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Abstract

During cartilage development, the lineage commitment and condensation of stem cells into chondrocytes and their differen-
tiation involves a ubiquitous signaling cascades and huge numbers of transcriptional factors. The kinetic requirements and
the stoichiometry for the expression of key transcriptional factors are relevant and must be met to form proper and functionally
competent cartilage tissue. More interestingly also, an exact and precise spatio-temporal distribution of these molecules are as
necessary in the proper tissue morphogenesis and patterning as the relevant physical conditions and micro environmental
forces playing at the background during embryogenesis. A milestone of experimental achievements has been obtained over
the years on several signaling pathways involved in cartilage development. Several fate determining transcriptional factors
has also been investigated and determined with regards to the transition of stem cells (pluripotent, embryonic, etc.) into chon-
drocytes. These transcriptional factors serve as master controllers in chondrocytes proliferation and hypertrophy. Concerns
that variability in signaling and transcriptional factors have detrimental effect on cartilage formation and could potentiate
most cartilage related diseases have led most scientists to investigate the role of signaling molecules and transcriptional factors
implicated in osteoarthritis, rheumatoid arthritis, and other cartilage degenerative diseases. On bases of spatio-temporal dis-
tribution of transcriptional factors, there exist functional overlaps, hence, it is difficult to draw a hard line of demarcation of
roles at each point of the cell’s life, nonetheless, it is also markedly established that some factors are skewed to the chondrocyte’
survival and proliferation, and others known for their master’s role in the cell’s apoptotic, necrotic and senescence. Here we
review some published works on selected signaling pathways and transcriptional factors that are preferentially expressed in
chondrogenic cells and their role as major players in cartilage formation, cartilage diseases, along with some highlights of
unique signaling molecules that are indispensable in cartilage tissue regeneration and management.
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1. Introduction
1.1. Structural Composition of AC

Cartilage, an avascular tissue is a significant constituent of the connective tissues. This tissue is composed of dense
matrix of collagen and elastic fibers embedded in grounded matrix produced by differentiated chondroblasts
known as chondrocytes, and these all derived from the mesoderm during embryogenesis [1]. Most cartilage tis-
sues are surrounded by perichondrium; a dense membrane that contains blood vessels and nerves and is noted
to lie superficially on the articular cartilage. Nonetheless, most part of this tissue lacks blood vessels, especially
the deep zone layer of articular cartilage (AC), and this unique nature provides a baffling mechanism as to how
it regulates homeostasis, growth, and cellular differentiation. The chondrocytes been the cellular component of
articular cartilage, they maintain very low proliferation in a nascent articular tissue, however in an adult articular
tissue; chondrocytes are noted not to divide and are surrounded extracellularly with special constitution and
organization of the matrix via a low-turnover replacement of key matrix proteins [2]. The articular cartilage is
responsible for mechanical distribution of loads across joints. AC is layered into four zones which have each layer
varying from the other in cellular morphology and density as well as ECM fibril formation:

The superficial zone: in this zone, chondrocytes have a flattened morphology with collagen fibrils parallel to the
cartilage surface [3]. The presence of synovial fluid in this zone reduces friction between bones. More so, the zone
contains type II and type IX collagen fibers with a characteristic high amount of collagen, fibronectin, and water
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in ECM which reinforces the tensile property of the matrix as well as resistance character against shearing and
compressive forces on the articular surface [4].

The middle zone: composed of diagonally oriented fibrils that are randomly organized. This zone contains chon-
drocytes that are present in low numbers with spherical morphology and a high percentage of proteoglycan con-
tent, there is the presence of aggrecans in the matrix with perpendicularly arrayed collagen fibrils randomly dis-
tributed [5, 6].

The deep zone: the deep zone is characterized by cells and collagen fibrils that orients vertically and has a colum-
nar morphology. In this zone, there is high amount of proteoglycan, absence of synovial fluid, and with a low
amount of water hence providing for the greatest resistance to compressive forces [7], a partly calcified layer of
this zone excludes vascular invasion and plays a role as interface between uncalcified region of cartilage and
subchondral bone to provide structural integrity [4].

The calcified cartilage zone is a slender layer between the hyaline articular cartilage and the subchondral bone
and is comprised of hard tissue that plays a great role in force transmission and nutrient diffusion [8]. This zone
serving as an interchange, the mechanical stress and biological stimuli are transmitted from the hyaline cartilage
to the subchondral bone through it. Additionally, this zone consists of type II collagen and hydroxyapatite, also
with other organic and inorganic components, such as collagen X, calcium phosphate, and calcium carbonate [9].

1.2.  Types of Cartilage

The physical characteristics of cartilage fall on the proportions of collagen fibers, elastin fibers and proteoglycan
gel in the matrix [10]. There exist three different types of cartilage that plays different functions and are distributed
slightly differently in the human body and these are hyaline cartilage, fibrocartilage, and elastic cartilage [11].

The hyaline Cartilage is noted to be the most abundant of the three; and is distributed in many parts of the body
such as: the bronchi, the bronchial tubes, the costal cartilages, part of the supporting framework of the larynx, the
housing of the nasal cavity, the supporting rings within the elastic walls of trachea, the coverings of the surfaces
of bones at joints e.g., the ends of the long bones, and the anterior ends of the ribs. It also serves as the embryonic
skeleton during embryogenesis. It has a pearly bluish-white tinge; the matrix appears amorphous and translucent
or semitransparent, consisting of a dense network of very fine collagen fibrils and fibers embedded in proteogly-
can gel with numerous chondrocytes and an ECM composed mainly of chondroitin sulfate [12]. Preponderances
of skeletal elements are initially formed in hyaline cartilage; it also plays a critical role in determining the growth
and development of several bones [13]. Hyaline cartilage tissue primarily provides smooth surfaces, facilitating
smooth movements, flexibility, and support at joints.

The fibrocartilage: is a tough and strong tissue found predominantly in the intervertebral disks, calli, menisci,
pubic symphysis and at the insertions of ligaments and tendons; it contains cartilage ground substance and chon-
drocytes scattered among clearly visible dense bundles of collagen fibers made up of Type I collagen within the
matrix, and these bundles run linearly through the tissue, however, fibrocartilage lacks a perichondrium. This
tissue provides support and rigidity to structures and is known to be the strongest of the three. The location of
fibrocartilage do point to specific functions, for instance, intra-articular fibrocartilage of the menisci acts as buff-
ers and spacers in joints with frequent movement and high impact; the connecting fibrocartilage of the interver-
tebral disks in limited-motion joints; the stratiform fibrocartilage in the thin coating of osseous grooves through
which the tendons of certain muscles glide; and the circumferential fibrocartilage of the glenoid and acetabular
labrum that surrounds the margins of some articular cavities hence deepening the articular cavities and protecting
their edges [14, 15].

The Elastic Cartilage, this cartilage, also usually referred to as yellow elastic cartilage consist of a matrix domi-
nated by a dense network of elastin fibers. This tissue provides support with moderate elasticity. It is found
mainly in the epiglottis, the pinna, and the Eustachian/auditory tube [16]. In elastic cartilage, the chondrocytes
are located in a threadlike network of elastic fibers within the matrix of the cartilage; also, there is the presence of
a perichondrium. Elastic cartilages provide support and maintenance of shape to surrounding structures [17]. It
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usually is not exposed to high mechanical loads, or prolonged mechanical stress, hence, the damages associated
to this tissue is rare relative to the other types of cartilage [18].

1.3. Cartilage and associated diseases

Due to a low metabolic activity and slow nutrient diffusion within cartilage, damage to this tissue often inevitably
consist of slow and delayed regeneration and healing, the restriction of blood from reaching most part of this
tissue and the resultant limitations in the availability of oxygen and other essential amino acids dictates a very
slow systemic metabolic response since transports system employs less speedy forms such as transport proteins
across the thick ECM. Accidents that cause injury to the knee may sometimes rupture the articular cartilage. Most
diseases associated to AC include the following: 1) Osteoarthritis (OA); a condition where the cartilage covering
the bones in joints is thinned and sometimes completely worn out. This leads to exposure of the bone ends to
friction and erosion which causes bone damage. Aberrant immuno-metabolism has been implicated in most phe-
notypes of OA, since metabolism usually in this condition is drastically altered [19].

2) Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease that primarily affects the lining of the
synovial joints. This disease is progressive with the pathological mechanism driven via the deterioration of carti-
lage, bone erosion, hyperplastic synovium, and systemic consequences [20]. Most symptoms of RA include ar-
thralgia, swelling, redness, joint pain and hence limiting the range of motion [21].

3) Relapsing polychondritis (RP); is an immune-mediated systemic disease characterized by recurrent episodes
of inflammation of cartilaginous and proteoglycan-rich tissues, resulting in progressive anatomical deformation
and functional impairment of the involved structures [22]. This is usually located in the ears, nose, throat, heart
valves, joints, rib cage and sinuses. This complex disorder is known to involve both humoral and cell-mediated
immune systems. Autoantibodies against collagens II, IX and XI have been reported in RP patients, implying that
cartilage-specific autoimmunity is a crucial player in the disease progression of RP [23].

4) Achondroplasia usually leads to dwarfism and is a condition where the chondrocytes within the cartilage fail
to proliferate and the epiphyseal plate of long bones near the joints are particularly affected hence limiting bone
growth and development. The disease etiology is said to be genetic and arises from dominant autosomal muta-
tions [24].

5) Other important diseases worth mentioning include costochondritis which is associated with the ribs [25, 26],
herniation which is concern with the rapture of the cartilaginous disc between vertebrae disc [27], malignant and
benign tumors of the cartilage called chondrosarcoma [28] and chondroma [29] respectively.

1.4. Limb organogenesis and chondrocytes origin and lineage

Limbs and all their associated parts are derivatives of a host of sophisticated sequence of interactions between
tissues derived from the three distinct germ layers. At the commencement of limb formation, lateral plate meso-
derm is induced to grow and form limb buds [30] in which the mesenchymal cells in the presumptive limb fields
are activated to proliferate while the flanking somites are slightly inhibited from rapid proliferation [31]. Follow-
ing this event, cells from the lateral edges of the adjacent somites migrates into the limb to form limb muscles [32].
Hence, at embryogenic development, the embryonic tissues surfaces such as the ectoderm, somatopleural meso-
derm, neural crest cells, somites, hematopoietic cells collectively form the limb bud [33].
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Figure 1. Diagrammatic illustration of the Limb bud organogenesis; showing the Progress Zone Model.

A) Apical ectodermal Ridge (AER) stimulated by signals and morphs to obtain an elongated form as in B), most
of the signaling of the AER is noted to have been FGFS8, however it is worth noting that is far much complex than
a single signaling molecule. B) Formation of progress zone (PZ), and continual influence of AER signals to form
proximal distal orientation. Here, preponderance of molecular signaling is demonstrated to be Sonic Hedgehog
(SHH), however, as shown in D), the interaction of SHH with other signaling partners are far more complex.
Here, a zone of polarizing activity (ZPA) is formed. C) Proliferation of cells in the progress zone (PZ), they are
displaced proximally, and under the direction of intrinsic cues they still retain their positional address even
though displaced. Increase influence and are of ZPA is present at this stage.
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Figure 2. A simplified string network of SHH signaling, and interaction with other signaling partners. Retinoic
acid, though not captured here, has also been demonstrated to have a significant role in limb bud initiation [34]

The three spatial axes along which limb development and patterning follows is directed via three well-character-
ized signaling centers that are well coordinated. As the apical ectoderm ridge (AER) directs the proximal-distal
limb outgrowth; the zone of polarizing activity (ZPA) patterns the limb along the anterior-posterior (A/P) axis;
while the non-AER limb ectoderm sets up the dorsal-ventral (D/V) polarity [35, 36]. These signals are then inte-
grated to form the spatial pre-pattern field for the limb mesenchyme, and as well as other cell types to be specified
[37].

Mechanical, molecular, genetic, morphological, and other factors play critical role in shaping and patterning these
tissues into their definitive structures, and therefore no single factor could solely be responsible for any outcome.
For instance, the proximo-distal axis is because of the induction of the apical ectodermal ridge, for which the Hox
[38] and the FGF families and their respective receptors have been implicated to show crucial role in the modula-
tion, regulation and direction of axis morphogenesis and positional identity [39, 40]. The classical progress zone
models predict that the acquisition of identities along the proximodistal (PD) axis depend on the time the mesen-
chymal cells spend under the influence of the AER [39]. Also, the Sonic hedgehog (SHH) molecules has been
showed to fashion the gradient of concentration that differentiates the future antero-posterior derivatives [41,
42]. Similarly, the Wnt7a [43] and Lmx1 [44] have been implicated in the ventro-dorsal axis morphogenesis spec-
ification, while the Engrailed 1 gene directs ventral specification [45, 46]. The well-researched Wnt signaling
pathway controls gene expression by stabilizing $-catenin and regulates a host of developmental processes [43].

1.5. Morphogenetic mechanisms of Joint and cartilage formation
The organogenesis of joints during embryogenesis is a well-studied subject [47], for which the emergence of char-

acteristic features of joint anatomical structures on a developmental time scale noticeably distinguished and has
been mapped and well documented [48]. The joint elements anlages are noted to be complete during the embry-
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onal period for which during this developmental time frame, the cartilaginous anlages condense to form avascu-
lar tissue at the interzones [49]. The obvious question that readily come to mind is what signal information resi-
dent cells at the interzone have received/or previously contained that cause their condensation and subsequent
morphological changes. Tabin and Wolpert postulated that cells under the influence of the AER remain undiffer-
entiated but induce distal fates upon the cells leaving the influence of the AER [50], and this might hold true for
the homogeneity in undifferentiated cells prior to condensation to form the interzone. More so, Canonical WNT
signaling has been demonstrated to interact with the AER-expressed FGF signals to keep the distal cells in a
proliferative, undifferentiated state [51]. In conformity with this proposition, the Cells outside the influence of
these signals withdraw from their undifferentiated state and begin expressing Sox9 and possibly other chondro-
genic genetic markers to undergo chondrogenesis having received instructive information from the FGFs that
induce distal fates [38]. The path to developing skeleton and its associated elements such as cartilage and liga-
ments in early embryonic limbs consists at first of an interrupted condensed mesenchymal structure; the inter-
zone, which consists of close group of mesenchymal cells connected by gap junctions [52] with the adjacent con-
densed mesenchymal cells differentiating into chondrogenic elements [53]. With passing developmental time, the
interzone morphs in size, producing chondrogenic progenitor cells that are apposed at each of the epiphyseal end
[49]. These differentiating cells with others taking part in the morphogenetic processes mold the opposing inter-
locking sides of the joint and eventually producing the articular cartilage and other components including liga-
ments [49, 52, 54].

1.6. Importance of mechanical mechanisms in Joint and cartilage formation

How mechano-signaling process is initiated through cell-matrix interactions and transmits mechanical signals
from the matrix, through chondrocyte mechanoreceptors activation on the cell surfaces to effect intracellular re-
sponses has been investigated [55], though, a comprehensive understanding of the full scale of mechano-signaling
has not been obtained. Yet it so far understood that multiple signaling cascades are regulated by mechanical load,
and thus contribute to the maintenance of cartilage homeostasis. Therefore, mechanical processes play a crucial
role in the morphogenesis of the AC as a unit and the entire joint as a whole [56, 57, 58, 59, 60]. The physical
mechanics that could have driven the initial mesenchymal cell condensation to form the interzone is not well
unexplored [59], although later events of synovial cavitation and superficial cartilage zone has been noted to have
a mechanical force as an added dimension with all the other factors that drives joint formation and AC morpho-
genesis [60]. For instance, the formation of the superficial zone of AC, the synovial cavity, as well as the synovial
fluid is said to be driven by muscle movement [54], a study with muscle deficient mice indicated the lack of proper
formation of the superficial zone of the AC [61], as well as an absence of joint cavity and synovial fluid in the joint
[54, 61].

To this end, the spontaneous, slightly random, and spasmodic movements observed in developing fetus cannot
be counted as haphazard occurrences, but rather mechanistic stimuli directed to specific sites of the developing
embryo. While the molecular mechanisms directing the morphogenesis of the joint, the formation of the AC and
all the associated tissues have been well described [62, 63, 64], only in recent times are researchers beginning to
invest the much-needed research effort on mechanochemical coupling as another factor directing organogenesis
[65]. This later aspect has come due in part to the burgeoning field of tissue engineering and regenerative medicine
as the demand to understand the biomechanics of these tissues are required in tissue scaffold designs [66]. While
it is now certain that mechanical forces play a crucial role in signaling tissue organization, cell differentiation,
organ patterning [54], much research is needed to fully elucidate the specific regulatory inputs mechanical forces
induce on proliferating, differentiating, or mass organizing and patterning tissues. For instance, do mechanical
forces induce the formation of stiffness of the cartilage, and on what spatio-temporal dimension are such inputs
critical to proper formation of these structures? And yes, while we have anecdotal answers to these questions [60,
54, 67], the specifics are a must if such understanding is to be used in therapy/disease management plans. Me-
chanical forces are rapid and cover an expanse of tissue volume at once compared to chemical cues, hence me-
chanical factors might serve to direct collective cell processes e.g. proliferation, apoptosis, enzyme synthesis, or
condensation as typified by the early processes in the formation of the interzone. At the intracellular level, me-
chanical forces derived from microfilament dynamics might regulate specific genes expressions [68], e.g. the up-
regulation of collagen type II expression in the middle zone to increase cartilage stiffness, while lubricin and
hyaluronans are highly expressed by chondrocytes residing in the superficial zone which serve to increase fluidity
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and hence decrease friction on the cartilage surface all has special bearing to mechanical load bearing and force
transmission principles.

The importance of understanding the mechanical factors goes beyond just understanding their effect on develop-
ment of the nascent fetus’ structures, but most certainly the application of such knowledge to advancing the
much-needed therapeutics and management methods required for bone and cartilage related diseases. One major
disease of the cartilage being OA usually leaves scars on the superficial cartilage at mild conditions, but deep
grooves of wounds or entire erosion of the superficial and middle zone hence making it a painful experience for
patients to walk [66], since walking inevitable implies exerting load on such wounded surfaces. However, in
normal cartilage, the tissue surface is smooth and “greased” by the synovial fluid such as lubricin and hyalu-
ronans making load bearing an easy and efficient task. Scar tissue therefore in such location will unavoidably
interfere with the smooth surface and would have deleterious consequences to the AC. Unquestionably, an ad-
vanced understanding of the mechanism of re-epithelialization of wounds that occurs in embryonic skin wound
healing will go a long way to help design and target therapeutics and management methods for OA. Recent study
using an in vitro AC wound model, demonstrated that the chondrocytes of the superficial zone rapidly prolifer-
ated and surrounded the injured cartilage in manner mimicking the re-epithelialization of wounds [69, 70].

In this perspective, integrating biomechanical comprehension of chondrogenic tissue development with the in-
depth understanding of the morphological, molecular, and homeostatic concepts of articular cartilage can be de-
ployed as a feasible model for cartilage regeneration.

1.7. Selected Signaling pathways and transcriptional factors crucial for cartilage formation
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Figure 3. Diagrammatic representation of the developmental journey of the joint in a fetus; Figures not drawn to
scale.
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1.8. Wnt Signaling pathway and its implication on cartilage development

Scientific investigations have demonstrated the involvement of the Wingless-type mouse mammary tumor virus
(MMTV) integration site (Wnt) in processes as diverse as segmentation, CNS patterning, control of asymmetric
cell divisions [71], and including in axis patterning specification [72]. Wingless-type mouse mammary tumor vi-
rus (MMTYV) integration site (Wnt) signaling has been shown to play a very crucial role in chondrogenic and
osteogenic tissues development [43]. The cartilage morphogenesis is shown to incorporate several signaling path-
ways, among which, Wnt signaling contributes to varying developmental aspects [73]. The Canonical Wnt sig-
naling is mediated mainly by (3-catenin protein, a multitasking protein; in addition to other potent co-activator of
transcription factors such as lymphoid enhancer factor (LEF) and T-cell factor (TCF) [43, 74, 75]. This pathway
leads to an accumulation of 3-catenin in the cytoplasm and its eventual translocation into the nucleus to act as a
transcriptional coactivator of transcription factors that belong to the TCF/LEF family [43, 75]. Wnt Signaling path-
way is one of the highly studied signaling pathways and is noted to be conserved [43, 73, 74, 75, 76]. Accumula-
tion of 3-catenin is achieved via the inhibition of this molecule from proteolytic degradation via the Wnt signaling
process [71]. The propagation of this signaling is initiated by the binding of Wnt proteins to specific receptors on
the surface of the chondrocyte or progenitor cells, usually a transmembrane frizzled proteins and a LRP5/6 [71,
77, 78]. Binding induces the recruitment of the cytoplasmic protein disheveled (Dvl) leading to its activation, then
activation of Dvl causes the GSK-3f from Axin complex to dissociate [43, 72]. Usually, it is this complex that
causes the phosphorylation and subsequent degradation of 3-catenin in the cytoplasmic milieu. Now out of the
way, -catenin is no longer phosphorylated and hence not proteolysed, leading to the accumulation of this mol-
ecule in the cytoplasm as depicted in Figure 3. Translocation of [-catenin into the nucleus occurs subsequently
leading to the target genes expression [43]. Dysregulation of Wnt/B-catenin signaling has been highlighted as
causes of several degenerative diseases [43], and an important factor in tumorigenesis [77, 78].
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Figure 4. Diagrammatic depiction of the Canonical Wnt/B-catenin signaling pathway

The canonical wnt signaling pathway, the on state as indicate in A, and the off state as indicated in B. As shown
in A, Wnt/b-catenin pathway is propagated through the trans-membrane frizzle (fzzl) receptor and the disheveled
(dvl) intracellular molecule. This brings about inhibition of axin, glycogen synthase kinase 33 (GSK3p), adeno-
matous polyposis coli (APC), casein kinase 1 (CK-1) complex from forming. This complex induces the phosphor-
ylation of 3-catenin and subsequent ubiquitination degradation of the molecule, and since the complex is not
formed, accumulated {-catenin is eventually translocated into the nucleus where it binds to T-cell factors (TCF)/
Lymphoid enhancer binding factors (LEF), thereby activating the transcription of target genes. However, when
the pathway is off, as shown in B, $-catenin is induced to phosphorylate by the axin, GSK3f, CK-1 complex, next
phosphorylated {3 -catenin is targeted by proteasome and degraded.

Canonical Wnt signaling has been shown to sustain high levels of FGF10 expression during limb initiation also in
the mouse [79], Wnt10a a member of the Wnt family is demonstrated to be expressed in chick limb ectoderm and
induces FGF8 through the same pathway [80]. Unexpectedly, it seems that not all the family members of Wnt
operates similarly or produces similar effects, for instance, Wnt4 has been reported to accelerate chondrocyte
maturation, whereas the Wnt5a delays differentiation of chondrocytes via hypertrophy [80]. Hartmann and Tabin
also reported that that Wnt-5a, Wnt-5b and Wnt-4 genes were expressed differentially with respect to spatial
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pattern of the developing limb: whereas Wnt-5a was shown to be expressed in the perichondrium, Wnt-5b was
expressed in a subpopulation of pre-hypertrophic chondrocytes and in the outermost cell layer of the perichon-
drium, and Wnt-4 was expressed in cells of the joint region [80]. Wnt9a or -catenin deficiency has been linked to
disappearance of Gdf5 expression and a reduction of joint formation [81], fused joints [82] joint degenerative
diseases such as rheumatoid arthritis [83]. Increased Wnt8a and Wnt16 in the synovium has been implicated in
the progression of OA through increased production of MMPs, which are the major protein involved in cartilage
degradation [84]. In OA experimental mice, canonical Wnt pathway activation led to the formation of osteophytes
[85]. Genetic suppressing of Wnt/B-catenin activity resulted in osteoarthritis via the mineralization of subchondral
osteoblasts [86]. These reports highlight a few of the importance of Wnt/(3-catenin signaling in joint development
and cartilage and bone formation.

1.9. The BMPs signaling pathway

Bone morphogenetic proteins (BMPs) and Wnts signaling protein families are conserved pathways, each inde-
pendent of the other and yet have unique specific extra- and intra-cellular molecular interactions and crosstalk
that occur between them, depending on the cell type [87]. While we have defined and discussed Wnts above,
BMPs on the other hand are cytokines with multi-functional properties, belonging to the transforming growth
factor-f3 (TGF-{3) superfamily.

“FGFS$
\ \ ‘ B BMP2

Figure 5. String Style Interaction Network Map of BMPs signaling created using cytoscape 3.8.1

BMPs are low molecular weight glycoproteins, e.g. recombinant human Bone morphogenetic protein-2 (rhBMP-
2) has a molecular weight of 26 kDa. Through recombinant gene technology, rhBMP-2 has been engineered for
research and clinical trials for bone diseases and cartilage regenerative therapies [88]. Seller and co. demonstrated
in a clinical case that the addition of rhBMP-2 to the operative site after creation of a full-thickness defect resulted
in an improvement in the histological appearance and composition of the extracellular matrix after one-year post-
operation [88]. The hrBMP-2 has been demonstrated to induce structurally sound orthotopic bone in femoral
defects in rats, tibial and ulnar defects in rabbits, femoral defects in sheep, mandibular defects in dogs, spinal
fusion in dogs, and porous ingrowth in rats [88, 89]. With approximately 15 BMP family members, they signal by
coupling with three transmembrane type II receptors and four transmembrane type I receptors. The binding of
BMP activates the phosphorylation type I receptor by the type II receptor. This initiates a cascade of intracellular
signaling that is started by phosphorylation of receptor-regulated SMAD1/5/8 [90]. This complex binds later with
SMADY4, leading to transcriptional responses of specific gene targets. There are feedback regulatory mechanisms
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enabling crosstalk with other signaling pathways [91]. BMP plays crucial roles during embryonic skeletal devel-
opment, which include mesenchymal condensation and chondrogenic differentiation of MSCs, BMPs induction
of early cartilage formation through chondrocyte proliferation and maturation and endochondral ossification
[92]. BMPs have been shown to regulate endochondral ossification by promoting chondrocyte proliferation and
inducing chondrocyte hypertrophy [93, 94]. These morphogens have also been demonstrated by Varady and his
colleagues, using computed tomography and radionuclide imaging study of BMP-2 gene therapy, to regulate
bone homeostasis via osteogenic and chondrogenic potential modulation [95]. They have been postulated to have
protective functionality for articular cartilage and on the flipside however, BMPs can pose deleterious effects on
AC by inducing chondrocyte terminal differentiation and contributing to OA progression [96].

1.10. FGF signaling

Almost half a century ago, the fibroblast growth factor (FGF) was discovered [97, 98]. Initially identified in the
pituitary to affect mitogenic activity, later scientific investigations produced a body of evidence that demonstrated
that FGFs also affect cell proliferation, differentiation, survival, and motility [99, 100]. Narrowing down to spe-
cifics, different members of the FGF family has been profiled to play varying critical roles such as intercellular
signaling in embryogenesis [101], chondrogenesis and osteogenesis [102]. Currently, there exist 22 mammalian
Fibroblast Growth Factors (FGFs) that interact with four signaling tyrosine kinase FGF receptors (FGFRs) [103].
Individual FGFs found in vertebrates and invertebrates are related by core sequence conservation and structure
[104, 105]. These 22 FGFs have been phylogenetically categorized into 7 subfamilies, each subfamily consisting
of 2, 3 or 4 members. FGFs have been shown to be positive regulators of chondrogenesis [103], playing roles in
the right patterning of developing cartilage [103].

The canonical FGF signaling is carried out by the following subfamilies genes; Fgfl, Fgf4, Fgf7, Fgf8 and Fgf9,
which activate FGFRs in the presence of Heparin (HS) cofactor [103]. The Fgf9 subfamily genes consist of Fgf9,
Fgf16 and Fgf20, whereas the Fgf7 subfamily genes are the Fgf3, Fgf7, Fgf10 and Fgf22. The two other subfamilies’
genes within this canonical FGFs are the Fgf4 and Fgfl which are comprising of the genes Fgt4, Fgf5 and Fgf6 for
the Fgf4 classification, and Fgfl and Fgf2 for the Fgfl subfamily respectively [103, 106].

The endocrine FGFs consist of three members encoded by the Fgf15/19, Fgf21 and Fgf23; these are secreted endo-
crine signals that act on distant target cells via the FGFR-heparan sulfate (FGFR-HS) complex and FGFR-Klotho
complex. On the other hand, the last subfamily of FGFs (all under the umbrella of Fgf11 subfamily) are grouped
under the intracellular FGFs, and are encoded by Fgf11, Fgf12, Fgf13, and Fgf14 genes. These intracellular FGFs
encodes for non-signaling proteins that operates as cofactors for voltage gated sodium channels and other pro-
teins [107]. Usually, FGF signaling is achieved via signal molecule binding to a cofactor and the appropriate re-
ceptor, and these receptors are known as the FGF-receptors (FGFR). FGFRs are tyrosine kinases that are structur-
ally composed of extracellular, transmembrane, and intracellular domains. The extracellular domain is immuno-
globulin-like and sits on the surface of the cell membrane, while the transmembrane domain is embedded in the
membrane, the intracellular domain is a two tyrosine kinases domain protruding into the cytosol and latching to
the inner side of the membrane via the transmembrane attachment. The immunoglobulin-like extracellular do-
mains of the FGFRs have spliced variants that are necessary in specifying ligand-binding specificity [103, 106].
The specificity and affinity of the FGF ligands to their receptors are said to be affected when FGF ligands interact
with ECM during FGF molecules diffusion through tissue prior to ligand-receptor interaction [108] and both syn-
ergistic and antagonistic effects on overall FGF signaling have been reported [109, 110, 111].
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During embryogenesis, limb development is initiated by an outgrowth called the limb bud which begins with an
observable apical ectodermal ridge (AER) and the bud mesenchyme. It is clear that specific sites of the developing
limb, especially the zone of polarizing activity (ZPA) and the AER play a critical role in the patterning and growth
of the limb during embryogenesis [103, 107], the synthesis and distribution of FGFs has been shown to be partly
limited to the AER [112], especially FGFs such as the FGF2, FGF4, FGF8 and FGF9 [113, 114]. Even though other
molecules such as retinoic acid (RA) have been reported to orchestrate limb bud development [115], recent studies
debunk such proposition in favor of rather an indirect regulatory role in which it limits the concentrations of FGFs
in specifics areas of the developing bud [107]. The proximal RA production in ZPA has an antagonistic effect on
distal FGFs production at the AER, and this is thought to control the progression and proper patterning of the
proximal-distal axis of the developing limb [107]. RA is demonstrated to specifically limit the distribution of FGF8
[116].

FGF2, FGF4 and FGF8 are important regulators of P-D growth [117], and FGF2 has been demonstrated to prime
mesenchymal stem cells for chondrocytic differentiation [118, 119]. While induction of chondrogenesis usually
activates Sox9 gene, an inactivation of TGF-[3 signaling and IGF-1 has been observed in several published findings
[118, 120]. FGF2 has a role in bone mineralization, wound healing, and skeletal development [120]. FGF2 en-
hances the speed of chondrocyte proliferation as well as primes prochondrogenic cells for terminal differentiation
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[9], the induction of differentiation has been shown to be achieved via the down regulation of TGF-2 by the FGF2
[120], however, an up regulation of TGF-31 expression by FGF2 has been linked to the acceleration of chondro-
genic cell proliferation [121]. In a synergistic investigation in which both TGF-33 and FGF2 were studied; a con-
current presence of both TGF-33 and FGF2 gave interesting results, first, a null effect on proliferating chondro-
cytes was observed, second, no inhibition of differentiation was observed in prechondrogenic cell transition to
chondrocytes, however, chondrocytic hypertrophy was completely inhibited [122]. In another synergistic study,
FGF2 in combination with Wnt3a or platelet-derived growth factor (PDGF) or Insulin/TGF-{1 led to a functional
cartilage production [123, 124]. These referenced investigations highlight the important role FGF2 play in chon-
drogenesis and cartilage development as well as limb organogenesis. First to be identified as early as 1973, the
protease sensitive and thermolabile FGF2 was finally purified to homogeneity in 1983 [125] and was then coined
basic FGF (bFGF) and recently grouped into the Fgfl subfamily of the canonical FGFs [107]. The mechanism of
action of this subfamily (Fgf1 and Fgf2) has been hypothesized to follow a process in which the signaling molecule
can be translocated directly across cell membrane [126] in direct contrast to the need for a receptor as in the usual
phenomenon of all the remaining canonical Fgfs signaling [107]. This translocation is thought to be achieved via
the assistance of a chaperonic complex [127, 128], implying that the molecule could move through the membrane
into the cytoplasm and transverse the cytosol into the nucleus to potentiate the transcription of specific target
genes or control cell differentiation, survival, and apoptosis [129, 130].

FGF9 has been shown to positively up regulate prochondrogenic processes, or even tow towards osteogenesis.
The direction of mesenchymal cell’s fate controlled by this signal is said to depend on the expression levels of the
molecule as well as the population of cells [131]. FGF9 has been demonstrated to drive hypertrophy [132], vascu-
larization of growth plate prior to osteogenesis [19], up regulation of Sox9, IHH, FGF9 and Col2al genes expres-
sions [121]. Interestingly, FGF9 has also been shown to positively upregulate proosteogenic proteins such as
Col10al [121]. FGF18 has been proven to stimulate repair of damaged cartilage [133]. Since it has been established
that FGF signaling modulates development limb bud, the crucial mesenchymal condensation during joint for-
mation, chondrogenesis, osteogenesis, bone mineralization and homeostasis, an understanding of the mecha-
nisms and functions of the FGF signaling pathway during critical stages of skeletogenesis, will informs us of the
links between FGF signaling pathways and cartilage degenerative diseases and the exploitation of such
knowledge for cartilage disease therapy such as the management of OA or injury to the cartilage during accidents.
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Diagram of fibroblast growth factor (FGF) signaling; the canonical pathway indicates a mechanism in which two
FGFs signal molecules find and bind to Heparin sulfate (HS) molecules, these complexes further binds to two
FGFRs on the surface of the cell membrane, causing them to dimerize. The FGFR is composed of 3 domains; the
outer/extracellular immunoglobulin-like domain, the transmembrane protein, and the intracellular domain; the
intracellular domain functions as a tyrosine kinase. Binding of FGF to the FGFR and subsequent dimerization
causes the activation of FGFRs to transphosphorylate the intracellular domains. This leads to complex signaling
cascades involving Ras, JAK, and other signaling pathways. Activation of Ras leads to phosphorylation and acti-
vation of either Raf or Rac. Following the Raf signaling pathway, downstream activation of ERK1/2 leads to a
dichotomized transcription factors expression in the nucleus, first a group of transcription factors that limits or
inhibit FGF signaling which is a negative feedback loop, or second transcription factors that promote cell prolif-
eration. In the Rac pathway, as depicted in the diagram, phosphorylation of the Rac signal molecules leads to
activation of either p38 or Jun signaling pathways, however either signaling pathways causes the expression of
transcriptional factors that are associated with stress response proteins production.

The JAK signaling pathway when activated is followed by the phosphorylation of STAT, which then dimerizes
and then translocated into the nucleus to potentiate the transcription of factors that ensure cell proliferation and
differentiation. Other signaling cascades (not included in the diagram) also lead to the expression of factors that
ensure cell survival, cell motility etc.

1.11.IGF-1 signaling

Salmon and Daughaday [134] identified IGF-1 and IGF-2 in 1957 and aptly named them “sulphation factor” be-
cause these factors possessed the ability to stimulate sulphate incorporation into rat cartilage [135]. In 1972 how-
ever, the coinage “sulphation factor” was replaced by the term “somatomedin”, In 1976, finally, the name “insu-
lin-like growth factor 1 and 2 (IGF 1, IGF 2) were proposed by Rinderknecht and Humbel after isolating the two
active substances from human serum [136], their structural resemblance to proinsulin were the reasons behind
such name branding. Following these initial studies on IGF-1, came an avalanche of investigation into the role of
IGF-1 in the development of bone tissue, cartilage tissue, skin tissue, adipose tissues and so on. And while the
specific and regulatory mechanisms as well as the exact stoichiometry of IGF-1 contribution to the development
of these tissues are yet to be fully elucidated, much success have been achieved on understanding the major roles
of IGF-1 on various developmental levels.

An in vitro assay conducted by Blunk and colleagues evidently showed that IGF-1 modulates the differentiation
of bone mesenchymal stem cells into chondrocytes in spite of the absence of TGF-$1 [137]. In this study, they
measured the effects of regulatory factors on tissue-engineered cartilage with specific interest in increasing con-
struct growth rate and the concentrations of the major extracellular matrix (ECM) components such as glycosa-
minoglycans (GAG) and collagen [137]. Also, in a similar study, Yang and Barabino in an in vitro experiment
recorded difference in chondrocytes morphology and homogeneity of tissue-engineered cartilage in their hydro-
dynamic cultivation of chondrocytes with transient exposure to IGF-1 and TGF-{31 [138].

While major milestones have been reached on IGF-1 role in cartilage formation, a shift in understanding the in-
teractive role IGF-I and mechanical environment in modulating engineered cartilage development was carried
out by Gooch and his colleagues. Their insightful finding demonstrated that the engineered tissue histologically
resembled cartilage and contained its major extracellular matrix constituents such as glycosaminoglycans and
collagen. Although the mechanical stimuli and IGF-I separately modulated tissue morphology, growth, biochem-
ical composition, and equilibrium modulus of their engineered cartilage, the synergistic role of the two produced
cartilage tissue with pronounced superiority to that obtained by modifying these factors individually [139].

The effect of IGF-1 deficiency on osteoarthritis severity in an animal model (Rat Knee Joints) has been investigated
[g140] which clearly demonstrated the involvement of IGF-1 deficiency in heightening the severity of articular
cartilage lesions of OA [140]. The necessity of IGF-1 signaling is shown to be ubiquitously required for the right
development of various other tissue types, and when absent or deficient, observed developmental dysfunctions
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occurs; for instance, IGF-1 deficiency has been noted to be the underlying cause of underdevelopment and weak-
ness of the muscular system impaired hair growth and other structural defects in patients with Laron syndrome
(primary IGF-I deficiency) [141] and nail growth.

Wei and his colleagues carried out a study of exquisite simplicity and elegance that altered the understanding of
the role of IGF-1, employing histological analysis, real-time PCR, and in situ hybridization of IGF-1 studies, they
demonstrated that chondrocytes losses, and cartilage matrix depletion correlated with decreased IGF-1 distribu-
tion in a temporal and spatial manner [142]. Thus proving that IGF-1 serves as a protective role in osteoarthritis,
they provided in vivo evidence that IGF-1 reduces the loss of chondrocytes and matrix integrity and proposed
that it could be a viable target for novel therapeutic options for the management of osteoarthritis.

Despite the fact that the principles and some technical achievements are being reached, the crucial factor in trans-
lational science is the applicability of IGF-1 in cartilage disease mitigation; with these interesting findings accruing
at a good pace, it is inevitable that sooner the practical utility of IGF-1 in cartilage disease management is at hand.

Signaling via IGF-1 is mediated by the binding of IGF-1 ligand to its receptor (IGF-1R), a tyrosine kinase IGF 1
receptor. This leads to the dimerization and transphosphorylation of the receptors as diagrammatically depicted
in Figure 5. The phosphorylated tyrosine kinases create docking site for recruitment of insulin receptor substrate
1 (IRS 1) hence forming an IGF1R-IRS1 complex [143]. IRS 1 in turn phosphorylates to potentiate a cascade of
downstream signaling [144]. Along the IGF 1 signal path are the PI3K, PDK1, AKT, mTOR to final factors such as
elF4G, P70S6K which mediate protein translation and chondrocytic hypertrophy, or the production of glycolytic
enzymes [145]. Another route of IGF1 pathway is via the Shc, through to ERK as indicated in Figure 3. This route
leads to the production factors that ensure chondrocytes proliferation. The second route is via the activation of
Shc, that in turns activates the Grb2/50S, Grb2/SOS activate MEK leading to the phosphorylation of ERK leading
to cell proliferation [146].
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Figure 8. Graphical representation of the main IGF1 signaling pathways in chondrocyte development

Graphical representation of the main IGF1 signaling pathways; as shown, the binding of IGF1 onto IGF1R tran-
sphosphorylases the receptor, leading to dimerization and recruitment of IRS1 to form the IGF1R-IRS1 complex.
Formation of this complex activates two main downstream pathways, one route is the PI3K activation which
results also in the downstream activation of PDK1, which in turns phosphorylates and activate AKT leading down
to the mTORs (mTORC1 or mTORC?2) activation that subsequently potentiates the activation of eLF4G or P70S6K
or the formation of some glycolytic enzymes [145]. The eIF4G or the P70S6K potentiate chondrocytes hypertrophy
or activates the synthesis of certain protein. The second route is via the activation of Shc, that in turns activates
the Grb2/SOS, Grb2/SOS activate MEK leading to the phosphorylation of ERK leading to cell proliferation [146].
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Figure 9. Signaling Networks implicated in Arthritic disease conditions. Arthritic disease interaction network,
(String: PubMed query) created by Cytoscape 3.8.2. and data imported from the curated public databases with
the target species being Homo sapiens only.

Under diseased microenvironmental conditions such as osteoarthritic, or rheumatoid-arthritic conditions, chon-
drocytes can undergo a switch in cell metabolism activate inflammatory signaling pathways and to maintain
energy homeostasis [147]. As shown in Figure 9, (indicated by the green arrows) several inflammatory molecules
are recruited into the diseased cartilage. The biosynthesis of inflammatory and degradative proteins such as in-
dicated by the red and blue arrows leads to the activation of crucial transcription factors that orchestrate catabolic
events in the cartilage, which eventually lead to the perpetuation and degeneration of the cartilage [148]. Osteo-
arthritis has been demonstrated to show increased oxidative stress and a higher expression of redox-sensitive
transcription factors (e.g. NF-«B, iNOS, IL-8 and cyclooxygenase-2 (COX-2) [149]. More so, higher ROS in cartilage
tissues induces C-FOS and MMP-1 expression [150]. Cartilage degeneration usually arises from a combination of
chondrocytes hypertrophy and the expression of proteolytic enzymes such as MMPs and ADAMTS that leads to
the degradation of the ECM of the cartilage [151].
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Figure 10. SOX9 interaction network, (String: PubMed query) created by Cytoscape 3.8.2. and data imported
from the curated public databases with the target species being Homo sapiens only.

It is an established fact that Sox9 is a crucial protein for proper cartilage formation. This protein is therefore carefully
modulated during limb organogenesis for normal chondrogenesis and joint formation processes. In a Sox9 gain-of-
function experiment performed by Lefrebvre and Crombrugghe, they demonstrated that increasing Sox9 transcript
level (~20%) caused dwarfism [152], and however, a 50% downregulation in Sox9+/- mice and human campomelic
dysplasia patients resulted in chondrodysplasia [153]. As shown in Figure 10, Sox9 interacts with a host of other crucial
factors during chondrogenesis and for the proper formation of cartilage. Sox9 acts as a transcriptional activator, for this
reason its modification as well as the molecular interactions it have with other molecules such as shown in Figure 10
serve to control its transcriptional activity [154, 155]. BMP signaling has been demonstrated to regulates Sox9 expres-
sion, for instance, the inactivation of both BMPR1A and BMPR1B downregulates Sox9 expression [156]. In an in vivo
kinetic analysis of the expression of chondrogenic genes e.g. Col2al, Aggrecan, collagens, and BMP signaling compo-
nents it has been demonstrated that Sox9 expression could be induced [157]. TGF3/BMP pathways, such as Smads and
TGEF activated kinase has been implicated in Sox9 expression during chondrogenesis [158, 159].

1.12. Conclusion

In conclusion, this work explored the development of cartilage, the organogenesis of the limb joint, some of the signaling
cascades and transcriptional factors involved in the development of a proper cartilage. Furthermore, this review also
summarized works done in cartilage related diseases and the molecular factors implicated in the etiology of such dis-
eases. In this review also, a broader view of the unifying principles and mechanisms of signaling pathways such as
FGFs, IGFs, Wnt, BMPs signaling that are crucial in chondrogenesis. In a diseased microenvironmental conditions such
as osteoarthritic, or rheumatoid-arthritic conditions, chondrocytes can undergo a switch in cell metabolism activate
inflammatory signaling, this study also summarizes the implications of such conditions on cartilage degeneration such
as osteoarthritis and rheumatoid arthritis.
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