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Highlights 

 

• Choosing the appropriate protein as a growth factor for tissue engineering 

applications is vital. 

• Three major biological processes are investigated by creating a PPI network of bone 

regeneration efficient proteins. 

• Three significant proteins are involved simultaneously in osteogenesis, angiogenesis, 

and its positive regulatory. 

• To promote angiogenesis and osteogenesis, PTGS2 and FGF18 could be used as 

growth factors in bone tissue engineering. 

• The function of TEK protein as a growth factor in bone tissue engineering should be 

determined in future studies. 
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Abstract 

The principal purpose of tissue engineering is to stimulate the injured or unhealthy tissues to 

revive their primary function through the simultaneous use of chemical agents, cells, and 

biocompatible materials. Still, choosing the appropriate protein as a growth factor (GF) for 

tissue engineering is vital to fabricate artificial tissues and accelerate the regeneration 

procedure. In this study, the angiogenesis and osteogenesis-related proteins’ interactions are 

studied using their related network. Three major biological processes, including osteogenesis, 

angiogenesis, and angiogenesis regulation, were investigated by creating a protein-protein 

interaction (PPI) network (45 nodes and 237 edges) of bone regeneration efficient proteins. 

Furthermore, a gene ontology and a centrality analysis were performed to identify essential 

proteins within a network. The higher degree in this network leads to higher interactions 

between proteins and causes a considerable effect. The most highly connected proteins in the 

PPI network are the most remarkable for their employment. The results of this study showed 

that three significant proteins including prostaglandin endoperoxide synthase 2 (PTGS2), 

TEK receptor tyrosine kinase (TEK), and fibroblast growth factor 18 (FGF18) were involved 

simultaneously in osteogenesis, angiogenesis, and their positive regulatory. Regarding the 

available literature, the results of this study confirmed that PTGS2 and FGF18 could be used 

as a GF in bone tissue engineering (BTE) applications to promote angiogenesis and 

osteogenesis. Nevertheless, TEK was not used in BTE applications until now and should be 

considered in future works to be examined in-vitro and in-vivo. 
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1. Introduction 

1.1. Background Information 
 

Tissue engineering (TE) implies utilizing bioactive materials that can easily interact with the 

body to encourage tissue repair and/or regeneration [1] . BTE consists of three essential 

components: cells, scaffold, and growth factor [2]. The scaffold must be conducive to cell 

attachment to provide great cell function maintenance in a long period time [3].  A wide 

range of biomaterials can be used as scaffolds in BTE, such as polymers, ceramics, and 

hydrogels [4-7]. It has been reported that Polylactic acid (PLA) [8-11], polylactic-co-glycolic 

acid (PLGA) [12-15], Polycaprolactone (PCL) [16-19], Hydroxyapatite (HA) [20-22], β-

Tricalcium phosphate (β-TCP) [23, 24], Biphasic calcium phosphate (BCP) [25-28], and 

Gelatin-Methacryloyl (GelMA) [29-31] are the most used biomaterials in this field due to 

their mechanical and cell viability properties. Also, these materials could be utilized as 

composites in the scaffold fabricating [32-35]. 

GFs such as proteins or steroid hormones could be also widely employed in BTE in order to 

stimulate cell proliferation and differentiation [36]. GFs regulate cellular functions by acting 

as signaling molecules and binding to transmembrane receptors between cells [37]. In 

development, they regulate tissue morphogenesis, angiogenesis, and neurite outgrowth, while 

in adults, they play an undeniable role in tissue healing and homeostasis [38]. Therefore, the 

application of GFs could artificially enhance healing processes in patients’ self-healing 

capacity [39]. Bone tissue can regenerate itself during the process of repair [39], while today 

it has attracted significant attention compared to other tissues, in the field of regenerative 

medicine, due to the steep rise in bone disorders and defects [40]. 

In-vitro and in-vivo evaluations, as two broad experimental methods, have been routinely 

used in biological research to monitor biological trends outside and inside living organisms, 
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respectively [41]. The latter is often utilized over the former as it could be suited for 

observing the overall effects of an experiment on a living subject [42]. However, a computer 

modeling study like in-silico is usually required to evaluate the results obtained from 

experimental techniques [43-45]. According to the literature, some researchers performed in-

silico studies on bone biology and bone healing [44-47]. 

An in-silico biology procedure performed by Gerhard et al. [44] demonstrates a noteworthy 

fact that bone adaption simulation does not demand any specific data on bone strain 

distribution. Peiffer et al. [48] developed a hybrid mathematical model to simulate 

angiogenesis's biological aspects during the bone healing process. They presented the first 

mathematical model mimicking the bone regeneration throughout fracture healing within a 

practical, lattice-free description of endothelial tip cell migration and angiogenesis.  

Baylink et al. [46] studied the effect of GFs on bone reconstruction. Their results suggested 

a specific function of different proteins in the regulation of bone formation and growth. 

Furthermore, several recombinant GFs were investigated by Devescovi et al. [47] in order to 

be used in experimental research and clinical applications. Their findings showed that 

preliminary research results’ monitoring as well as utilizing from clinical trial outputs would 

lead to accelerating the development of GFs in orthopedic surgery.  

1.2. Computational science in TE 

Considering regenerative medicine facilities, TE and cell therapy, and systems biology 

applications' independent up-ward trend, a remarkable synergy could be available in 

consonance with computational science (Figure 1). In this regard, researchers studied the 

correlation of bone biology and its regeneration process through converging areas of the 

sciences [43, 49]. Recently, Defranoux et al. [43] developed an in-silico mathematical model 

to simulate and predict the bones’ biology mechanism in the remodeling process stage. They 

developed an in-silico model to evaluate the effect of pharmaceutical and clinical factors on 
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bone illness metabolism, resulting in a predictive bio-simulation system of bone biology by 

gathering and keeping data in a quantitative framework. In another approach, Giorgi et al. 

[49] designed an in-silico mathematical and mechanobiological system to develop an 

integrated finite element (FE) model of bone cells. They found that the same as the aided 

manner of mechanobiology modeling in developing implants fabrication methods, multi-

scale, and multi-physics computational modeling could significantly strengthen primary 

attempts in optimizing clinical and therapeutic methods.  

 

 

Figure 1. Science converging in the regenerative medicine field includes tissue engineering, cell therapy, 

systems biology, and computational science, which can influence and be mutually beneficial to one another. 

 

Furthermore, Ribeiro et al. [45] demonstrated an in-silico mechanochemical model of bone 

reconstruction with critical-sized defects, studying the proposed relation between bone 
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morphogenetic protein 2 (BMP-2) and bone regeneration. They reported that this novel in-

silico platform could provide promising insight for bone tissue regeneration strategies. 

Moreover, Wu et al. [50] investigated the computational models on vascular endothelial 

growth factor (VEGF) utility from the bench to the bedside. They introduced the molecular-

level kinetic models and focused on VEGF ligand-receptor interactions near the endothelial 

cell surface.  

Various studies have been conducted on BTE and its dependent research to know how cells 

can be affected by their surrounding environmental factors. The final achievements of these 

studies, either in-vivo or in-vitro, have been gathered into databases like the compendium for 

biomaterial transcriptomics (cBiT) [51], connectivity map (CMAP) [52], and 

differentiation map (DMAP) [53]. Working with these databases leads to achieving 

comprehensive, accurate data about what you look for. One of the best useful databases is the 

regeneration gene database [54], which gathers genes in tissues and organs.  

GF selection could be based on experimental and existing data. There are several reports 

regarding the effect of using each GF without any coherence and correlation between them. If 

these GFs have interaction between them, so what is it like? Is it possible that by increasing 

the amount of FGF-2, the amount of BMP-2 will increase? If yes, so what are the effects? 

One of the cheapest methods for responding to these kinds of questions is evaluating them 

with an in-silico study.  

Here, bone GFs’ interactions are studied by creating interaction networks using the 

regeneration gene database, Wikipathway database, Cytoscape software, and R package. 

Then, each GF’s influence on angiogenesis, its regulatory, and osteogenesis is investigated 

using a bone regeneration network via a systems biology approach, the mathematical 

modelling of complicated biological systems. 

2. Methods 
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2.1. The software and database 

In this research, a systems biology study was performed using the regeneration gene 

database [54]. According to the regeneration gene database, 45 protein-coding genes have 

participated in bone regeneration [54]. Here, all 45 protein-coding genes were selected from 

this database (Table 1) to investigate their interactions and their impact on one another. To 

investigate the protein-protein interaction (PPI) and validate the hypotheses of biological 

pathways with experimental data, adequate software analysis should find a reasonable 

relationship between gathering data and its presentation as a biological platform. Since 

Cytoscape software meets the bioinformatics software network’s necessity, it was selected to 

be a proper analysis tool. Then, the “STRING App” in “Cytoscape 3.7.2 software” was 

utilized to demonstrate a 45 node included graph [55].  

This is an accepted fact that the best representing extensive biological data method is their 

visualizing as a series of nodes and edges. In employed graphs, biological molecules and their 

relationship are presented in nodes and edges, respectively [56]. Here, creating a PPI 

network, the graph has 45 nodes and 237 edges. Furthermore, Cytoscape software has been 

extensively used in proteomics and health science communities [56].  

2.2. Network expansion 

Cytoscape software is designed for the visualization of biomolecular interaction networks 

along with pathways. In this regard, the “STRING App” acts as an integrating tool of 

available experimental data and pathways from valid databases. This facility, meanwhile, 

envisages some interactions based on co-expression analysis and evolutionary signals across 

genomes. Moreover, automatically extracting the biomedical literature highlights is 

considered a merit for this application [55]. Each node in the graph carries an important task 

showing a network might present significant insights into the network frame, and its roles 
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implicitly codify. Distinguishing the node's critical role is of great importance in figuring out 

the regular hierarchical formation of biological networks. In this way, the “degree” of a node 

is defined as the number of edges at a node and indicates its relationship’s importance [57]. 

For further pathway analysis we used wikipathway database [58]. 

2.3. Gene ontology & Centrality analysis 
 

In a PPI data collection, proteins are shown as nodes, and interactions between them are 

presented via the edge. Comparative evaluation between two proteins shows a higher 

possibility of sharing of interacting proteins compared to non-interacting ones. In this study, 

the generated graph was undirected. Also, a gene ontology (GO) analysis was performed to 

unify gene and gene products [59]. Furthermore, a centrality analysis [60]  was performed 

based on the degree index. In network analysis, based on graph theory, headmost nodes are 

the most efficient ones. The results of this analysis leading to a degree-based array of nodes 

in the network. A circular layout was selected to illustrate comprehensible figures. 

The relation line thickness between nodes is diverse. These thicknesses are related to the 

amount of interaction between proteins. The thicker line between the two nodes shows the 

most substantial relationship between the two proteins. Also, a thicker line presents much 

more evidence and documents to approve the connectivity. Gene Ontology was performed by 

cluster profiler package via R [61]. The GO data is accessible via the supplementary table 

(Table S1).  

Table 1. The list of protein coding genes that are involved in bone regeneration [54]. 

No. Name Entrez ID Degree 

1 VEGFA 7422 29 

2 FGF2 2247 23 

3 SPP1 6696 22 

4 BMP2 650 22 

5 HGF 3082 21 

6 NGF 4803 21 

7 MMP9 4318 21 

8 BMP4 652 20 

9 IL1B 3553 20 

10 MMP2 4313 20 
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11 PTGS2 5743 20 

12 KDR 3791 18 

13 RUNX2 860 18 

14 BDNF 627 18 

15 SHH 6469 17 

16 TEK 7010 15 

17 HIF1A 3091 14 

18 CSF3 1440 13 

19 BMP7 655 13 

20 MCAM 4162 11 

21 SIRT1 23411 11 

22 FGF18 8817 10 

23 CALCA 796 9 

24 GSK3B 2932 9 

25 TAC1 6863 8 

26 THBS2 7058 6 

27 IL7 3574 6 

28 NOTCH2 4853 6 

29 MEPE 56955 5 

30 RECK 8434 4 

31 APOA1 335 4 

32 NELL1 4745 3 

33 GPNMB 10457 3 

34 HRH2 3274 2 

35 SATB2 23314 2 

36 GNAS 2778 2 

37 EGLN1 54583 2 

38 HRH1 3269 2 

39 NOV 4856 2 

40 COL5A3 50509 1 

41 KAZALD1 81621 1 

42 PAPPA 5069 0 

43 FAM53B 9679 0 

44 ELF4 2000 0 

45 LXN 56925 0 

 

 

3. Results 

 
GO analysis showed that 15 proteins in the network are allocated for osteogenesis (GO: 

0001503), in which 13 proteins belong to angiogenesis (GO: 0001525) (Figure 2). Also, six 

proteins are involved in both mechanisms, highlighted by the green color in Figure 2. Here, 

the nodes are sorted by degree index in a counterclockwise. The highest degree node with 29 

edges is accounted for vascular endothelial growth factor A (VEGFA), whereas Kazal Type 

Serine Peptidase Inhibitor Domain 1 (KAZALD1) is the last node in a circular pattern.  

Furthermore, there are four proteins which have not any interaction with the other 41 

proteins in the network: latexin (LXN), E74 like ETS transcription factor 4 (ELF4), Family 
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with sequence similarity 53 member B (FAM53B), and Pappalysin 1 (PAPPA). This means 

that there is no scientific evidence proving that these four proteins could have any interaction 

with one another up to now. However, they are helpful in the bone healing and regeneration. 

 

 
 

Figure 2. A PPI network and a GO analysis of bone regeneration effective growth factors performed by 

STRING App database: Blue (Osteogenesis), Red (Angiogenesis), Green (Both of them). 
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Figure 3. A PPI network and a GO analysis of bone regeneration effective growth factors performed by 

STRING App database: Blue (Angiogenesis), Red (Regulation of angiogenesis), Green (Both of them). 

 

Another biological process related to bone regeneration, called regulation of angiogenesis, is 

defined as well as angiogenesis [62]. Any process that regulates frequency and level of 

angiogenesis could be defined as angiogenesis regulating [63]. Figure 3 shows five proteins, 

which participate in only angiogenesis regulation (red-colored nodes), besides the five 

proteins, which participate in only angiogenesis (blue-colored nodes), and eight proteins that 

are common between angiogenesis and its regulation (green-colored nodes). The line 



13 

 

thickness difference, presenting the evidence and documents to approve the connectivity, is 

also perceptible in the network radial layout (Supplementary Figure S1). 

 

 

Figure 4. Dot plot (a) and upset plot (b) for the set of genes. According to the results, ossification has the best 

score. 
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According to our GO results (Figure 4a and b), Ossification has the best q-value following 

vascular development and angiogenesis. They all pointed at two significant and inter-related 

pathways; osteogenesis and angiogenesis. Moreover, based on the pathway analysis (Figure 

5), angiogenesis got the best enrichment score, supporting the GO results. In this analysis, we 

used the wikipathway database via webgestalt.  

 

 

Figure 5.  According to the pathway analysis via wikipathway, angiogenesis has the best enrichment score, 

following by Oligodendrocyte Specification and Lung fibrosis. 

 

4. Discussion  

Proteins that participate in both osteogenesis and angiogenesis procedures could play a more 

critical role in bone tissue regeneration than proteins beneficial in only one process. Previous 

studies approve the fact that angiogenesis could amplify the osteogenesis and bone healing 

process, since bone tissue is a highly vascularized organ [64, 65]. Thus, green-colored 
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proteins in Figure 2 possess the potential of being recommended to be considered as a GF in 

BTE. In GO description, angiogenesis (GO: 0001525) is defined as a combination of pre-

formed blood vessels and the organization of newly formed vessels [66].  

As mentioned above, angiogenesis and its regulation have a significant role in both BTE and 

reconstruction procedures. The success or failure of bone regeneration is based on the state of 

angiogenesis and its quantity and quality [64]. New-formed blood vessels carry oxygen and 

nutrients to regenerated callus and act as a way for inflammatory cells [64, 67]. An optimal 

scaffold with the opportunity of a vascularized network could ameliorate bone regeneration. 

Delivering adequate GFs, minerals, nutrients, and oxygen to the cells through vascularized 

bone scaffolds leads to bone reconstruction and healing. Thus, the angiogenesis and 

osteogenesis positively correlate with each other, which is the primary key that should be 

considered in BTE [64].  

The regulation process could be defined in two different directions, positive or negative. 

Positive regulation of angiogenesis causes an increment in the angiogenesis trend. In TE, an 

increase in angiogenesis potential might be required for generating new vessels to deliver the 

nutrients to the cells as well as oxygen. In such cases, utilizing positive regulators could be 

helpful as they can accelerate vascularization. Table 2 summarizes the protein list related to 

the biological processes mentioned above. Based on these results, thrombospondin 2 

(THBS2), glycoprotein nmb (GPNMB), and egl-9 family hypoxia-inducible factor 1 

(EGLN1) are negative angiogenesis regulators, while the other ten proteins are positive 

angiogenesis regulators.  

Table 2. The list of protein coding genes that are related to osteogenesis, angiogenesis, and regulation of 

angiogenesis. 

No. Name Entrez ID Degree Osteogenesis Angiogenesis 
Regulation of 

Angiogenesis 

1 VEGFA 7422 29  * * Positive 

2 FGF2 2247 23  * * Positive 

3 SPP1 6696 22 *   

4 BMP2 650 22 *   

5 HGF 3082 21   * Positive 
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6 NGF 4803 21    

7 MMP9 4318 21 *   

8 BMP4 652 20 * *  

9 IL1B 3553 20   * Positive 

10 MMP2 4313 20 * *  

11 PTGS2 5743 20 * * * Positive 

12 KDR 3791 18  * * Positive 

13 RUNX2 860 18 *   

14 BDNF 627 18    

15 SHH 6469 17 * *  

16 TEK 7010 15 * * * Positive 

17 HIF1A 3091 14  * * Positive 

18 CSF3 1440 13    

19 BMP7 655 13 *   

20 MCAM 4162 11  *  

21 SIRT1 23411 11  * * Positive 

22 FGF18 8817 10 * * * Positive 

23 CALCA 796 9    

24 GSK3B 2932 9    

25 TAC1 6863 8    

26 THBS2 7058 6   * Negative 

27 IL7 3574 6    

28 NOTCH2 4853 6    

29 MEPE 56955 5    

30 RECK 8434 4    

31 APOA1 335 4    

32 NELL1 4745 3    

33 GPNMB 10457 3 *  * Negative 

34 HRH2 3274 2    

35 SATB2 23314 2 *   

36 GNAS 2778 2 *   

37 EGLN1 54583 2   * Negative 

38 HRH1 3269 2    

39 NOV 4856 2  *  

40 COL5A3 50509 1    

41 KAZALD1 81621 1 *   

42 PAPPA 5069 0    

43 FAM53B 9679 0    

44 ELF4 2000 0    

45 LXN 56925 0    

 

Furthermore, some proteins do not possess any particular role in the mentioned biological 

processes. Some proteins participate in both mentioned processes and other procedures at the 

same time. For instance, matrix metallopeptidase 9 (MMP9) has another role in addition to 

osteogenesis, such as positive regulations of multicellular organismal process, signalling, cell 

communication, and negative regulation of cell death. However, since angiogenesis is a much 

more challenging matter in the regeneration and tissue engineering discussions, it has been 

more considered through this study. 
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Also, Figure 6 shows the GO result in a hierarchical layout. Based on a hierarchical layout, 

the regulation of anatomical structure morphogenesis (GO: 0022603) defines at the top. Such 

GO term stands for any procedure regulating the frequency and level of anatomical structure 

morphogenesis responsible for angiogenesis regulators. The next level is “regulation of 

vascular development”, which is any procedure that regulates frequency and level of vascular 

progress (GO: 1901342). Also, the next level accounts for “angiogenesis”. Table 3 shows 

downstream GO nodes for the “regulation of angiogenesis” processes. 

 

Table 3. Downstream nodes of regulation of angiogenesis (GO: 0045765). 

No. Name GO number 

1 Positive regulation of angiogenesis 0045766 

2 Regulation of vascular wound healing 0061043 

3 Negative regulation of angiogenesis 0016525 

4 Regulation of blood vessel branching 1905553 

5 Regulation of sprouting angiogenesis 1903670 
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Figure 6. Hierarchical graph for GO: 0045765. 
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According to Table 2, three major proteins, including prostaglandin-endoperoxide synthase 

2 (PTGS2), TEK receptor tyrosine kinase (TEK), and fibroblast growth factor 18 (FGF18) 

are involved simultaneously in three biological processes (osteogenesis, angiogenesis, and 

positive regulation of angiogenesis). Figure 7 illustrates these proteins in separated zones 

next to common proteins as well.  

 

Figure 7. Venn diagram for three biological processes: osteogenesis, angiogenesis, and regulation of 

angiogenesis. 

 

Figure 7 is a Venn diagram showing no other common protein among two processes: 

osteogenesis and positive regulation of angiogenesis, except three aforementioned. In 

contrast, the common proteins among angiogenesis and osteogenesis are bone morphogenetic 

protein 4 (BMP4), matrix metallopeptidase 2 (MMP2), and sonic hedgehog signaling 

molecule (SHH). Also, there are a series of proteins that participate in both angiogenesis and 
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its regulatory processes, such as VEGFA, Fibroblast growth factor 2 (FGF2), kinase insert 

domain receptor (KDR), hypoxia-inducible factor 1 subunit alpha (HIF1A), and Sirtuin 1 

(SIRT1).  

PTGS2 has the highest degree between these proteins. So, it could be considered a more 

efficient protein in regulating other proteins. This means that PTGS2 is a more suitable 

choice to be added as a GF since it includes significant collaborative interactions through the 

network (node degree = 20). It is also involved in all three mentioned mechanisms that 

indicate the promotion of osteogenesis, angiogenesis, and positive regulation of angiogenesis.  

Previous studies confirmed the efficient role of PTGS-2 that is known as COX-2 [68] in 

osteogenic differentiation of mesenchymal stem cells [69-72]. Studies showed that the PTGS-

2 expression peak occurred at the early stage of intramembranous and endochondral bone 

reconstruction [73-75]. Meanwhile, the regulatory function of PTGS-2 was considered by 

researchers due to the highly interconnected relation with other proteins [76].   

Moreover, the application of FGF18 in BTE and bone regeneration was investigated 

previously [77, 78]. It has been reported that FGF18 promoted the osteoinductive activity of 

bone healing [79, 80]. It has been proved that FGF18 is mandatory for normal cell 

proliferation and differentiation throughout osteogenesis and chondrogenesis [81, 82]. Hence, 

based on these findings, PTGS2 and FGF18 could be used as a GF in BTE applications. 

Nevertheless, TEK was not used in bone regeneration applications until now and should be 

considered in future works to be examined in-vitro and in-vivo. 

In summary, the PPI network of bone regeneration involved proteins developed, and all 

interactions were studied in this study. Three major biological processes were studied, 

including osteogenesis, angiogenesis, and regulation of angiogenesis. The constructed 

network has 45 nodes and 237 edges. Also, a GO and a degree-based centrality analysis were 

performed. The results showed eight common proteins involved in angiogenesis and 

regulation of angiogenesis simultaneously: VEGFA, FGF2, PTGS2, KDR, TEK, HIF1A, 
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SIRT1, and FGF18. Also, six common proteins are involved in osteogenesis and 

angiogenesis procedures: PTGS2, BMP4, MMP2, SHH, TEK, and FGF18. Based on the 

results, three major proteins participated in osteogenesis, angiogenesis, and its positive 

regulation at the same time are PTGS2, TEK, and FGF18. Previous studies approved PTGS2 

and FGF18 high efficacy in bone regeneration. 

Each protein with a high degree index could have multiple effects on the whole network. By 

increasing or decreasing the expression of such proteins as GFs in BTE, osteogenesis, 

angiogenesis, and regulation could be affected. To fabricate artificial tissues like bone or 

accelerate the regeneration procedure, we have to find such effective mechanisms via in-

silico studies and employ them in-vitro and in-vivo. 
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