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Abstract

Background
Numerous growth factors work in consonance to regulate the development and homeostasis of
engineered cartilage. In order to fabricate mature cartilages provided to implantation, developing
biological processes should be known and employed. In this regard, a systems biology study could be
considered as an inexpensive evaluation method. In this work, a systems biology study was performed on
11 protein-coding genes participating in cartilage development.

Results
Developing a protein-protein interaction (PPI) network resulted in a graph with 11 nodes and 28 edges.
Additionally, a gene ontology (GO) analysis and a centrality analysis were performed based on the degree
index. Four most crucial biological processes involved in cartilage engineering identi�ed by the gene
ontology analysis: cartilage development, cartilage condensation, regulation of cartilage development,
and cartilage development involved in endochondral bone morphogenesis. Also, seven most interactive
proteins were detected performing a degree-based centrality analysis: COL2A1, SOX9, CTGF, BMP7,
TGFB1, CD44, and MAPK14.

Conclusion
Cartilage developmental proteins are e�cient in forming and developing extracellular matrix and cartilage
development, from its formation to the mature structure. However, this in-silico study recommends four
most important developmental growth factors applicable to cartilage tissue engineering: COL2A1, SOX9,
CTGF, and TGFB1.

1. Introduction
Tissue engineering combines the principles of cells, growth factors, and biomaterials to develop
substitute tissues and promote endogenous regeneration [1]. Tissue engineering, as well as cell and gene
therapy, could be considered as regenerative medicine, which is now attainable as a novel curing strategy
[2]. Fabricating body tissues such as cornea or cartilage and organs like skin and bone by tissue
engineering strategies would lead to shortening the transplant waiting list, which is extending every 15
minutes by adding a patient name [3].

Cartilage is a rubbery, stiff, and connective tissue that depicts a limited potential of self-regeneration due
to the sparse cellularity, diminished production of the extracellular matrix (ECM), and lack of blood
vessels and neural innervations [4, 5]. Cartilage tissue engineering is one of the most appealing areas
among scientists and clinicians, as the demand for cartilage repair and replacement increases
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considerably. On the one hand, cartilage diseases grow, so does the need for engineered cartilage tissues.
Also, the progress of a sedentary lifestyle causes more bone and cartilage disorders. On the other hand,
current surgical treatments for cartilage injuries are not satisfactory. Therefore, there is a climbing
demand for novel strategies to induce cartilage development [6]. By introducing biocompatible polymers
and hydrogels, combined with cells and growth factors for cartilage repair, regenerative medicine supplies
an alternative solution [7]. Hence, it is predictable that cartilage tissue engineering's upward trend would
be ampli�ed in the foreseeable future [8].

There has been a dramatic progression in cartilage engineering during recent years [9]. Studies show that
tissue engineering and regenerative medicine facilities were used to overcome cartilage diseases [9–11].
Atou� et al. [12] produced an injectable thermosensitive Poly (N-isopropyl-acrylamide) /hyaluronic acid
hydrogels containing various amounts of Chitosan-g-acrylic acid-coated poly (lactic-co-glycolic acid)
(PLGA) micro and nanoparticles to facilitate the development of cartilage tissue. They claimed that due
to the desired mechanical properties, high bioactivity, and sustainable drug release ability, the mentioned
injectable hydrogel is a promising biomaterial for cartilage tissue engineering. Chen et al. [13] developed
a porous scaffold prepared by gelatin groove �bers. They could obtain a considerable water absorption
property of scaffolds as high as 1187%. In their study, scaffolds compressive mechanical property was
also evaluated. Upon their results, the scaffold above demonstrated elastic behavior in wet mode and
could bear 100 cycles compressive fatigue test. Moreover, the test of this type of cartilage scaffold was
successful in promoting rat chondrocyte and bone marrow mesenchymal stem cells (BMSC)
proliferation.

Meanwhile, Al-Sabah et al. [14] developed a composite of natural biopolymer derived from cellulose,
which is Nano-cellulose, and sodium alginate. They aimed to obtain a novel ink for cartilage scaffold 3D
printing. They studied the impact of various calcium chloride cross-linker concentrations and sterilization
strategies on the structural and mechanical properties of Nano-cellulose-based hydrogels for cartilage
scaffolds. These scaffolds were containing plant-derived cellulose Nano-�brils, cellulose nanocrystals, or
a blend of the two.

In addition to the biomaterial determination for scaffold preparation, accurately selecting of various
available cells are vital [15, 16]. Chen et al. [17] studied the effect of utilizing diverse bone marrow-derived
cell sources, including bone marrow concentrate (BMC) and BMSC for cartilage tissue engineering. The
biological constructs containing BMC/BMSCs and articular tissue fragments were examined in vitro.
Their results illustrated the biological constructs containing BMC and articular fragments contributed to
immeasurable chondrogenesis. Therefore, it can be thought that BMC would be a potential candidate for
a cell source for cartilage tissue engineering. Moreover, scientists studied the immune reaction and the
degradation of the scaffold's fate in the cartilage engineering �eld [18–21].

Growth factors, a group of biologically active polypeptides produced by the body, could stimulate cellular
division, growth, and differentiation [22]. In articular cartilage, numerous growth factors work in
consonance to regulate the development and homeostasis of articular cartilage throughout life [23]. They



Page 4/17

offer promising treatments for enhanced development of cartilage in focal articular cartilage defects or in
situations of more widespread cartilage loss, such as those that occur in osteoarthritis (OA) [24, 25].

Considering growth factors and their roles in signaling pathways, the progressive trend of each protein’s
role determination in cartilage development, is remarkable. Fortier et al. [26] studied the role of growth
factors in cartilage repair. They gathered all the known proteins in their study that were involved in this
process. Mueller et al. [27] studied the regulatory mechanisms for cartilage and tendon cell phenotypes.
In their study, known master regulators are predicted to be associated with the observed phenotypes,
including TGF-β in monolayer cultures and PDGF BB in 3D cultures.

Considering the independent up-ward trend of tissue engineering, and systems biology, a remarkable
synergy could be available in consonance with computational science (Fig. 1). Drawing a network of
relationships among potential growth factors to select them accurately could be valuable in this order.
Based on published works, it can be concluded that there is no comprehensive systems biology study on
the cartilage growth factors that can draw up the existing relationship between them. Besides, to the best
of our knowledge, there is no in-silico study of cartilage tissue engineering. In fact, in cartilage formation,
several proteins are used therapeutically [28]. However, there are so few resources that could demonstrate
the most impressive of them to accelerate chondrocyte growth. Also, there is no available information
about which protein plays a more signi�cant role in the regulation of cartilage development.

[Insert Fig. 1]

Although accumulating the best growth factors based on the previous experiments and the existing data
is accessible via in-vitro and in-vivo studies, there are many reports about the effects of using each
growth factor without any coherence and correlation.

If there are some interactions between growth factors, the main issue is to �nd them out. Hence, in this
work, we aim to de�ne a network for considering the relation among cartilage growth factors.

2. Materials And Methods
A majority of in-vivo and in-vitro studies already performed on cartilage tissue engineering demonstrated
environmental factors surrounding the cells. The �nal results of these studies were gathered in some
databases to provide comprehensive and accurate information. Regeneration gene database is one of
these useful and applicable databases [29], According to this database, 11 protein-coding genes are
participating in cartilage development. To �nd out their interaction and realize how they affect each other,
all of these proteins were collected from this database. Then a systems biology study was performed.
The mathematical modeling of complicated biological systems is called systems biology [30]. For this
purpose “STRING App” in “Cytoscape 3.7.2 software” was utilized. The STRING App is one of the
Cytoscape software apps related to the String database [31]. This database is utilized for investigating
the protein-protein interaction (PPI).
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PPI networks offer some biological and biomedical applications via determining signi�cant molecular
and cellular mechanisms [32]. Although some PPI detecting methods such as in vitro [33] and in vivo [34]
techniques are available, in silico method is preferred yet, due to its ability in predicting interactions with
100% accuracy [35]. Identi�cation of each protein’s role in biological functions causes the better utilizing
of their related interactions. Additionally, PPIs could serve as a starting point for further lab experiments
[35].

Creating a PPI network, there are 11 nodes and 28 edges. On a lighter note, an 11 node-included graph
was drawn by STRING App. Then, a gene ontology (GO) analysis was performed. GO analysis is a major
Bioinformatics initiative to unify the representation of gene and gene product attributes across all species
[36]. These analysis results are accounted for the Homo sapiens organism.

Additionally, a centrality analysis was performed based on the degree index. In network analysis, based
on graph theory, centrality indicators identify the most important nodes within a network. The results of
this analysis lead to a degree-based array of nodes in the network. In order to illustrate comprehensible
�gures, the circular layout was selected. Figure 2 shows this layout.

[Insert Fig. 2]

3. Results
Four most outstanding biological processes were studied in this work. “Cartilage development”, “cartilage
condensation”, “regulation of cartilage development”, and “cartilage development involved in
endochondral bone morphogenesis” are the four most essential processes that impress the cartilage
formation.

In tissue engineering approaches, the �nal goal is to fabricate a mature tissue in a laboratory to graft to
the patient. The most reliable engineered tissue is the most similar one to the real tissue. Hence, using the
most critical growth factors to differentiate stem cells and precursors accurately into the chondrocytes
would be a vital fact. Also, it is noteworthy that just a few growth factors should be used in cell culture
and tissue growing phases. Therefore, it is essential to note that which growth factors would lead to
fabricating the most similar engineered cartilage to the real one. The protein-coding genes which are
involved in cartilage development, are listed in Table 1. [Insert Table 1]
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Table 1
The list of protein-coding genes that are

involved in cartilage development.
No. Name Gene ID Degree

1 SOX9 6662 9

2 MMP3 4314 7

3 COL2A1 1280 7

4 CD44 960 7

5 TGFB1 7040 6

6 CTGF 1490 6

7 MAPK14 1432 4

8 BMP7 655 4

9 COL10A1 1300 3

10 S100B 6285 2

11 S100A1 6271 1

By performing a gene ontology analysis, the results would be accessible. As shown in Table 2, each
protein is active in a biological process that leads to inevitable consequences. In this table, seven most
interactive proteins among all 11 proteins were selected and discussed. These proteins are collagen type
II alpha 1 chain (COL2A1), SRY-box 9 (SOX9), connective tissue growth factor (CTGF), bone
morphogenetic protein 7 (BMP7), transforming growth factor-beta 1 (TGFB1), CD44, and mitogen-
activated protein kinase 14 (MAPK14). In PPI networks, it is common to illustrate the relationship between
proteins by hierarchical layout. In this layout, proteins connect in a line (Fig. 3).

Table 2
Proteins involved in cartilage developmental processes

Biological Process/ Protein
Names

COL2A1 SOX9 CTGF BMP7 TGFB1 CD44 MAPK14

Cartilage Development * * * * * * *

Cartilage Condensation * * *       *

Regulation of Cartilage
Development

  * *   *    

Cartilage Development
Involved in Endochondral
Bone Morphogenesis

* *          

[Insert Table 2]
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[Insert Fig. 3]

4. Discussion
Based on GO analysis, the four most effective biological processes and their involved proteins are shown
in Table 2. Cartilage development (GO: 0051216) de�ned as a process whose speci�c outcome is the
progression of the cartilage element over time, from its formation to the mature structure [37]. A glance at
the table provided reveals that all seven proteins mentioned above are active in this process. On a lighter
note, each protein of these seven ones could be a vital growth factor in cartilage tissue engineering as a
performer of the cartilage development process.

Moreover, based on GO terminology, condensation of the mesenchymal cells process that has been
committed to differentiating into chondrocytes is known as cartilage condensation (GO: 0001502) [38].
COL2A1, SOX9, CTGF, and MAPK14 are four active proteins in this biological procedure. These proteins
possess the ability to impress the mesenchymal cells as a growth factor to condensate and differentiate
into chondrocytes. These proteins are shown in Fig. 4.

[Insert Fig. 4]

Furthermore, any process that modulates the rate, frequency, or extent of cartilage development could
de�ne as regulation of cartilage development (GO: 0061035) [39]. Based on this description, SOX9, CTGF,
and TGFB1 are the primary growth factors involved in cartilage development regulation (Fig. 5). The
process, whose speci�c outcome is the cartilage's progression, will provide a scaffold for mineralization
of endochondral bones, known as cartilage development, involved in endochondral bone morphogenesis
(GO: 0060351) [40]. SOX9 and COL2A1 are two active proteins in this trend. This biological process
occurs in cartilage formation from infant to the youth and does not involve cartilage tissue engineering
[40]. However, its role is so vital in endochondral bone morphogenesis. Figure 6 shows this procedure’s
active proteins.

[Insert Fig. 5]

[Insert Fig. 6]

Regarding the information extracted from charts and tables, these biological processes are irrefutable in
cartilage formation. Although some other well-known growth factors are playing a signi�cant role in the
chondrocyte differentiation [41, 42], like Platelet-derived growth factor (PDGF) [43], insulin-like growth
factor I (IGF-I) [44], and Fibroblast growth factor (FGF) [45], the progressive trend of the cartilage
development, from its formation to the mature structure needs some cartilage developmental growth
factors that are summarized in Table 2. The formation and development of ECM containing collagen type
II and large amounts of proteoglycan, mainly chondroitin sulfate, demand the mentioned growth factors
to pass biological processes.
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Conclusion
As a corollary, in articular cartilage, numerous growth factors work in concert to regulate the development
and homeostasis of articular cartilage. In order to fabricate mature cartilages provided to implantation,
developing biological processes should be known and employed. Some growth factors like PDGF, IGF-I,
and FGF, affect chondrocyte differentiation; whereas, cartilage developmental growth factors are so
bene�cial in chondrocyte differentiation as well as the formation and development of extracellular matrix,
leading to cartilage evolution, from its formation to the mature structure. Notwithstanding, based on
limitations on growth factors employment, four most prominent developmental growth factors are
recommended for cartilage tissue engineering as COL2A1, SOX9, CTGF, and TGFB1.
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Figures

Figure 1

Science converging in the regenerative medicine �eld includes tissue engineering, systems biology, and
computational science, which can in�uence and be mutually bene�cial to one another.
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Figure 2

A degree-sorted circular layout of PPI network illustrating cartilage developmental growth factors. Each
circle provides a schematic drawn of protein structure. The colors are set randomly, and the connection
line’s thickness illustrates the relation of power. Also, a thicker line presents much more evidence and
documents to approve the connectivity.
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Figure 3

A Hierarchical layout of PPI network illustrating cartilage developmental growth factors.
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Figure 4

“Cartilage condensation” process involved proteins.
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Figure 5

“Regulation of cartilage development” process involved proteins.
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Figure 6

“Cartilage development involved in endochondral bone morphogenesis” process involved proteins.


