCNB1,CDC20,CDK1,PLK1 
 

Reactome 
Pathway 

R-HSA:251485 Condensation of 
Prometaphase 
Chromosomes 

5 CCNB1,CCNB2,NCAPG,CDK1,N
CAPH 
 

Reactome 
Pathway 

R-HSA:298076 Activation of NIMA 
Kinase 
NEK9,NEK6,NEK7 

5 CCNB1,CCNB2,CDK1,NEK7,PL
K1 
 

Reactome 
Pathway 

R-HSA:69273 Cyclin A/B1/B2 
associated events 
during G2/M 
transition 

10 CCNA2,CCNB1,CCNB2,CDC25A
,CDC25C,CDK1,FOXM1,PKMYT
1,PLK1,WEE1 
 

Reactome 
Pathway 

R-HSA:69478 G2/M DNA 
replication 
checkpoint 

5 CCNB1,CCNB2,CDK1,PKMYT1,
WEE1 
 

Reactome 
Pathway 

R-HSA:75035 Chk1/Chk2(Cds1)m
ediated inactivation 
of CyclinB:Cdk1 
complex 

5 CCNB1,CDC25C,CDK1,CHEK1,
WEE1 
 

Reactome 
Pathway 

R-HSA:141424 Amplification of 
Signal from the 
Kinetochores 

25 AURKB,BIRC5,BUB1,BUB1B,C
DC20,CDCA8,CENPA,CENPE,C
ENPF,CENPH,CENPI,CENPK,C
ENPM,CENPU,ERCC6L,KIF2C,
KNL1,MAD2L1,NDC80,NUF2,P
LK1,SGO2,SKA1,SPC24,ZWINT 
 

Reactome 
Pathway 

R-HSA:141444 Amplification of 
Signal from 
unattached 
kinetochores via a 
MAD2 inhibitory 
signal 

25 AURKB,BIRC5,BUB1,BUB1B,C
DC20,CDCA8,CENPA,CENPE,C
ENPF,CENPH,CENPI,CENPK,C
ENPM,CENPU,ERCC6L,KIF2C,
KNL1,MAD2L1,NDC80,NUF2,P
LK1,SGO2,SKA1,SPC24,ZWINT 
 

Reactome 
Pathway 

R-HSA:1640170 Cell Cycle 75 AURKA,AURKB,BIRC5,BRCA1,
BRIP1,BUB1,BUB1B,CCNA2,CC
NB1,CCNB2,CCND1,CCNE2,CD
C20,CDC25A,CDC25C,CDC45,C
DCA5,CDCA8,CDK1,CENPA,CE
NPE,CENPF,CENPH,CENPI,CE
NPK,CENPM,CENPU,CHEK1,CL
SPN,ERCC6L,ESCO2,ESPL1,EX
O1,FOXM1,GINS2,GTSE1,H2BC
5,HJURP,HMMR,HSPA2,KIF20
A,KIF23,KNL1,LMNB1,MAD2L
1,MCM10,MYBL2,NCAPG,NCA
PG2,NCAPH,NDC80,NEK2,NUF
2,ORC6,PKMYT1,PLK1,PLK4,P
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OLR2L,PRIM2,RAD51,PRM2,S
GO2,SKA1,SPC24,STAG3,SYNE
2,TK1,TOP2A,TPX2,TYMS,UBE
2C,WEE1,ZWINT 
 

Reactome 
Pathway 

R-HSA:194315 Signalling by Rho 
GTPase 

59 ANLN,ARHGAP11A,ARHGAP2
0,AURKB,BAIAP2L1,BAIAP2L
2,BIRC5,BUB1,BUB1B,CALM3,
CAV1,CAVIN1,CDC20,CDC25C,
CDC45,CDC42EP3,CDCA8,CEN
PA,CENPE,CENPF,CENPH,CEN
PI,CENPK,CENPM,CENPU,CIT,
CKB,DIAPH3,DLC1,ECT2,ERCC
6L,FARP1,FGD4,FLOT1,H2BC5
,IQGAP3,KIF14,KIF2C,KNL1,L
MNB1,MAD2L1,MYH11,MYL9,
MYLK,NDC80,NUF2,PDE5A,PF
N2,PLK1,PPP1R14A,PRC1,RAC
GAP1,RRAS2,SGO2,SKA1,SPC2
4,STOM,TIAM2,VIM,ZWINT 
 

Reactome 
Pathway 

R-HSA:195258 RHO GTPase 
Effectors 

38 AURKB,BIRC5,BUB1,BUB1B,C
ALM3,CDC20,CDC25C,CDCA8,
CENPA,CENPE,CENPF,CENPH,
CENPI,CENPK,CENPM,CENPU,
CIT,DIAPH3,ERCC6L,H2BC5,IQ
GAP3,KIF14,KIF2C,KNL1,MAD
2L1,MYH11,MYL9,MYLK,NDC
80,NUF2,PFN2,PLK1,PPP1R14
A,PRC1,SGO2,SKA1,SPC24,ZW
INT 
 

Reactome 
Pathway 

R-HSA:2467813 Separation of Sister 
Chromatids 

28 AURKB,BIRC5,BUB1,BUB1B,C
DC20,CDCA5,CDCA8,CENPA,C
ENPE,CENPF,CENPH,CENPI,CE
NPK,CENPM,CENPU,ERCC6L,E
SPL1,KIF2C,KNL1,MAD2L1,ND
C80,NUF2,PLK1,SGO2,SKA1,S
PC24,UBE2C,ZWINT 
 

Reactome 
Pathway 

R-HSA:250027 Resolution of Sister 
Chromatid Cohesion 

29 AURKB,BIRC5,BUB1,BUB1B,C
CNB1,CCNB2,CDC20,CDCA5,C
DCA8,CDK1,CENPA,CENPE,CE
NPF,CENPH,CENPI,CENPK,CE
NPM,CENPU,ERCC6L,KIF2C,K
NL1,MAD2L1,NDC80,NUF2,PL
K1,SGO2,SKA1,SPC24,UBE2C,Z
WINT 
 

Reactome 
Pathway 

R-HSA:2555396 Mitotic Metaphase 
and Anaphase 

32 AURKB,BIRC5,BUB1,BUB1B,C
CNB1,CCNB2,CDC20,CDCA5,C
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DCA8,CDK1,CENPA,CENPE,CE
NPF,CENPH,CENPI,CENPK,CE
NPM,CENPU,ERCC6L,ESPL1,KI
F2C,KNL1,LMNB1,MAD2L1,N
DC80,NUF2,PLK1,SGO2,SKA1,
SPC24,UBE2C,ZWINT 
 

Reactome 
Pathway 
 

R-HAS:5663220 RHO GTPases 
Activate Formins 

27 AURKB,BIRC5,BUB1,BUB1B,C
DC20,CDCA8,CENPA,CENPE,C
ENPF,CENPH,CENPI,CENPK,C
ENPM,CENPU,DIAPH3,ERCC6
L,KIF2C,KNL1,MAD2L1,NDC8
0,NUF2,PFN2,PLK1,SGO2,SKA
1,SPC24,ZWINT 
 

Reactome 
Pathway 

R-HSA:68877 Mitotic 
Prometaphase 

34 AURKB,BIRC5,BUB1,BUB1B,C
CNB1,CCNB2,CDC20,CDCA5,C
DCA8,CDK1,CENPA,CENPE,CE
NPF,CENPH,CENPI,CENPK,CE
NPM,CENPU,ERCC6L,KIF2C,K
NL1,MAD2L,NCAPG,NCAPH,N
DC80,NEK2,NEK7,NUF2,PLK1,
PLK4,SGO2,SKA1,SPC24,ZWIN
T 
 

Reactome 
Pathway 

R-HSA:68882 Mitotic Anaphase 32 AURKB,BIRC5,BUB1,BUB1B,C
CNB1,CCNB2,CDC20,CDC45,C
DCA5,CDCA8,CDK1,CENPA,CE
NPE,CENPF,CENPH,CENPI,CE
NPK,CENPM,CENPU,ERCC6L,E
SPL1,KIF2C,KNL1,LMNB1,MA
D2L1,NDC80,NUF2,PLK1,SGO
2,SKA1,SPC24,UBE2C,ZWINT 
 

Reactome 
Pathway 

R-HSA:68886 M Phase 41 AURKB,BIRC5,BUB1,BUB1B,C
CNB1,CCNB2,CDC20,CDCA5,C
DCA8,CDK1,CENPA,CENPE,CE
NPF,CENPH,CENPI,CENPK,CE
NPM,CENPU,ERCC6L,ESPL1,H
2BC5,KIF20A,KIF23,KIF2C,KN
L1,LMNB1,MAD2L1,NCAPG,N
CAPG2,NCAPH,NDC80,NEK2,N
EK7,NUF2,PLK1,PLK4,SGO2,S
KA1,SPC24,UBE2C,ZWINT 
 

Reactome 
Pathway 

R:HSA:69278 Cell Cycle Mitotic 64 AURKA,AURKB,BUB1,BUB1B,
CCNA2,CCNB1,CCNB2,CCND1,
CCNE2,CDC20,CDC25A,CDC25
C,CDC45,CDCA5,CDCA8,CDK1,
CENPA,CENPE,CENPF,CENPH,
CENPI,CENPK,CENPM,CENPU,
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ERCC6L,ESCO2,ESPL1,FOXM1,
GINS2,GTSE1,H2BC5,HMMR,K
IF20A,KIF23,KIF2C,KNL1,LMN
B1,MAD2L1,MCM10,MYBL2,N
CAPG,NCAPG2,NCAPH,NDC80,
NEK2,NEK7,NUF2,ORC6,PKM
YT1,PLK1,PLK4,PRIM2,PRM2,
SGO2,SKA1,SPC24,TK1,TOP2A
,TPX2,TYMS,UBE2C,WEE1,ZW
INT 
 

Reactome 
Pathway 

R-HSA:69618 Mitotic Spindle 
Checkpoint 

26 AURKB,BIRC5,BUB1,BUB1B,C
DC20,CDCA8,CENPA,CENPE,C
ENPF,CENPH,CENPI,CENPK,C
ENPM,CENPU,ERCC6L,KIF2C,
KNL1,MAD2L1,NDC80,NUF2,P
LK1,SGO2,SKA1,SPC24,UBE2C,
ZWINT 
 

Reactome 
Pathway 

R-HSA:69620 Cell Cycle 
Checkpoints 

45 AURKB,BIRC5,BRCA1,BRIP1,B
UB1,BUB1B,CCNA2,CCNB2,CC
NE2,CDC20,CDC25A,CDC25CC
DC45,CDCA8,CDK1,CENPA,CE
NPE,CENPF,CENPH,CENPI,CE
NPK,CENPM,CENPU,CHEK1,CL
SPN,ERCC6L,EXO1,GTSE1,H2B
C5,KIF2C,KNL1,MAD2L1,MCM
10,NDC80,NUF2,ORC6,PKMYT
1,PLK1,SGO2,SPC24,UBE2C,W
EE1,ZWINT 
 

Reactome 
Pathway 

R-HSA:9648025 EML4and NUDC in 
Mitotic spindle 
formation 

26 AURKB,BIRC5,BUB1,BUB1B,C
DC20,CDCA8,CENPA,CENPE,C
ENPF,CENPH,CENPI,CENPK,C
ENPM,CENPU,ERCC6L,KIF2C,
KNL1,MAD2L1,NDC80,NEK7,
NUF2,PLK1,SGO2,SKA1,SPC24
,ZWINT 
 

Reactome 
pathway 

R-HSA:9716542 Signalling by Rho 
GTPases,Miro 
GTPases and 
RHOBTB3 

60 ANLN,ARHGAP11A,ARHGAP2
0,AURKB,BAIAP2L1,BAIAP2L
2,BIRC5,BUB1,BUB1B,CALM3,
CAV1,CAVIN1,CDC20,CDC25C,
CDC42EP3,CDCA8,CENPA,CEN
PE,CENPF,CENPH,CENPI,CENP
K,CENPM,CENPU,CIT,CKB,DIA
PH3,DLC1,ECT2,ERCC6L,FARP
1,FGD4,FLOT1,H2BC5,IQGAP3
,KIF14,KIF2C,KNL1,LMNB1,M
AD2L1,MYH11,MYL9,MYLK,N
DC80,PDE5A,PFN2,PLK1,PPP1
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Appendix A. Table 7: A – List of all hub nodes identified from topological analysis using CenTiScaPe 
2.2 software for 3D PPIN. 

Hub nodes Node name Degree FDR LogFC 
F2RL1 F2R Like Trypsin 

Receptor 1 
7 0.001811308 1.846866338 

 
PCSK9 Proprotein 

convertase 
subtilisin/Kexin 
type 9 

18 0.001668766 4.274977453 
 
 
 

COL24A1 Collagen type XXIV 
Alpha 1 chain 

11 0.015027726 1.287869866 
 
 

EDNRB Endothelin 
Receptor Type B 

7 0.011425579 1.83679307 
 

CXCL6 C-X-C Motif 
Chemokine ligand 
6 

12 0.008184986 5.91237645 
 

CP Ceruloplasmin 18 0.036986445 2.729628613 
 

NMB Neuromedin B 7 0.0088362 1.261432226 
 

GPR68 G Protein-Coupled 
Receptor 68 

7 0.009437048 2.849224067 
 

FRK Fyn Related src 
family Tyrosine 
kinase 

6 0.015228808 1.286498054 
 

ISLR Immunoglobulin 
Superfamily 
Containing 
Leucine Rich 
Repeat 

6 0.002937886 2.903116522 
 

P4HA3 Prolyl 4-
Hydroxylase 
subunit Alpha 3 

11 0.000490456 3.933869418 
 

ITGB5 Integrin Alpha-
V/beta-5 

8 0.003238448 1.419295745 
 

HES1 Hes family BHLH 
Transcription 
factor 1 

6 0.013858092 3.899246514 
 

KALRN Kalirin RhoGEF 
Kinase 

8 0.003742407 1.796429138 
 

COL22A1 Collagen Type XXII 
Alpha 1chain 

11 0.016856899 1.981558833 
 

COL13A1 Collagen Type XIII 
Alpha 1 chain 

11 0.012291464 2.890010671 
 

SSTR2 Somatostatin 
receptor 2 

12 0.002065807 4.080230718 
 

R14A,PRC1,RACGAP1,RRAS2,S
GO2,SKA1,SPC24,STOM,TIAM
2,TRAK1,VIM,ZWINT 
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GPC6 Glypican 6 6 0.001366708 2.41808156 
 

COL16A1 Collagen Type XVI 
Alpha 1 chain 

12 0.000463278 3.037438309 
 

COL13A1 Collagen Type XIII 
Alpha 1 chain 

11 0.000463278 3.037438309 
 

CXCL2 C-X-C Motif 
Chemokine Ligand 
2 

12 0.005899634 2.492986805 

CX3CL1 C-X3-C Motif 
Chemokine Ligand 
1 

12 0.012989529 1.849107072 
 

FAM20C FAM20C Golgi 
associated 
secretory pathway 
kinase 

18 0.011985188 1.04832351 
 

VWA1 Von Willebrand 
Factor A Domain 
Containing 1 

18 0.004090171 1.8274559 
 

COL14A1 Collagen Type XIV 
Alpha 1 chain 

11 0.011003123 2.546595481 
 
 

BPI Bactericidal 
Permeability 
Increasing Protein 

6 0.00627068 2.597950104 
 

FAM20A FAM20A Golgi 
Associated 
Secretory 
Pathway 
Pseudokinase 

10 0.014065808 2.047746392 
 

COL15A1 Collagen Type XV 
Alpha 1 chain 

11 0.024960401 2.254269189 
 

MSMO1 Methylsterol 
Monooxygenase 1 

6 0.001803391 1.165390177 
 

NOTCH4 Notch receptor 4 6 0.015472052 1.756676567 
 

TMEM132A Transmembrane 
Protein 132A 

18 0.002355208 1.61213357 
 

SPARCL1 SPARC-like 
Protein 1 

18 0.006862983 3.360856204 
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Appendix A. Table 7: B – List of all Hub-Bottleneck nodes identified from topological analysis using 
CenTiScaPe 2.2 software for 3D PPIN. 

Hub-
Bottleneck 
nodes 

Node name Degree Betweenness FDR LogFC 

MMP2 Matrix 
metallopeptidase2 

9 1981.244 0.002661252 2.021605493 
 

AGT Angiotensinogen 19 2331.708 0.007235099 2.50945976 
 

BGN Biglycan 7 2013.171 0.012053725 1.387875426 
 

TGFB3 Transforming 
Growth Factor 
Beta3 

16 5333.195 0.004094284 1.899071034 
 

NFKBIA NFKB Inhibitor 
Alpha 

6 495.87 0.005567775 1.262654432 
 

IGFBP3 Insulin Like 
Growth factor 
binding protein 3 

20 884.0928 0.000886332 2.476006203 
 

HSPG2 Heparan sulfate 
Proteoglycan 2 

11 1238.353 0.004190384 1.261432226 
 

FOS Fos Proto-
Oncogene,AP-1 
Transcription 
factor subunit 

6 4299.176 0.004313914 2.195935017 
 

DNM1 Dynamin 1 9 2878.592 0.004194518 2.705742223 
 

CXCL1 C-X-C Motif 
Chemokine Ligand 
1 

17 728.3994 0.006361566 5.115149111 
 

COL7A1 Collagen Type 
VIICXCR4Alpha 1 
chain 

17 487.0192 0.004970302 1.636413631 
 

COL9A3 Collagen Type IX 
Alpha 3 chain 

15 815.7331 0.002349715 5.186709995 
 

CXCR4 CXC Chemokine 
receptor 

14 786.6263 0.009604764 2.296462516 
 

COL6A3 Collagen Type VI 
Alpha 3 chain 

14 443.7525 0.012980364 1.062250077 
 

SPP1 Secreted 
Phosphoprotein 1 

21 612.901 0.04911699 2.947482158 
 

IGF1 Insulin like 
Growth Factor 1 

14 2221.731 0.001299525 7.434401122 
 

COL1A1 Collagen Type I 
Alpha 1 chain 

16 639.7455 0.032699548 1.293831878 
 

HGF Hepatocyte 
Growth Factor 

11 491.3208 0.002349715 1.594768977 
 

BDKRB1 Bradykinin 
Receptor B1 

17 397.2469 0.024217596 2.93682261 
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WNT5A Wnt Family 
Member 5A 

6 644 0.015327895 1.465349716 
 

COL18A1 Collagen Type 
XVIII Alpha 1 
chain 

14 442.4232 0.004549172 1.20534068 
 

IL6 Interleukin 6  22 2936.067 0.003238448 2.487904097 
 

JUP Junction 
Plakoglobin 

6 396.5144 0.001843972 2.089624053 
 

BDKRB2 Bradykinin 
Receptor B2 

17 397.2469 0.021320252 2.564268434 
 

CXCL8 C-X-C Motif 
Chemokine Ligand 
8 

13 462.6283 0.006075512 5.857653099 
 

ITGA2 Integrin Subunit 
Alpha 2 

15 1231.234 0.016575903 2.722893668 
 

TNC Tenascin C  21 990.4125 0.002060147 2.578963167 
 

FN1 Fibronectin 1 31 4121.785 0.017666002 1.132165347 
 

S1PR1 Sphingosine-1-
phosphate 
receptor 1 

13 822.2824 0.048520568 1.685292507 
 

SMAD7 SMAD Family 
member 7 

6 956 0.001299525 1.873303792 
 

PENK Proenkephalin 29 2412.566 0.002108403 3.931658919 
 

LTBP1 Latent-
transforming 
growth factor 
beta-binding 
protein 1 

19 426.0926 0.001318183 2.857439762 
 

PDGFB Platelet-derived 
growth factor 
subunit B 

14 1811.664 0.025774521 1.852390821 
 

APOE Apolipoprotein E 22 1619.292 0.033633951 1.48175856 
 

TIMP1 TIMP 
Metallopeptidase 
inhibitor 1 

23 886.311 0.001840506 2.290675817 
 

ITGAV Integrin Subunit 
Alpha V 

19 2700.455 0.018310358 1.000248916 
 

C3 Complement 3 32 3330.75 0.001687656 6.647114979 
 

CDH2 Cadherin 2 20 2221.93 0.008738441 2.367078034 
 

PLAUR Plasminogen 
Activator, 
Urokinase 
Receptor 

7 420.0446 0.012475942 1.177111471 
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Appendix A. Table 8: A – List of all Hub nodes identified from topological analysis using 
CenTiScaPe 2.2 software for 2D PPIN. 

Hub nodes Node name Degree FDR LogFC 
ESPL Extra spindle pole 

bodies like1, 
separase 

40 0.029105546 1.524698736 
 

CENPA Centromere 
protein A 

33 0.004637307 3.257259729 
 

NUF2 NUF2 Component 
of NDC80 
Kinetochore 
complex 

35 0.001531207 3.82433037 
 

PBK PDZ Binding 
kinase 

35 0.004360876 3.493625184 
 

NCAPG Non-SMC 
Condensin I 
complex subunit G 

42 0.00162012 3.137725109 
 

MELK Maternal 
Embryonic 
Leucine Zipper 
Kinase 

12 0.003567758 2.035776372 
 

CENPI Centromere 
Protein I 

30 0.00850524 1.811043961 
 

KNL1 Kinetochore 
Scaffold 1 

31 0.002748488 2.982230211 
 

MKI67 Marker of 
Proliferation Ki-67 

22 0.003908733 3.733180246 
 

KIFC1 Kinesin Family 
Member C1 

16 0.003178658 2.615109175 
 

CKAP2 Cytoskeleton 
Associated Protein 
2 

16 0.003238448 1.216633832 
 

CEP55 Centrosomal 
protein 55 

23 0.000490456 3.875864597 
 

CENPU Centromere 
Protein U  

30 0.005742744 2.126666935 
 

SKA1 Spindle and 
Kinetochore 
Associated 
Complex subunit 1 

30 0.00150285 4.468759737 
 

TPX2 TPX2 Microtubule 
Nucleation Factor 

34 0.001777311 3.00758486 
 

CENPH Centromere 
protein H 

30 0.013430999 1.552464452 
 

NEK2 NIMA Related 
Kinase 2 

25 0.002325741 3.382308836 
 

TACC3 Transforming 
Acidic Coiled-Coil 

13 0.004345815 2.120695991 
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Containing protein 
3 

ERCC6L ERCC Excision 
Repair 6 Like, 
Spindle Assembly 
Checkpoint 
Helicase 

29 0.004504023 3.727315964 
 

KIF18B Kinesin Family 
Member 18B 

12 0.008354904 3.111384638 
 

CENPM Centromere 
protein M 

30 0.009821364 2.649936289 
 

BIRC5 Baculoviral IAP 
Repeat containing 
5 

46 0.004493257 4.081938875 
 

ZWINT ZW10 Interacting 
kinetochore 
protein 

30 0.0088362 1.670251567 
 

CDCA5 Cell Division Cycle 
Associated 5 

29 0.03031959 2.238675329 
 

NDC80 NDC80 
Kinetochore 
complex 
component 

58 0.001372508 3.021569351 
 

SGO2 Shugoshin 2 30 0.009293617 1.288267154 
 

TOP2A DNA 
Topoisomerase II 
Alpha 

42 0.001165054 2.89659825 
 

SPC24 SPC24 Component 
of NDC80 
Kinetochore 
Complex 

29 0.005785493 2.470173601 
 

CENPF Centromere 
protein F 

47 0.002060147 2.895505568 
 

NUSAP1 Nucleolar and 
spindle-associated 
protein 1 

38 0.001251979 3.314799034 
 

CENPK Centromere 
Protein K 

30 0.012320798 1.551913304 
 

BUB1B BUB1 Mitotic 
Checkpoint 
Serine/Threonine 
kinase B 

56 0.006503539 3.399674914 
 

MAD2L1 Mitotic Arrest 
Deficient 2 Like 1 

50 0.014618613 1.56588803 
 

SPAG5 Sperm Associated 
Antigen 5 

26 0.004464651 1.941291522 
 

FOXM1 Forkhead Box M1 13 0.000797808 3.097096921 
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HMMR Hyaluronan 
Mediated Motility 
Receptor 

13 0.002264357 2.943361675 
 

DLGAP5 DLG Associated 
Protein 5 

44 0.004082318 3.635304394 
 

ECT2 Epithelial Cell 
Transforming 2 

13 0.016762734 1.379557255 
 

TTK TTK Protein 
Kinase 

38 0.004464651 2.733838672 
 

HJURP Holiday Junction 
Recognition 
protein 

17 0.001928243 3.203081038 
 

CDCA8 Cell Division Cycle 
Associated 8  

57 0.003483516 2.599888302 
 

 

Appendix A. Table 8: B – List of all Hub-Bottleneck nodes identified from topological analysis using 
CenTiScaPe 2.2 software for 2D PPIN. 

Hub-
Bottleneck 
nodes 

Node name Degree Betweenness FDR LogFC 

BUB1 BUB1 Mitotic checkpoint 
Serine/Theorine Kinase 

64 817.5731 0.001978756 3.190094883 
 

MELTF Melanotransferrin 13 3939.652 0.003826986 2.564609172 
 

BRCA1 BRCA1 DNA Repair 
Associated 

16 4093.32 0.00808803 1.138006071 
 

AP1M1 Adaptor Related Protein 
Complex 1 Subunit Mu 1 

12 13335.81 0.006846232 1.001283698 
 

AURKB Aurora Kinase B 57 6626.39 0.005687849 3.241589936 
 

CDK1 Cyclin Dependent kinase 1 77 6743.462 0.003777723 3.644463136 
CHEK1 Checkpoint kinase 1 

 
17 2577.136 0.011595981 1.556687577 

 
KIF11 Kinesin Family member 

11 
57 3886.124 0.004464651 1.889152042 

 
RACGAP1 Rac GTPase Activating 

Protein 1 
25 898.052 0.002507728 1.291011579 

 
CDC20 Cell Division Cycle 20 68 2836.085 0.00317194 3.941772343 

 
KIF15 Kinesin Family Member 

15 
27 722.8303 0.004453744 2.302787126 

 
KIF2C Kinesin Family Member 

2C  
56 3058.897 0.012475774 2.343565207 

 
KIF20A Kinesin Family Member 

20A 
49 2535.006 0.001668766 4.555159804 

 
RRM2 Ribonucleotide reductase 

regulatory subunit M2 
32 1471.774 0.00147296 3.617892423 

 
PLK1 Polo like kinase 1 59 1467.259 0.00201493 3.126730496 

 
CCNB1 Cyclin B1 61 3123.768 0.002389883 1.932300416 
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AURKA Aurora kinase A 37 1247.594 0.033007796 1.846837353 

 
BST1 Bone Marrow Stromal Cell 

Antigen 1 
13 5855.359 0.000622645 2.557359749 

 
HLA-DPA1 Major Histocompatibility 

Complex, ClassII DP Alpha 
1 

16 17296.68 0.033540083 1.1351112 
 

CCN1 Cellular Communication 
Network Factor 1 

57 2579.39 0.016890788 1.294122313 
 

UBE2C Ubiquitin Conjugating 
Enzyme E2 C 

40 3008.384 0.006968749 3.157722817 
 

CENPE Centrosome-associated 
Protein E 

52 2529.987 0.001372508 2.3619161235 
 

ASPM Abnormal spindle-like 
microcephaly-associated 
protein 

51 1373.591 0.001856549 3.293889434 
 

KIF4A Kinesin Family Member 
4A 

33 4318.056 0.006212355 3.196372686 
 

CCNB2 Cyclin B2 12 3216.078 0.003186428 2.434230792 
 

KIF23 Kinesin family Member 23 20 4290.087 0.010030745 2.361979869 
 

CDC45 Cell Division Cycle 45 12 751.4471 0.008897265 2.71329548 
 

PRC1 Protein regulators of 
cytokinesis 1 

29 967.5872 0.000761279 2.770717007 
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Appendix B: Integration of Protein-protein Interaction Network and Module 
analysis 

Appendix B – Figure I. Protein-Protein Interaction Network of 3D  

 

 

 

Figure I. Protein-Protein Interaction (PPI) network of DEG’s in 3D culture condition with a combined 
score>0.9 determined by STRING was visualized in the Cytoscape. Node color in different shades of blue 
represented based on the up-regulated DEG’s LogFC (Dark blue represent the nodes with high fold change 
and light blue represent the node with low fold change). Edges between the nodes indicate the interaction 
(Edges) 
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Appendix B – Figure II. Protein-Protein Interaction Network of 2D 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II. Protein-Protein Interaction (PPI) network of DEG’s in 2D culture condition with a combined 
score>0.9 determined by STRING was visualized in the Cytoscape. Node color in different shades of purple 
represented based on the up-regulated DEG’s LogFC(Dark purple color represents the node with high fold 
change and light purple color represents node with low fold change. Lines between the nodes indicate the 
interaction (Edges). 
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