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Abstract

This review surveys the use of pluripotent and multipotent stem cells in skeletal tissue 

engineering. Specific emphasis is focused on evaluating the function and activities of these cells in 

the context of development in vivo, and how technologies and methods of stem cell-based tissue 

engineering for stem cells must draw inspiration from developmental biology. Information on the 

embryonic origin and in vivo differentiation of skeletal tissues is first reviewed, to shed light on 

the persistence and activities of adult stem cells that remain in skeletal tissues after embryogenesis. 

Next, the development and differentiation of pluripotent stem cells is discussed, and some of their 

advantages and disadvantages in the context of tissue engineering is presented. The final section 

highlights current use of multipotent adult mesenchymal stem cells, reviewing their origin, 

differentiation capacity, and potential applications to tissue engineering.
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1. INTRODUCTION

In 1963, Till and McCulloch were the first to demonstrate the clonal colony forming 

capacity and multilineage differentiation potential of hematopoietic stem cells (1). 

Developmental biologists would go on to use these same attributes—capacity for clonal self-

renewal and multilineage differentiation to define different stem cell populations in 

development. All vertebrates develop from a single zygote—a cell that is considered to be 

totipotent, meaning that it is capable of differentiation into all the tissues of an organism as 

well as the extra-embryonic tissues. In 1981, embryonic stem cells (ESCs) were first derived 

from an inner cell mass of mouse blastocysts at the University of Cambridge (2). These cells 

had the capacity for clonal expansion and self-renewal and retained their ability to 

differentiate into all cells of the organism, fitting the definition for a population of 

pluripotent stem cells (PSCs). Tissue engineers later appropriated the stem cell term to 

define cells isolated from the bone marrow of adult organisms with capacity for limited self-
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renewal and multi-lineage differentiation into mesenchymal tissues. These cells were termed 

mesenchymal stem cells (3). Multipotent progenitors have now been isolated from a number 

of tissues and in vivo niches, and this review refers to these cell populations together with 

mesenchymal stem cells as multipotent stem cells (MSCs).

For skeletal tissue engineering, PSCs and MSCs have become the cell types of choice due to 

their capacity for expansion and ability to differentiate into multiple skeletal tissues. The 

first part of this review discusses the markers and signaling pathways that influence the 

differentiation of skeletal tissues during development. The second part of the review 

discusses how the knowledge gained from these studies has been applied to tissue 

engineering to influence the differentiation of pluripotent stem cells and mesenchymal stem 

cells.

2. STEM CELLS IN DEVELOPMENT AND ADULT HOMEOSTASIS

In mammals, skeletal tissues retain some capacity for regeneration after the embryonic 

period with tissue specific stem cells that are capable of healing limited defects. The 

capacity for regeneration varies both by tissue type and with age. The healing and 

regeneration of bone after a fracture is a well-described phenomenon (4). Tendons possess a 

limited ability to repair (5). Humans are capable of imperfect repair of articular cartilage 

defects with fibrocartilage (6). There is evidence from other animals that regeneration of 

articular cartilage is possible. The MRL/MpJ mouse strain, for example, displays an intrinsic 

ability to regenerate articular cartilage defects (7). Unfortunately, this innate supply of stem 

cell renewal capacity decreases dramatically with aging (8). Neonatal mice and humans are 

capable of complete regeneration of amputated digit tips, an ability that is lost with aging. 

Lineage tracing study of newborn mouse digit tip regeneration demonstrates that stem cells 

necessary for this process are recruited from their native tissues (9). By understanding the 

developmental origins of skeletal tissues and adult progenitors, researchers gain insights into 

how to sustain and enhance the potential of these stem cell populations as well how to 

engineer functional tissues utilizing stem cells.

2.1. Mesenchymal precursors

All cells in the developing organism are descended from one of three germline lineages: 

endoderm, mesoderm, and ectoderm. The mesoderm is formed during gastrulation when 

cells migrate through the primitive streak under the influence of the fibroblast growth factor 

(FGF) family gene Snail and Sox3 (10). Another important signaling pathway in 

specification of mesoderm is transforming growth factor β (TGFβ) family ligand, Nodal. 

Nodal misexpression in frogs and zebrafish induces ectopic formation of mesoderm, while 

loss of Nodal in mice disrupts mesoderm formation. Nodal is responsible for inducing the T-

box transcription factor and mesodermal marker Brachyury (T) (11).

At this stage the mesoderm exists in multiple compartments (Figure 1). The lateral plate 

mesoderm, with contributions from the paraxial mesoderm derived somites for tendon and 

ligaments, eventually gives rise to the appendicular skeleton and pelvis (12). Mesenchymal 

precursor cells in the limb are marked by expression of Prx1 (13). The axial mesoderm gives 

rise to the notochord, which contributes towards the formation of the nucleus pulposus (NP) 
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of the intervertebral discs (IVD). The paraxial mesoderm gives rise to the somites that will 

form the ribs, vertebral bodies, annulus fibrosus of the IVD (14), and part of the craniofacial 

skeletal tissues. The majority of the craniofacial skeletal tissues are derived from neural crest 

cells, a population of cells that derives from the ectoderm adjacent to the neural tube (15).

One of the key pathways inducing the expansion of mesenchymal precursors is the FGF 

signaling pathway. In the limb bud, Wnt3a signaling from the lateral plate mesoderm 

induces expression of FGF10 necessary for the development of an apical ectodermal ridge 

(AER). Once established, the AER secretes FGF4 and FGF8 to stimulate outgrowth of the 

limb bud and expansion of mesenchymal progenitors. FGF signaling from the AER also 

induces expression of the noncanonical Wnt5a in the immediate underlying mesenchyme to 

create a gradient towards which mesenchymal cells migrate to shape the developing limb 

(16). The AER FGFs help to establish the sonic hedgehog (Shh)-Grem1-AER/FGF feedback 

loop that patterns the limb bud and controls the onset of mesenchymal precursor 

condensation (17). Interestingly, Grem1 has recently been identified as a marker of 

multipotent skeletal stem cells in adult mice (18).

Mesenchymal precursor condensation is controlled primarily by the action of the bone 

morphogenetic protein (BMP) signaling pathway. The progression of proliferating 

mesenchyme to chondrogenesis in the limb bud is regulated by the termination of this Shh-

Grem1-AER/FGF feedback loop due to outgrowth of the limb bud. Grem1 expressing cells 

in the mesenchyme escape the influence of Shh from the zone of polarizing activity (ZPA) in 

the posterior limb bud due to proliferation of the cells that separate them from the ZPA. As 

hedgehog signaling is silenced in the anterior limb by the repressive hedgehog transcription 

factor Gli3, Grem1 levels fall and BMP activation necessary for chondrogenic initiation can 

occur (17). BMP activation triggers the initiation of chondrogenic condensation via the 

upregulation of N-cadherin (Cdh2) and N-cell adhesion molecule-1 (Ncam1), allowing cell-

cell communication to facilitate further condensation via Ncam1 and β-catenin signaling. 

Ncam1 and β-catenin signaling upregulate the expression of syndecans and fibronectin 

necessary for condensation (19). Wnt signaling is activated in areas between condensations 

and recent work has proposed that a Turing type reaction-diffusion mechanism controls the 

alternating pattern of BMP activation in digital condensations and Wnt activation in 

interdigital regions (20). Although TGFβ is a potent inducer of in vitro chondrogenesis of 

mesenchymal stem cells via its Type 2 receptor (Tgfbr2), deletion of Tgfbr2 from the limb 

mesenchymal precursors in mice does not affect chondrogenesis and results in fusion of 

phalanges and shortened skeletal elements, indicating that TGFβ signaling may function to 

limit chondrogenesis rather than promote chondrogenesis in vivo (21).

In adults, multipotent mesenchymal precursors have been demonstrated to exist in a number 

of niches. For example, cells with the characteristics of mesenchymal precursors including 

capacity for self-renewal and differentiation into multiple skeletal lineages have been shown 

to reside as pericytes in vivo (22). Stimulating the regenerative capacity of these perivascular 

MSCs in situ and/or isolating them for use in tissue engineering has been a major focus of 

research over the past few decades and will be discussed in the section on mesenchymal 

stem cells.
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2.2 Cartilage

In the limb bud, the process of mesenchymal precursor condensation coincides with the 

initiation of chondrogenesis via the expression of the master chondrogenic transcription 

factors, Sox5, Sox6, and Sox9 (23). These transcription factors regulate the expression of a 

number of chondrocyte specific genes including collagen type II (Col2a1), collagen type XI 

(Col11a1), collagen IX (Col9a1), aggrecan (Acan), and cartilage oligomatrix protein (Comp) 

among others (24). These extracellular matrix (ECM) proteins assemble to generate a 

characteristic chondrocyte ECM that is known as hyaline cartilage specific matrix. Recent 

lineage tracing experiments with inducible reporters downstream of promoters for Col2a1, 

Acan, and Sox9 reveals that, in addition to articular cartilage, all osteoblast and marrow 

stroma cells are derived from precursors that express these earlier chondrogenic markers at 

one point (25). Although all chondrocytes express the same earlier marker genes, 

chondrocytes continue to differentiate into functionally dissimilar fates. In the case of 

growth plate chondrocytes, they are primarily destined for apoptosis/hypertrophy. In the case 

of articular chondrocytes, they achieve a homeostatic balance as a mature chondrocyte 

within a permanent hyaline matrix.

2.2.1 Growth plate chondrocytes—Chondrocytes at the center of the cartilage model 

are the first to hypertrophy and begin secreting signals that set up the structure of the growth 

plate, a transient developmental structure that eventually closes via endochondral 

ossification, that takes place during puberty in humans. The growth plate is a highly 

organized arrangement of chondrocytes that includes a resting zone, a proliferating zone, a 

pre-hypertrophic zone, and a hypertrophic zone. Resting and proliferating chondrocytes are 

marked by expression of parathyroid hormone related peptide (PTHrP), which is known to 

inhibit chondrocyte hypertrophy. Proliferating chondrocytes are organized into columns of 

cells oriented with the long axis towards the hypertrophic region, and this organization is 

essential for the control of bone shape. The stacking of proliferating chondrocytes is 

believed to involve elements of planar cell polarity, primary cilium orientation, matrix 

proteins, and diffusion gradients of growth factors such as BMPs, Indian hedgehog (Ihh), 

and Wnts and is an area of active investigation (26). Early pre-hypertrophic chondrocytes are 

marked by expression of Ihh. As the cells enlarge and enter into hypertrophy, they are 

marked by expression of the matrix protein, collagen type X (Col10a1). Additionally, they 

express a number of genes necessary for facilitating the remodeling of the ECM for blood 

vessel and osteoblast invasion, including matrix metalloproteinases (MMP9 and MMP13) 

and vasculoendothelial growth factor (VEGFA). Hypertrophic chondrocytes are also marked 

by expression of the early osteoblast transcription factors Runx2 and Osterix (Sp7). More 

mature hypertrophic chondrocytes also express apoptosis markers, such as Bcl2 (27).

The Ihh/PTHrP feedback loop is a major regulator of growth plate chondrocyte hypertrophy. 

Ihh secreted by the pre-hypertrophic chondrocytes stimulates hypertrophy of proliferating 

chondrocytes, but also stimulates expression of PTHrP, which inhibits chondrocyte 

hypertrophy. The interplay of these two signals sets up the orderly progression of 

chondrocytes through the growth plate. FGFs also play an important role in regulating 

chondrocyte hypertrophy. Constitutive activation of FGFR3 results in accelerated 
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hypertrophy and premature growth plate closure, characteristic of diseases of growth plate 

disorders, such as achondroplasia (28, 29).

As indicated above, recent lineage tracing and cell population sorting studies have revealed 

that growth plate chondrocytes harbor a population of persistent skeletal stem cells with the 

capacity to differentiate into bone, cartilage, and marrow stroma that becomes progressively 

restricted (30). These cells represent a potent and defined source of tissue specific stem cells 

for regeneration of adult tissues.

2.2.2 Articular Chondrocytes—Articular chondrocytes represent a distinct population of 

chondrocytes, distinguished from growth plate chondrocytes by virtue of their ability to 

resist hypertrophy and calcification. Cavitation takes place within specified sites of the 

cartilage anlagen, and leads to the formation of an interzone consisting of flattened cells that 

gives rise to joints and articular chondrocytes. A recent review gives an excellent overview 

of the current state of what is known about the development of articular chondrocytes and 

related joint structures (31). Although there are many markers common to all chondrocytes, 

articular chondrocytes of the joint express a specific set unique from growth plate 

chondrocytes. Growth and differentiation factor 5 (Gdf5) is a BMP protein that has been 

shown with mouse models and in vitro experiments to be expressed specifically within 

articular chondrocyte precursors and to be essential for normal joint formation (32). PTHrP 

is known to inhibit chondrocyte hypertrophy and is expressed at high levels in both resting 

chondrocytes and articular chondrocytes during development. It has been proposed to 

function in the maintenance of articular chondrocyte phenotype (33). At the articular 

surface, synovial cells are marked by expression of lubricin (Prg4), a protein necessary for 

joint lubrication (34). Laser dissection and microarray analyses have identified a number of 

genes specific to articular chondrocytes and their precursors in development, and have also 

begun to explore expression specific to certain joint such as elbow versus knee (35, 36). The 

functional significance of the expression of these molecules is still being explored in 

developmental biology studies, but promises to yield new strategies for engineering adult 

articular cartilage.

Dysfunction of several signaling pathways has been described in the degenerative joint 

disease, osteoarthritis, including elevated BMP, hedgehog, and Wnt signaling and decreased 

TGFβ signaling. The effects of these changes, whether they are compensatory or pathologic, 

and their effects on articular cartilage repair are active areas of research. As an example, 

recent studies have demonstrated that Tgfbr2 is expressed in and specifically labels the joint 

versus growth plate. TGFβ signaling is known to support the development and homeostasis 

of articular cartilage by preventing chondrocyte hypertrophy (37). Interestingly, 

overexpression of TGFβ-1 in adjacent subchondral bone has been shown to induce cartilage 

degeneration, demonstrating the importance of restricting developmental signals to their 

proper tissues (38).

In the adult there is believed to be a population of cartilage-derived stem/progenitor cells 

(CPSCs) that migrate within the articular cartilage zone, in a manner responsive to 

degenerative changes. Although CPSCs have been isolated from articular cartilage, further 
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work on their origin and derivation has been hampered by lack of a specific marker. It is 

hoped that stimulation of this population of cells may enhance cartilage regeneration (39).

2.3 Bone

Developmentally, bone is formed by two fundamental processes: endochondral ossification 

and intramembranous ossification. As described above, endochondral ossification involves 

the formation of the growth plate, a spatially organized structure within which chondrocytes 

mature through oriented proliferation, hypertrophy, and eventually either apoptosis or 

differentiation into osteoblasts; invading osteoblastic progenitor cells then populate the 

skeletal model, giving rise to a fully formed bone. In contrast, intramembranous ossification 

involves the direct conversion of mesenchymal progenitors to osteoblasts without the 

intervening chondrocyte maturation or growth plate structure, and involves the gradual 

fusion of clusters of osteoblasts known as spicules. The axial and craniofacial skeletons are 

formed primarily via intramembranous ossification (15).

Mature bone is composed of three types of cells: osteoblasts, osteocytes, and osteoclasts. 

Osteoclasts, responsible for bone resorption, are derived from hematopoietic stem cells. 

Their regulation and differentiation are tightly linked to osteoblasts and systemic regulators 

and are discussed in detail elsewhere (40). Osteoblasts, responsible for bone synthesis, are 

derived from Sox9+ mesenchymal progenitors that can either continue as chondrocytes or 

differentiate to preosteoblasts (41) under the influence of the transcription factors Runx2, 

and later, Osterix (Sp7). Runx2 and Sp7 are often used as markers of osteoblast 

differentiation. Mature osteoblasts express the transcription factor Atf4. Atf4 is a direct 

regulator of osteocalcin (Ocn) and stimulates expression of Ihh in chondrocytes to encourage 

maturation and osteoblast differentiation (42). Osteoblasts that become embedded within the 

bony matrix continue to differentiate into osteocytes. Osteocytes, marked by the expression 

of sclerostin (Sost) and dentin matrix protein 1 (Dmp1), compose more than 90% of all 

mature bone cells and play important roles in signaling to control calcium balance and bone 

remodeling in response to mechanical and hormonal cues via control of osteoblast and 

osteoclast differentiation (43).

The in vivo hallmark of osteoblastic cells is their ability to lay down a calcified bony matrix. 

This matrix is composed primarily of type I collagen (Col1a1) along with Ocn. Calcification 

requires the expression of alkaline phosphatase (Alpl) to provided the necessary phosphate 

for forming hydroxyapatite along with a host of matrix proteins that support the formation of 

calcified matrix including osteonectin (Sparc), integrin binding sialoprotein (Ibsp), and 

osteopontin (Spp1) (42).

A number of signaling pathways control the differentiation of osteoblasts. Ihh expression is 

essential for bone formation—loss of Ihh in mice results in complete failure of bony 

ossification (44). Mutations in the Notch signaling pathway demonstrate that Notch 

signaling suppresses osteoblast differentiation. Loss of function mutations in the Wnt co-

receptor LRP5 result in severe osteoporosis, and the canonical Wnt transcription factor β-

catenin is required for bone formation in the embryo. A critical threshold of BMP signaling 

is required for differentiation of mature osteoblasts, but the roles of different receptors and 

ligands is still an area of active research. FGF signaling plays a role in preosteoblast 
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proliferation and mature osteoblast differentiation, but the precise temporal specificity 

remains to be investigated (42).

Mammals are capable of complete and perfect regeneration of bone following fracture. 

Fracture repair recapitulates the pathway of normal embryonic bone development, including 

activation of the Ihh, BMP, and Wnt pathways. The majority of fractures are healed by a 

combination of intramembranous and endochondral ossification, with endochondral 

ossification taking place in less stable fractures outside the periosteum and intramembranous 

ossification occurring within the periosteum at the edges of the callus. Following a fracture 

there is a brief inflammatory period after which periosteal and bone marrow mesenchymal 

precursors migrate to the site of fracture to initiate formation of a callus that is later 

remodeled to mature bone (4). Bmp2 is integral to bone healing—mice lacking the ability to 

produce Bmp2 in limb bones develop spontaneous fractures that do not resolve with time 

despite the presence of many osteogenic stimuli (45). Molecular understanding of bone 

development has already seen clinical translation in the form of recombinant BMP-2 for 

spinal fusions (46). As understanding of these processes grows, more adept manipulation of 

pathways and cells that control bone formation will help to reverse degenerative bone 

diseases such as osteoporosis as well as to expand reconstructive options and accelerate 

natural bone healing.

2.4 Intervertebral disc

The adult intervertebral disc (IVD) is formed from the interactions of notochord and 

neighboring somites during development. The mature IVD is composed of the central, 

largely acellular, proteoglycan rich nucleus pulposus surrounded by a dense ring of fibrous 

tissue known as the annulus fibrosus. The developmental formation of the IVD and vertebrae 

is driven largely by Shh secreted from the notochord, which is dependent on expression of 

transcription factors Foxa1 and Foxa2 (47). Shh from the notochord is responsible for 

inducing and maintaining the notochordal sheath. The notochordal sheath functions to 

restrict nucleus pulposus cells to the IVD and segregate the notochord between vertebrae 

(48). Shh exerts its function via induction of Pax1 and Pax9 to maintain the notochordal 

sheath and induces the surrounding somite to form the annulus fibrosus. Loss of Pax1 and 

Pax9 results in a single, unsegmented cartilaginous rod (49). The notochord and later 

annulus fibrosus secrete the BMP inhibitor, Noggin, which acts to counteract the BMPs 

secreted from developing vertebral bodies and prevents the ossification of the IVD (50). The 

formation and maintenance of the annulus fibrosus is also driven by TGFβ signaling through 

Tgfbr2 (51). Wnt and FGF signaling in the annulus fibrosus are thought to play a role in 

regulating interaction with the vertebral endplate (52).

Degeneration of the IVD is closely associated with aging, DNA damage, inflammation, and 

decreased stem cell function (53). In the nucleus pulposus, both cell density and 

proteoglycan content of the matrix decrease with age. The annulus fibrosus shows loss of 

structural integrity with aging, including tears and altered mechanical properties associated 

with matrix changes (14). Aging IVDs show decreased Shh and Wnt signaling, and 

pharmacological activation of these pathways has been shown to increase cell proliferation 

and matrix secretion in aged IVDs, potentially restoring a younger phenotype (54, 55). In the 
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annulus fibrosus, stimulation of the TGFβ signaling pathway has been shown to increase the 

matrix retention and augment the repair of aging annulus fibrosus (56). Future studies to 

explore the interactions of these and other signaling pathways in development, aging, and 

repair will be essential to efforts to engineer functional IVDs and/or to regenerate aging 

IVDs.

2.5 Tendon and ligament

Tendons and ligaments are derived from the syndetome, a somitic compartment that arises 

during development between the sclerotome and myotome. The syndetome is marked by 

expression of scleraxis (Scx) (57). Scx expression is positively regulated by the transcription 

factors Pea3 and Erm, which are induced by FGF8 secreted from the myotome (58). Scx 

also suppresses expression of Pax1, which is specific to the neighboring sclerotome. Scx 

promotes expression of Col1a1 and the late tendon/ligament marker tenomodulin (Tnmd). 

Tnmd is a type II transmembrane glycoprotein protein whose deletion in mice results in 

poorly developed tendons with decreased tenocyte proliferation and reduced tenocyte 

density (59). TGFβ signaling also plays an important role in tendon development. Deletion 

of TGFβ2 and TGFβ3 or Tgfbr2 in mice resulted in loss of most tendons and ligaments in 

the limbs, trunk, tail, and head (60).

Mechanical stimulation is known to be essential to the development of tendon. During 

embryonic development, the composition of the ECM of developing tendons gradually 

changes in response to both mechanical signals and growth factors (61). The program of 

tendon differentiation and the different chemical and mechanical cues that control it is still 

an area of active research. Recently, another important transcription factor, Mohawk, was 

identified as necessary and specific for tendon/ligament development(62). Transcriptomic 

analyses of tendon progenitor cells from different stages in development will lend insight 

into the signaling pathways and transcription factors that regulate tenogenesis (63).

Some capacity for regeneration is retained in adult in the form of tendon stem cells. These 

cells are believed to reside in the sheath surrounding mature tendons known as the 

paratenon. There is evidence that they become activated and increase proliferation and 

differentiation in response to injury with some capacity to remodel and regenerate tendons 

(5). During this regenerative process, areas of tendon undergoing repair are enriched in 

expression of embryonic tendon markers such as Scx, Mohawk, and Tnmd. Deletion of 

Tnmd results in reduced self-renewal and augmented senescence in tendon stem cells, 

suggesting that the developmental program of tenogenesis is key to in vivo tendon repair 

(64).

3. STEM CELLS IN TISSUE ENGINEERING

The use of stem cells in tissue engineering opened a new era for the treatment of 

musculoskeletal diseases. First attempts to engineer skeletal tissues utilized fully 

differentiated somatic cells transplanted into the lesion area. These efforts have seen 

moderate success with the clinical implementation of therapies such as matrix assisted 

chondrocyte implantation (MACI) (65), but still have a number of drawbacks including 

limited expansion potential, invasive harvesting of autologous cells, limited capacity for 
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remodeling and integration, uncontrolled hypertrophy, and overgrowth. Stem cells represent 

a more naïve population of cells similar to those involved in the embryogenesis and the 

original formation of tissues. Compared to somatic cells, stem cells have significantly 

greater capacity for expansion due to self-renewal. The multilineage differentiation capacity 

of stem cells suggests that they can be combined with scaffolds, mechanical stimulation, 

bioreactors, and growth factors to provide the stem cells with microenvironments for the 

development of complex tissues composed of multiple cell types (66, 67). Stem cells also 

avoid problems such as donor site morbidity and immunogenicity. Stem cells used in tissue 

engineering fall into two categories: pluripotent and multipotent stem cells. Pluripotent 

stems cells include embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs). 

Multipotent stem cells (MSCs) used in clinical applications include mesenchymal stem cells 

and other tissue specific adult stem cells along with hematopoietic stem cells (HSCs). This 

section discusses the use of stem cells capable of skeletal tissue differentiation and, thus, 

HSCs will not be discussed in detail.

3.1 Pluripotent stem cells (PSCs)

In 1981, embryonic stem cells (ESCs) were first derived from mouse embryos at the 

University of Cambridge (2). In 1998, Thomson et al. at the University of Wisconsin-

Madison first isolated and grew human ESCs in culture (68). They proposed that the 

essential characteristics of ESCs should include: (i) derivation from the preimplantation or 

peri-implantation embryo, (ii) undifferentiated proliferation for prolonged periods and (iii) 

the potential to differentiate into cells of all three germ layers. The ability to differentiate 

into all three germ layers is usually assayed via teratoma formation, and in mice, the 

incorporation of ESCs into germline. Their human ESCs expressed stage-specific embryonic 

antigen-3 (SSEA3), SSEA4, TRA-1-60, TRA-1-81, and alkaline phosphatase (Alpl) after 

isolation and culture in vitro. The cells maintained the developmental potential to form 

derivatives of all three embryonic germ layers (endoderm, mesoderm and ectoderm) after 

undifferentiated proliferation for months.

After the discovery that somatic cells could be reprogrammed by nuclear transfers (69) or by 

fusion with ESCs (70, 71), researchers at Kyoto University postulated that the factors which 

play important roles in the maintenance of ESC state would also induce of pluripotency in 

somatic cells (72). In 2006, they succeeded in generating pluripotent stem cells from mouse 

fibroblasts via retroviral transduction of four transcription factors: Oct3/4, Sox2, c-Myc, and 

Klf4. In the following year, two independent groups reported similar success in creating 

human induced-pluripotent stem cells (iPSC). Yamanaka and colleagues used the same four 

genes while Thompson and colleagues used Oct4, Sox2, Nanog and Lin28 (73, 74). iPSCs 

were shown to have the morphology and growth properties of ESCs and also to express ESC 

markers. Additionally, they demonstrated high telomerase activity and could proliferate 

indefinitely while maintaining their differentiation potential.

Although iPSCs share many similarities with ESCs, there are a number of practical 

differences. As transgenes and vectors are most commonly used to generate iPSCs and the 

integration is permanent, there is the possibility that the integrations will cause insertional 

mutations that could influence differentiation or cause tumor formation. To overcome this 
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limitation, new methods of creating iPSCs have been developed, such as non-integrating or 

excisable vectors (75–77), single and multiple transient transfections (78, 79), protein 

transduction (80–82), mRNA-based transcription factor delivery (83, 84), RNA-based 

Sendai viruses (85–87), microRNA transfections (88), and the use of chemical compound to 

generate iPSCs (89, 90). In addition, iPSCs derived by factor-based reprogramming have a 

residual DNA methylation profile related to their tissue of origin, which is referred to 

as ”epigenetic memory”, which restrains to varying extent their differentiation potential. 

However, the methylation profile of iPSCs can also be reset by serial reprogramming and or 

by treatment with chromatin-modifying drugs (91). Human iPSCs have been derived from 

many cell types, such as fibroblast, peripheral blood cell, adipose stem cell, amniotic cell, 

mesenchymal stem cell, hepatocyte, and neural stem cell, among many others (92).

3.2 Pluripotent stem cell technology

Pluripotent stem cells have a number of features that make them attractive cell sources for 

skeletal tissue engineering. In their pluripotent state, PSCs can be expanded indefinitely and 

represent a nearly unlimited supply of cells. Additionally, the ability to expand PSCs from a 

single cell makes the implementation of multiple genetic modifications and alterations to 

cell lines considerably more feasible than in cells with limited expansion capacity. In the 

case of iPSCs, they represent a potentially unlimited source of autologous cells, making 

them ideal for engineering personalized tissues that avoid immune rejection. However, there 

is some controversy surrounding this concept due to reports that syngeneic and autologous 

iPSCs generated both by retroviral approach and episomal approach stimulate an immune 

response leading to rejection (93). Further studies have demonstrated this may be due to the 

unnatural pluripotent state, as terminally differentiated cells derived from iPSCs display 

negligible immunogenicity (94, 95). A number of advances have been made in expansion 

culture of PSCs that have expanded understanding of the pluripotent state and will 

eventually pave the way for safe clinical studies. Concomitant with these advances, methods 

and protocols for differentiation of PSCs into skeletal tissues have also been refined. These 

advances have opened possibilities for PSCs in various applications, including drug 

screening and basic science studies to pre-clinical applications.

3.2.1 Expansion culture of PSCs—PSCs have a number of properties that allows them 

to be expanded indefinitely. High telomerase activity maintains the length and integrity of 

telomeres, which contributes to PSCs’ resistance to senescence (96). Their pluripotent state 

is largely governed by transcription factors Oct4, Nanog, and Sox2. These three transcription 

factors activate the expression of protein-coding and micro RNA genes necessary to 

maintain the pluripotency state, while repressing expression of genes encoding lineage-

specific proteins and miRNAs. When any one of the factors is not available or is below 

threshold level, the cells will begin to undergo differentiation (97). Some of the key 

regulators of the pluripotent state and continued proliferation include growth factors, 

mechanical stimulation, oxygen tension, and biomaterials.

3.2.1.1 Expansion culture growth factors: As in embryonic development, a number of 

growth factors, which play important roles in morphogenesis, have been shown to act on 
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PSCs during in vitro expansion by stimulating proliferation, maintain stemness, and 

preparing them for subsequent differentiation.

While in development FGF signaling promotes differentiation of mesoderm, in culture it 

serves to maintain pluripotency. FGF2 is a foundational component of PSC expansion 

media. With a targeted phosphoproteomics approach, researchers show that upon FGF2 

treatment, all four FGF receptors in PSCs are activated and about 40% of investigated 

proteins showed differential phosphorylation. These phosphorylated proteins include 

pluripotency factors, such as Sox2, Oct3/4, Nanog, and their target proteins. FGF2 activates 

MAPK, AKT and PI3K pathways, which mediate pluripotency, protect human ESCs 

(hESCs) from cell death, and promote ESC adhesion and cloning efficiency (98–100). Src 

kinase family activation by FGF2 and loss of pluripotent marker expression upon Src kinase 

inhibition indicate that regulation of cytoskeletal and actin dependent processes contribute to 

the maintenance of ESC in undifferentiated state.

Another growth factor family shown to regulate stem cell expansion is the Wnt family of 

secreted glycoproteins. While Wnt signaling has been demonstrated to maintain MSCs in an 

undifferentiated and proliferative state (101), the role of Wnt signaling in hESCs is 

controversial. Sato et al. found that activation of Wnt/β-catenin pathway with Wnt3a or 

GSK3 inhibitors maintained the self-renewal of hESCs (102). However, other groups have 

reported that Wnt3a or GSK3 inhibitors drive the differentiation of hESCs toward primitive 

streak and definitive endoderm (103, 104). One explanation for these results is that GSK3 

inhibitors can maintain the expression of pluripotency marker for only a short time but are 

not sufficient to expand hESCs in a lon- term culture system (105). More recently, Davidson 

and colleagues used a sensitive reporter to prove that Wnt/β-catenin pathway is not activated 

during ESC self-renewal, whereas activation led to loss of self-renewal and induction of 

mesoderm markers (106). They also demonstrated that the canonical Wnt/β-catenin pathway 

is repressed by Oct4, and that knockdown of Oct4 activates β-catenin in hESCs. Supported 

by current data, Wnt/β-catenin pathway is more likely to induce differentiation rather than 

maintain the self-renewal of hESCs. The opposing role of Wnt/β-catenin pathway in human 

MSCs and ESCs shows a different response to the same growth factor in distinct stem cell 

types.

Although known to be a potent inducer of stem cell chondrogenic differentiation, TGFβ is 

also necessary for the self-renewal of both hMSC and hESC (107, 108). Using a TGF-β/

activin/nodal signaling inhibitor, Tang and colleagues showed that TGF-β inhibits early 

chondrogenic induction of hESCs but is required for later stage of differentiation. TGFβ/

activin/nodal signaling maintains the pluripotency markers of hESC through the signal 

transducer SMAD2/3, whose activation is required downstream of Wnt signaling (109). 

These results reveal an interconnection between TGF-β and Wnt signaling. Accordingly, 

exogenous activin A maintains hESCs in an undifferentiated state (109, 110). Xiao and 

colleagues identified Nodal/Activin, FGF, Wnt and Hedgehog as important pathways for 

maintaining self-renewal of hESCs with a microarray analysis. Activin A induces the 

expression of Oct4, Nanog, Wnt3 and FGF2, indicating a complex signaling network that 

retains the pluripotent state of hESCs.
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3.2.1.2 Influence of oxygen tension in expansion culture: PSCs are typically cultured in a 

normoxic atmosphere (21% oxygen), but the mammalian reproductive tract contains only 

1.5–5.3% oxygen. Some studies suggest that a hypoxic environment is more physiologically 

relevant for the growth of PSCs and that normoxic conditions may not be suitable for PSC 

culture (111). Several groups have investigated the effect of oxygen tension on culture of 

hESCs. Mild hypoxia (12% oxygen) increases the number of cells expressing Oct4/Nanog 

and reduces the frequency of apoptosis and chromosomal abnormalities compared to 

normoxia in long-term culture. In long-term culture, even lower tension of oxygen (5% 

oxygen) maintains the hESCs in a homogenous and flat colony in contrast to hESCs cultured 

in normoxia, where spontaneous differentiation occurs in the central zone of colony (112). 

Ezashi and colleagues found that in lower oxygen tension (3% and 5% oxygen), hESCs 

grow as well as in normoxia and are less prone to differentiation, with a reduction in 

proliferation seen only at 1% oxygen (113). Other groups have shown enhanced proliferation 

of ESCs cultured under 5% oxygen accompanied by increased expression of pluripotency 

markers SOX2, NANOG and OCT4 (114).

Upon exposure to low oxygen tension, hypoxia inducible factor (HIF) 1α is transiently 

expressed and both HIF2α and HIF3α are significantly upregulated. HIF2α regulates both 

hESC pluripotency and proliferation (114, 115). During prolonged hypoxia, binding of 

HIF1α to the hypoxia-response element (HRE) in the VEGF promoter significantly 

upregulates the expression level of VEGFA (116). VEGFA signaling is related to decreased 

apoptosis, as inhibition of VEGFA increases hESC apoptosis by about 10-fold and 

overexpression of Nrp-1, a VEGF receptor, decreased hypoxia-induced apoptosis by about 

3-fold. Thus, VEGFA signaling plays a significant role in hESC survival during prolonged 

hypoxia. Besides these mechanisms, p53 and Notch signaling have also been shown to play 

a role in the maintenance of pluripotency by hypoxia (117, 118).

As factors like HIFs that mediate hypoxia responses in hESCs also exist in human iPSCs, 

hypoxia is hypothesized to regulate stemness and pluripotency in iPSCs. Sugimoto and 

colleagues found that mouse iPSCs cultured under 5% oxygen demonstrated rapid cell 

growth compared to that at 20% oxygen (119). How hypoxia regulates pluripotency in iPSCs 

is not fully understood, partly due to different approaches and cell sources in generating 

iPSCs. Besides expansion, hypoxia may exert additional effects on iPSCs. Yoshida and 

colleagues report that conducting reprogramming in hypoxia can also improve the efficiency 

for both mouse and human cells (120).

3.2.1.3 Feeder versus feeder-free culture systems: ESCs or iPSCs are not able to 

proliferate directly on tissue culture materials without feeder cells or coating. Mouse 

fibroblast feeder cells, such as SNL cells, combined with ESC culture medium containing 

FGF2 is the standard culture substrate for ESCs and iPSCs. The feeder-free culture on 

Matrigel with conditioned medium has become more popular due to decreased risk of 

animal/human pathogen to the stem cells (73). The feeder free culture system, which 

includes the critical factors for the maintenance of pluripotency, has greatly increased the 

possibility for clinical application of human ESCs and iPSCs. The TeSR family of feeder 

free media was introduced in 2006 (121). TeSR1 is a serum-free and animal product-free 

medium while mTeSR1 is a modification of TeSR1 medium that uses animal-source proteins 
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but with less cost. More simplified medium such as E8 medium was introduced that contains 

less composition than TeSR medium (122). However, mTeSR1 remains the most published 

medium for the culture of PSCs due to their practical features and simple protocol. Besides 

Matrigel, multiple proteins such as leukemia inhibitory factor (LIF), laminin, vitronectin and 

fibronectin have been identified as supportive for pluripotent stem cell maintenance by 

approaches such as comparative proteomics analysis, (123, 124). Unfortunately, most of 

these are still too expensive for large-scale usage (122). ROCK inhibitor (HA100 or 

Y27632) has been reported to decrease the dissociation-induced apoptosis and promote 

colony formation (125). Actin-myosin contraction is a downstream target of ROCK pathway, 

and inhibitors of actin-myosin contraction such as blebbistatin have also been shown to 

increase cell survival and cloning efficiency (126).

3.2.1.4 Influence of biomaterial in expansion culture: Although conventional culture 

systems (with feeder cell or Matrigel coating) are currently used to maintain PSCs in defined 

growth factors, there are also developments in the use of biomaterial scaffolds to mimic the 

microenvironment of stem cells. Some scaffolds support human PSC growth in 2D culture 

and the others provide the stem cells with a well-defined three-dimensional (3D) 

microenvironment to simulate the in vivo stem cell niche. Major scaffolding approaches 

include pre-made porous scaffolds, decellularized ECM, cell sheets with secreted ECM, and 

cells encapsulated in self-assembled hydrogels (127).

Several cross-linked 3D hydrogels and scaffolds are used to provide hPSC spheroids and 

aggregates with fixed cues. Gerecht and colleagues developed a synthetic hyaluronic acid 

hydrogel that supports long-term self-renewal of hESCs and can direct cell differentiation 

(128). Nanofibrillar cellulose hydrogels and calcium alginate hydrogels have also been used 

to create tunable 3D environments for human PSCs (129, 130). Porous polymer scaffolds 

and 3D nanofibrous scaffolds have been shown to be capable of sustaining self-renewal of 

human PSCs in engineered 3D systems with conditioned medium (131, 132).

Biomaterials influence cell behavior of human PSCs by mechanisms distinct from growth 

factors and oxygen tension, such as control of cell morphology and cytoskeletal 

organization. Scaffold substrates that present cell adhesion elements such as heparin-binding 

peptides support PSCs by mimicking physiological cues (133, 134). Other properties such as 

surface roughness, stiffness, and hydrophilicity/hydropholicity all affect self-renewal of 

PSCs. Smooth and rigid substrates provide superior support to hESCs versus nano-rough 

and soft substrates in terms of adhesion, proliferation and self-renewal (135, 136). The 

enhanced self-renewal of PSCs in scaffolds is likely related to the activation of the small 

GTPase Rac, the PI3K pathway, and elevated expression of Nanog (132). Activation of Rac 

is accompanied by Rac-dependent changes like cytoskeletal reorganization, fibronectin 

deposition, and increased cell proliferation (137).

Although expansion culture of human PSCs can be improved by defined growth factors, 

proper oxygen tension and biomaterials, generating a large number of cells with high quality 

remains a challenge. Scalable expansion and differentiation of hPSCs is needed for 

biomedical applications, and two important technologies that have been developed to 

address this issue include microcarriers and thermoreversible hydrogels. Microcarriers have 
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been modified by Matrigel or mouse embryonic fibroblasts and placed in suspension spinner 

flasks for hPSC culture (138–141). The recovery of hESCs adherent to microcarriers during 

cryopreservation is improved compared to the recovery of cells cryopreserved in freely-

suspended colonies (139). Excellent reviews are available on the comparison of different 

microcarrier culture systems for the expansion of hPSCs (142). Thermoreversible hydrogels 

represent a novel, scalable system for expansion and differentiation of hPSCs (143). The 

hydrogel is liquid at low temperature and transfers into an elastic hydrogel when warmed, 

allowing cells to be mixed with the liquid polymeric solution at low temperature, suspended 

in solid gel at 37°C, and passaged by reliquifying the hydrogel at lower temperature. 

Optimized protocols enable long-term serial expansion of hPSCs with high proliferation 

rate.

3.2.2 Differentiation of pluripotent stem cells—There are essentially four different 

methods for generating differentiated skeletal tissue cells from PSCs. The most commonly 

used method is to allow PSCs to form embryoid bodies. Embryoid bodies contain the three 

germ layers, and mesoderm can be manually separated from the endoderm and ectoderm. 

The second method is through the generation of MSCs either by outgrowth from embryoid 

bodies, direct plating of PSCs, or other methods. The third method is direct co-culture of 

PSCs with fully differentiated tissues. The fourth method involves stepwise differentiation 

through mesendoderm, mesoderm, precursor stages, and eventually to mature cells of 

specific lineage. Of these approaches, the step-wise differentiation method is the most 

tedious, but also yields the highest percentage of differentiated cells. It also eliminates steps 

that require manual dissection associated with embryoid body formation (144).

3.2.2.1 Differentiation of PSCs into MSCs, mesoderm, and neural crest: In order to 

achieve higher homogeneity necessary for the application of PSCs in musculoskeletal tissue 

engineering, efforts have been made to induce PSCs to a transient, mesenchymal stem cell-

like cell type that can be differentiated with standard mesenchymal stem cell differentiation 

protocols. These mesenchymal stem cell-like cells derived from hPSCs are also called PMPs 

(PSC-derived mesenchymal progenitor cells). PMPs express cell surface markers of MSCs 

and are multipotent, which means they can differentiate into bone, cartilage, and adipose 

upon induction. Derivation of PMPs is of great interest because this approach combines the 

advantage of the infinite proliferative capacity of PSCs with the well-known properties of 

mesenchymal stem cells, and using iPSCs as the starting cell type also offers the possibility 

of developing autologous tissues. As the proliferative potential and differentiation capacity 

of mesenchymal stem cells are related to donor age, gender, and health condition, the use of 

PMPs opens the possibility to generate uniform batches of renewed mesenchymal stem cells.

There are several methods to derive PMPs from hPSCs. Outgrowth of embryoid body (EB) 

(145), spontaneous differentiation of PSC colonies (146), indirect co-culture (147), and 

treatment with mesenchymal stem cell growth medium (148) have all proved to be feasible 

approaches. Although morphology, surface markers and differentiation potential of these 

PMPs are similar to mesenchymal stem cells, they may still display a unique expression 

pattern of mesenchymal and pluripotency genes. Some mesenchymal progenitor cells 

derived from iPSCs are reported to be less responsive to traditional mesenchymal stem cell 
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differentiation protocols compared with parental mesenchymal stem cells, suggesting that 

PMPs are a distinct population of cells with mesenchymal stem cell-like characteristics 

(149).

In contrast to methods that seek to go directly from PSCs to mesenchymal stem cells, 

Oldershaw et al. used a stepwise differentiation technique to generate first mesendoderm 

followed by mesodermal precursors (150). They begin with Wnt3a and Activin/nodal 

treatment. As mentioned above, activation of these signaling pathways is necessary for the 

formation of primitive streak and the differentiation of hESCs into the bi-potent 

mesendoderm (151–153). In development, the further differentiation of mesendoderm into 

mesoderm is regulated by members of the bone morphogenetic protein (BMP) and fibroblast 

growth factor (FGF) families. Accordingly, treatment with FGF2 and BMP agonist is used to 

convert mesendoderm to mesoderm (154–157).

There are also a number of groups who have sought to differentiate neural crest from PSCs. 

Successful approaches thus far have sought to mimic developmental signaling that specifies 

neural crest including activation of canonical Wnt signaling combined with suppression of 

Nodal signaling (158). Another group has recently demonstrated that inhibition of the 

ROCK/Myosin II pathway can induce neural crest specification of ESCs (159). Because of 

the plasticity of in vivo neural crest cells and their contributions to multiple mature skeletal 

tissue types, these approaches hold a great deal of promise for the study of development and 

tissue engineering.

3.2.2.2 Differentiation of PSCs into chondrocytes: Chondrocytes have been differentiated 

from PSCs with a number of methods. The final stage of the Oldershaw et al. protocol is the 

induction of chondrocyte differentiation with GDF5 and NT4 from the mesodermal 

precursors. These derived chondrocytes express high level of SOX9, deposit a sulfated 

glycosaminoglycan and collagen type II matrix, and represent 80–99% differentiation of the 

PSC population (150). Yang and colleagues later simplified the protocol to a two-stage 

process using only six growth factors (160). Other methods have used direct co-culture of 

PSCs and chondrocytes, standard chondrogenic medium to induce differentiation of PMPs, 

and standard chondrogenic medium to induce mesoderm isolated from embryoid bodies and 

have been reviewed extensively (144). PSCs can also be transfected with virus-based 

promoter-reporter constructs to aide in selection of chondrogenic clones. In one study, 

chondrogenically differentiated PSCs were purified by green fluorescent protein expression 

driven by the chondrogenic Col2a1 gene promoter, allowing them to be identified and 

isolated (161).

Besides growth factors and matrix proteins, other modifications of in vitro culture systems 

can also result in improved chondrogenesis, such as oxygen tension, biomaterial scaffolds 

and mechanical stimulation. Although hypoxia has a critical role in maintaining the 

undifferentiated state of hPSCs, it also promotes chondrogenesis of MSCs and hPSCs. It has 

been shown that hESCs cultured in hypoxia during chondrogenic differentiation have 

enhanced ability to produce collagen type II, collagen type I, and glycosaminoglycans, 

resulting in better biomechanical functionality (162).
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Biomechanical scaffolds have an important role in directing MSC chondrogenesis mainly 

through regulation of cell shape and actin cytoskeletal organization. Studies using scaffolds 

to promote hPSC chondrogenesis is being undertaken. An ideal scaffold for cartilage repair 

should provide the stem cells with proper porosity for nutrients diffusion, necessary 

mechanical strength, and promote differentiation. Many biomaterials have been used in 

musculoskeletal tissue engineering. Natural materials such as collagen, gelatin, fibrin and 

hyaluronan can mimic some aspects of native ECM and are relatively biodegradable, but 

require extensive purification and may have the risk of pathogen contamination. Synthetic 

biomaterial such as poly (α-hydroxy esters) and ceramics provide a higher stability and are 

more capable of forming macro-/microstructure (163).

In another approach, rigid scaffolds like PLA provide more mechanical strength but may not 

be readily degraded, thus affecting the properties of mature chondrocytes. Natural or 

synthetic hydrogels have the advantage that they are usually highly permeable and the cells 

can be distributed evenly in the gel before polymerization, but hydrogel lack sufficient 

mechanical strength (164). Scaffolds fabricated with electrospinning, which can produce 

continuous polymeric fibers ranging from nanometers to microns and serve as a 3D porous 

scaffold, represent another option. Other natural materials such as gelatin, hyaluronic acid 

and glycosaminoglycan can enhance the cell affinity of electrospun fibers (165–170). 

Cartilage defects implanted with cells in nanofibrous scaffold using PCL and gelatin have 

been shown to exhibit an improved appearance, higher cartilage-related gene expression and 

protein levels, and enhanced subchondral bone regeneration (171). Direct plating of 

undifferentiated iPSCs into high-density micromass cultures in the presence of BMP2 

promoted chondrogenic differentiation, but with a mix of phenotypes including articular, 

growth plate, and fibrocartilage. However, the expression of articular markers was higher in 

micromass than in pellet cultures (172).

Li and colleagues demonstrated that a local cyclic stress applied through focal adhesion 

induced spreading and differentiation of mESCs, as evidenced by the down regulation of 

Oct3/4 gene expression (173). Fluid shear stress can also direct the differentiation of ESCs 

(174). Besides mechanical forces like cyclic stress and shear stress, matrix stiffness has been 

shown to influence differentiation of ESCs. Evans and colleagues assessed the effects of 

substrate stiffness on lineage specification and found that genes expressed in the primitive 

streak and during early mesendoderm differentiation are upregulated in cells cultured on 

stiffer substrate (175). Although mechanical stimulation influences PSC differentiation, how 

to combine it appropriately with other factors (growth factor, scaffolds, etc.) for the 

induction of PSC to cartilage still needs to be elucidated.

3.2.2.3 Differentiation of PSCs into osteoblasts: Compared to chondrogenesis of PSCs, 

osteogenesis is relatively successful, even without supplementation of recombinant growth 

factors. PSCs are typically differentiated into mesenchymal progenitors, and osteogenesis is 

induced with standard components of osteogenic mesenchymal stem cell medium, including 

dexamethasone, ascorbic acid, and β-glycerophosphate (148). Similar to their role and 

expression in development of cartilage anlagen that form the bones in the limb, BMP2, 

BMP4, and BMP7 have all been show to have an effect on osteogenic differentiation of 

PSCs. BMP2 has been used by several groups as a supplement in hESC osteogenic medium 
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to promote osteogenesis (176). Another member of BMP family, BMP4 has also been shown 

to enhance osteogenesis of hPSCs (177). BMP7 has little effect alone, but has a synergistic 

effect in promoting osteogenesis of hESCs upon addition with dexamethasone (178). Most 

protocols induce osteogenesis of hPSCs via PSC-derived mesenchymal progenitors. Few 

studies have been performed to mimic various stages of development for differentiation from 

hPSC to osteoblast.

Unlike the positive effect of low oxygen tension on chondrogenesis, the effect of hypoxia on 

osteogenesis shows less consistency (179–181). Yang and colleagues found that hypoxia 

inhibits osteogenesis of human mesenchymal stem cells through down regulation of RUNX2 

by TWIST, a downstream target of HIF1α (181). A general trend is that low oxygen tension 

reduces osteogenic differentiation. However, the relationship between oxygen tension and 

osteogenesis of hPSCs has not been demonstrated in published reports.

Given the mechanical strength of bone tissue, various scaffolds have been used to enhance 

bone regeneration. Scaffolds such as decellularized bone matrix (148), nanofibrous 

polylactic (PLLA) scaffold (178) and thermoreversible hydrogel (176) have all proved to be 

feasible for engineering bone from hPSCs.

3.2.2.4 Differentiation of PSCs into other skeletal lineages: PSCs are also a promising 

cell source for tendon repair. hESCs are capable of differentiating into tenocytes via ESC-

derived MSCs and secret fetal tendon matrix and differentiating factors (182, 183). 

Mechanical load combined with tendon-specific transcription factor scleraxis synergistically 

promotes the commitment of hESC-derived MSCs to tenocytes (182). In a large animal 

tendinitis model, injection of ESCs significantly improved architecture, tendon size and 

tendon linear fiber pattern compared with controls (184).

3.2.3 Pluripotent stem cells application—Although patient-derived iPSCs may 

overcome the issue of immunological rejection and ethical problems in cell therapy, 

challenges still remain. Low efficiency of reprogramming is one of the hurdles, and 

significant genomic changes have been observed in human iPSCs despite the use of non-

integrating reprogramming techniques (185). PSCs also tend to form teratomas because 

undifferentiated cells cannot be eliminated with current differentiation protocols (186). 

However, the expansion potential and flexibility of PSCs, combined with our increasing 

understanding of developmental programs necessary to generate homogenous populations of 

differentiated cells and next generation genome editing techniques, will likely make PSCs 

the ultimate cells of choice in skeletal tissue engineering applications. For now, the 

applications of PSCs are mostly limited to screening technologies, disease modeling, and 

furthering understanding of development with limited pre-clinical testing.

3.2.3.1 PSCs and molecular genetics technology: Combined with next generation genetic 

tools such as site specific CRISPR-Cas deletional and insertional mutagenesis (187) along 

with an ever increasing understanding of the genetic control of tissue morphogenesis, PSCs 

will play an integral part in the future of biological engineering. The expansion potential of 

these cells will allow researchers to build complex and highly regulated genetic structures 

with cell lines that can be rigorously tested and qualified before human trials. Fail-safe 
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switches that trigger cell-apoptosis with the loss of cycle control, forced differentiation and 

maintenance of lineage commitment, cell-environment responsive expression switches, and 

custom metabolic pathways for cell specific activation of pharmacologic agents are all 

possibilities. There also exists with pluripotent stem cells the potential for whole organ 

engineering in an intact organism. It has been demonstrated that a different species is 

capable of developing and maintaining an organ of another species after blastocyst 

complementation with induced pluripotent stem cells (188). This raises the possibility for 

growing human skeletal tissues such as tendons, ligaments, menisci, articular cartilage, IVD, 

and bone within model organisms such as sheep, dogs, pigs, and/or cows that could be used 

for transplant or enhanced testing of drugs/interventions.

3.2.3.2 Cell therapy: As large quantities of cells are required for stem cell-based therapies, 

PSCs gain much attention because of their unlimited proliferative capacity and the ability to 

differentiate into any cell type. Use of iPSCs overcomes many of the ethical and legal 

controversies of ESCs, but challenges still remain as the generation of iPSCs is labor-

intensive and costly, and genetic aberrations in iPSCs are common (185, 189). Moreover, the 

naivety of PSCs means that a series of defined intermediate cell types are required and 

generated with high fidelity in order to differentiate them into target cell types efficiently. 

MSCs are still the main source of current cellular therapies for musculoskeletal diseases due 

to their earlier discovery than PSCs. PSCs have shown some exciting results in treating 

neurodegenerative diseases (186, 190), diabetes (191) and some cardiovascular diseases 

(192). Although some promising results show in vivo differentiation of PSCs into skeletal 

lineages, a greater understanding of the identity and characteristics of PSCs is needed before 

the clinical application of hPSCs for skeletal tissue repair can progress to ensure safety and 

efficacy are maximized.

3.2.3.3 Disease modeling: The research of many human genetic diseases is hindered by the 

source of experimental material. The generation of human iPSCs provides the possibility of 

establishing disease-specific models as patient-derived iPSCs can be used to create cell lines 

reflecting certain defects. Some human disease models have been established in iPSCs, such 

as spinal muscular atrophy, Huntington’s disease, and Down syndrome (193, 194). Barruet 

and colleagues established an iPSC-derived model for fibrodysplasia ossificans progressiva 

(FOP), a congenital disease of increased pathologic ossification. They describe the 

derivation of iPSC from FOP patients and differentiate these iPSCs towards osteogenic 

lineage (195). Kim and colleagues generated human iPSCs from osteoarthritis patient-

derived synovial cells and these iPSCs were able to differentiate into distinct mesenchymal 

cell lineages, deomnstrating that iPSCs can be developed into disease-relevant cell types for 

use in drug discovery and disease modeling (196). iPSCs derived from osteoarthritic 

chondrocytes are also reported, which provide a potential solution to osteoarthritic cell 

replacement problem (197). The genetic defect in iPSCs derived from an osteogenesis 

imperfecta patient was corrected with gene therapy to produce normal collagen and form 

bone in vivo, demonstrating that the combination of gene targeting and iPSCs could be used 

to cure many genetic disorders (198). Once the disease models have been established, novel 

drugs can be tested on these iPSC based models. Such models would be directly relevant to 

human disease and potentially cost saving.
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3.3 Multipotent Stem Cells (MSCs)

Multipotent skeletal stem cells represent a wide range of cell populations that have 

application potential for skeletal tissue engineering. Several excellent reviews have been 

published on the history of multipotent mesenchymal stem cells (MSCs) e.g. (3). When the 

first multipotent stem cells isolated were from bone marrow stroma along with HSCs, 

hematologists quickly realized that tissue culture plastic adherent stromal cells could support 

HSC expansion. It was soon learned that these stromal cells were also capable of 

differentiation into multiple skeletal tissue lineages, including bone, cartilage, and fat and 

had capacity for self-renewal.(199, 200) With the emergence of tissue engineering in the 

1990s, the accessibility, multipotential differentiation capacity, and expansion potential of 

MSCs made them ideal cells for skeletal tissue engineering. Bone marrow derived MSCs 

were applied to a number of musculoskeletal clinical challenges with great hope, but often 

with limited success. It has since been recognized that this population of multipotent 

progenitors defined by post hoc characteristics of multilineage differentiation capacity and 

an assortment of non-specific cell surface markers represents a heterogenous population of 

cells with varying capacities for self-renewal, differentiation, and engraftment (201). This 

section focuses on describing the current state of defining skeletal and skeletal tissue specific 

MSCs, and the knowledge of their skeletogenic differentiation potential and its relationship 

to embryonic development. Other important characteristics of MSCs, including their trophic 

effects and immunomodulatory properties are not covered, as they have been reviewed 

extensively elsewhere (202, 203).

3.3.1 MSC definition and source—For the purpose of this review, multipotent stem 

cells (MSCs) of the skeletal tissues are defined to include mesenchymal stem cells as well as 

tissue specific stem cells, such as those that reside in the periosteum and are recruited for 

fracture healing (204), and skeletal stem cells that continue to give rise to and renew adult 

skeletal tissues (30). The subset of multipotent stem cells collectively referred to as 

mesenchymal stem cells are defined by a number of cell surface marker expression and by 

multipotential differentiation capacity into osteoblasts, chondrocytes, and adipocytes. The 

minimum criteria for a mesenchymal stem cell includes (i) adherence to tissue culture plastic 

under standard tissue culture conditions, (ii) negative for expression of CD45, CD34, CD14 

or CD11b, CD79a or C19, and HLA-DR (iii) positive for expression of CD105, CD73, and 

CD90, (iv) the ability to differentiate into osteoblasts, chondrocytes, and adipocytes in vitro 

(205). Other surface antigens commonly expressed by MSCs include CD13, CD29, CD44, 

and CD10 (201, 206). It is important to note that the 3 positive markers CD70/CD90/CD105 

are co-expressed in a wide variety of cells and thus incapable of identifying an MSC in vivo. 

Stro-1 is another commonly used identifier, but has been shown to be an endothelial antigen 

and its ability as a definitive marker to identify MSCs in vivo is unproven. There is also 

some evidence that the proposed negative marker CD34 is expressed in native MSCs, 

especially in those derived from adipose (207). MSCs are by nature a heterogeneous 

population—this makes them difficult to study because their definition is functional. Some 

MSCs are more lineage committed. Other MSCs express pluripotency markers like Oct-4 

and Sox-2. Comparison of human MSCs derived from periodontal ligament, dental pulp, 

bone marrow, adipose, and umbilical cord tissue shows that even from topographically 

closely related tissues such as dental pulp and periodontal ligament, there are significant 
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functional differences including multipotency and immunomodulatory properties and 

proliferation potential (208).

More recent studies have utilized lineage-tracing approaches to identify skeletal tissue 

specific stem cells within their in vivo niche. By labeling cells at specific time points using a 

rainbow reporter mouse to track areas of tissue with common origin and following their 

progeny to determine to which tissues these cells contribute, different populations of stem 

cells have been isolated. Furthermore, these studies identified several cell types with 

increasingly restricted differentiation potential down the differentiation lineage. They also 

showed that these cells responded appropriately to BMP2 with osteogenesis, and to BMP2 

with VEGF inhibition with chondrogenesis (30). Although there is no single accepted 

marker of MSCs in humans, mouse experiments have commonly used Stro-1 and Nestin as 

markers of MSCs. Nestin is an intermediate filament protein that was found to be highly 

expressed in bone marrow stromal cells that possess multi-lineage differentiation potential 

and self-renewal. Recent studies have identified Gremlin-1 (Grem1) as a highly specific 

marker of multipotential progenitors that is significantly more enriched for multipotent 

progenitors than mesenchymal stem cells isolated via standard protocols (18).

3.3.2 MSC differentiation—MSCs have been shown to differentiate under the influence 

of a number of stimuli including growth factor treatment, mechanical stimulation, hypoxia, 

and substrate stiffness (209). The differentiation capacity and robustness of a population of 

MSCs depend heavily on their origin and purity. Tissue engineers have designed a number 

of scaffolds, bioreactors, growth factor delivery systems, treatment protocols, and drugs 

designed to optimize differentiation. These topics have each been extensively reviewed in 

numerous publications (202, 210–212) and will not be discussed in detailed here. This 

section focuses on the methods used to differentiate MSCs into skeletal tissues and how 

these methods draw their inspiration from and also differ from the developmental programs 

described earlier in this review. Despite these differences, ultimate measure of an MSC 

remains the same—the ability to differentiate into a cell that expresses the genes 

characteristic of cells of multiple skeletal tissues.

Some studies have shown that canonical Wnt signaling can promote MSC expansion without 

reducing multipotency (101, 213). This is supported by findings that mesenchymal lineage 

stem cell populations are reduced in Sirt1 knock out mice that have loss of β-catenin 

activating functions (214). Wnt3a treatment, which stimulates the canonical Wnt pathway, 

has also been shown to promote MSC expansion while inhibiting osteogenic (101) and 

chondrogenic differentiation (215). This finding is in line with the observation that 

chondrogenic condensations in the developing limb have quiescent β-catenin signaling, 

while mesenchymal precursors excluded from condensations have activated β-catenin 

signaling (20).

3.3.2.1 Differentiation of MSCs into chondrocytes: One of the first differentiation 

commitments of MSCs is chondrogenesis, leading to cartilage formation. Using micromass 

cultures of adherent cells that were isolated from bone marrow, many groups have 

investigated the mechanisms by which these precursors condensed, underwent 

chondrogenesis, and subsequent maturation into hypertrophic and calcifying chondrocytes 
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(216). Markers used to identify cartilage differentiation largely include early chondrocyte 

markers such as Col2a1, Col11a1, Acan, and Sox9. These genes are essential for the 

synthesis of the characteristic hyaline cartilage matrix, and Sox9 is a transcription factor 

known to be essential for their expression.

Mesenchymal stem cells can be induced to differentiate into chondrocytes with application 

of TGFβ. The standard protocol for chondrocyte differentiation of MSCs calls for treatment 

with TGFβ1 or TGFβ3 in Dulbecco’s Modified Eagle Medium (DMEM) supplemented only 

with insulin/selenium/transferrin (ITS), ascorbic acid (to enhance collagen production), and 

dexamethasone. TGFβ stimulation of isolated perivascular cells in vitro has been 

demonstrated to induce expression of chondrogenic markers via Tgfbr2 (217). Interestingly, 

deletion of Tgfbr2 from the limb mesenchymal precursors in mice does not affect 

chondrogenesis, but results in fusion of phalanges and shortened skeletal elements, 

indicating that TGFβ signaling may function to limit chondrogenesis rather than promote 

chondrogenesis in vivo (21). This shows that despite similarities in terms of self-renewal and 

differentiation capacity, there are differences between adult perivascular cells, such as 

MSCs, and embryonic mesenchymal precursors in vivo. There is indication that within 

heterogenous MSC populations there are variations in expression of tissue type and donor 

type differentiation genes. Single cells within an MSC population may use distinct 

molecular mechanisms to reach a common cell fate (218). However, by and large, the 

differentiation mechanisms and regulatory genes used by adult MSCs are very similar to 

those in development, specifically, the master chondro-regulatory gene, Sox9, is induced in 

both cases.

Tissue engineering applications generally require a significant number of tissue progenitor 

cells, which represents a challenge for MSCs, as they generally have a long doubling time 

and show compromised differentiation potency with extensive culture expansion. FGF2 has 

been found to enhance hMSC proliferative activity and support chondrogenesis (219). A 

number of studies in the last decade have reported that MSCs have enhanced growth kinetics 

upon culture under hypoxic conditions, reaching higher population doubling number and 

express a less spread morphology with higher expression of MSC-associated markers than 

cultures maintained under normoxia, although there is also evidence that there is impairment 

of subsequent differentiation ability (220, 221).

A number of signaling pathways, growth factors, microRNAs, and treatment regimes have 

been identified that play a role in MSC chondrogenesis. For example, overexpression of 

Wnt11 has been shown to inhibit MSC proliferation and induce expression of Acan and 

Col2a1 along with Sox9, Runx2 through syngerism with TGFβ (222). mIR-29a is one of 

most downregulated miRNAs during chondrogenesis and is directly regulated by Sox9. Its 

expression directly inhibits FOXO3A, a necessary transcription factor for chondrogenesis 

(223). Hypoxic pre-conditioning impairs differentiation but enhances clonogenicity due to 

enhanced VEGFA and proliferation, possibly associated with enhanced mineral deposition 

and increased osteogenic differentiation at the expense of adipogenic and chondrogenic 

differentiation (221). Co-cultures of articular chondrocytes with MSCs in porous scaffolds 

show enhanced chondrogenesis and matrix synthesis with lowered oxygen tension, but 

MSCs alone showed increased hypertrophy and calcification with hypoxia (224). Under 
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standard chondrogenic culture conditions as used for bone marrow MSCs, adipose derived 

MSCs (ASCs) are able to synthesize cartilage matrix markers including Comp, Acan, 

Col2a1 and also express BMP receptors; however, the level of chondrogenesis is generally 

lower (225). It has been shown that the inclusion of BMP6 as a culture supplement enhances 

chondrogenic differentiation of ASCs, and also. prevents expression of the chondrocyte 

hypertrophy marker, collagen type X (226).

A major challenge in the application of MSCs for cartilage tissue engineering, which 

generally aims to repair the hyaline articular cartilage, is the tendency of chondrifying MSCs 

to under hypertrophy, similar to the events in the cartilage growth plate during 

developmental endochondral ossification. In vitro, pellet cultures of MSCs may be further 

induced to undergo robust hypertrophy upon treatment with the thyroid hormone, 

triiodothryonin (T3) (216). Recent studies have demonstrated that PTHrP (1–40) treatment 

of MSC pellets reduces ALP expression, a marker of hypertrophy, but does not significantly 

diminish T3 induced hypertrophy (227). Interestingly, Luyten et al. have reported expression 

of a specific gene set as a predictive indicator of the pro-hypertrophy characteristic of 

specific MSC clones (228). There is some suggestion that ALP activity maybe a good 

indicator of MSC osteogenic/chondrogenic potential. Thus, MSCs with high levels of ALP 

activity appeared to be more osteogenic and less chondrogenic, were less responsive in 

terms of induced expression of Col2a1, and showed increased expression of chondrocyte 

hypertrophy markers (229). Precise knowledge on the regulation and control of hypertrophy 

is critical to successful application of MSCs for cartilage tissue engineering.

In addition to biologics, biomaterials such as bioactive glasses and glass-ceramics with 

specific nanoscale characteristics and topology have been shown to promote chondrogenesis 

of MSCs (230, 231).(230–232)(230) In addition, 3D porous aqueous-derived silk, agarose, 

alginate, and gelatin scaffolds have all been shown to support the chondrogenic 

differentiation of ASCs (231, 233). Functionalizing these scaffolds with biologic cues also 

represents a method to enhance chondrogenesis. One group has used polyacrylate substrates 

modified to include functional groups that mimicked the RGD integrin binding site induced 

chondrogenesis in MSCs in the absence of TGFB-3 (234).

Finally, recent efforts have focused on the engineering of specific zones of cartilage, such as 

the superficial zone. For example, one such study showed that co-culture of MSCs with the 

superficial zone cartilage explants enhanced Sox9 and Col2a1 expression along with 

expression of the superficial zone marker lubricin (Prg4) (235). Interestingly, building on 

knowledge gained from analysis of gene expression events during mesenchymal 

condensation and chondrogenesis during embryonic development, a recent study reported 

the construction of large, mechanically functional cartilage constructs from fusion of 

condensed mesenchymal cell bodies (236).

3.3.2.2 Differentiation of MSCs into osteoblasts: The differentiation of MSCs into 

osteoblastic cells, with the ability to produce a mineralized matrix, was one of the earliest 

observed functional phenotype of MSCs (199). The major criterion used to assess 

osteoblastic differentiation is the ability of the cultured cells to form a calcified matrix. 

Histologically, this includes positive staining with alizarin red S and von Koss staining, 
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corresponding to the presence of calcium phosphate. [Note: Caution is required to 

distinguish between pathologic calcification versus genuine hydroxyapatite mineral, the 

latter denoting osteoblast-mediated matrix mineralization.] Other characteristic markers 

include expression of known osteoblastic genes, including Ocn, Col1a1, Alpl, Bmp2, Ibsp, 

and others (237).

Mesenchymal osteogenesis during development, e.g., during intramembranous ossification, 

is characterized by a distinct sequence of cell phenotype and gene expression changes, 

which may be reproduced in in vitro cultured mesenchymal cells, such as MC3T3 and ROS 

cells and MSCs (237). These studies have revealed the importance of signaling pathways 

from development in adult formation of bone. For example, the BMP family proteins, 

BMP2, BMP4, and BMP7, have been shown to induce the formation of bone in vivo and the 

differentiation of osteoblasts. Under the influence of BMP2, expression of Ocn, Alpl, 

Col1a1, Bsp2, and other bone markers is induced in MSCs. Interestingly, BMP7 was 

reported to transduce human fibroblasts to form bone in vivo, suggesting that activation of 

the BMP pathway is sufficient for in vivo bone formation (238). The importance of BMP2 

for adult regenerative bone response is underscored by the observation that it is necessary for 

fracture healing (45).

Many studies indicate that exposure to bony matrix components, including growth factors 

such as IGF-1 as well as hydroxyapatite, has the ability to induce MSCs to differentiate into 

bone (239). This has been exploited to use MSC homing to bone to improve bone formation 

and healing. An approach was recently reported that involved tagging of MSCs with the 

bone-specific drug alendronate via an α4β1 integrin binding peptide, thus allowing the 

sequestration of MSCs to bone, and resulting in increased bone mass in vivo (240).

As is the case for cartilage, the use of biomimetic scaffolds is critical for optimal bone tissue 

engineering. Given the mineralized nature of the bone matrix, most biomaterials used for 

bone tissue engineering contain hydroxyapatite, e.g., nano-hydroxyapatite/polyamide 

composite scaffolds (241) and photocrosslinked collagen/hyaluronan hydrogel with direct 

inclusion of hydroxyapatite (242).

3.3.2.3 Differentiation of MSCs into other skeletal lineages

Tendon: MSCs have been induced to differentiate into tenocytes by application of 

mechanical stimulation (243), treatment with extracted decellularized tendon extracellular 

matrix (244), TGFβ induction, and forced overexpression of Scx (245). However, current 

approaches have not been able to meet the critical requirements for functional engineered 

tendon/ligament, including mechanical strength, scalable construct, and vascularized 

structures [see (246) for an in-depth discussion of the current challenges in tendon/ligament 

tissue engineering].

Intervertebral disc: Recent studies have shown that MCSs can be differentiated into nucleus 

pulposus cells of the IVD with hypoxia and TGFB1 treatment (247, 248), as well as 

exposure to factors secreted by notochondal cells (249). The use of an MSC-seeded 

composite biomaterial scaffold consisting of a nanofibrous cortex and a hyaluronan-based 

interior has also been shown to support the formation of an IVD-like tissue construct, with 
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composition resembling an exterior annulus fibrosus and an internal nucleus pulposus (250). 

Recently, an MSC-based collagenous construct has been reported to produce a 

multicomponent spinal motion segment (251). The construct consists of two osteochondral 

subunits, a nucleus pulposus-like core and a multi-lamellae annulus fibrosus-like 

component, maintained in a chondrogenic medium and conditioned with cyclic compressive 

and torsional loading. Clearly, IVD tissue engineering is at an early stage of development. 

Lessons gained from embryonic axial skeletal development, including differential gene 

expression and signaling pathway activation, must be exploited and tested for successful 

IVD tissue engineering (252).

3.3.3 Mesenchymal stem cell applications

Tissue sourcing and optimization: MSCs are the current cell type of choice for clinical 

stem cell therapy due primarily to their relatively ready accessibility. Autologous bone 

marrow aspirates from iliac crest have been used to augment fusions since the 1980’s. With 

the recent insight that MSCs can be isolated in large quantities from a number of 

vascularized tissues, such as adipose and muscle, allows the isolation of large enough 

quantities of MSCs to potentially avoid ex vivo expansion steps (211).

At present, multipotent stem cells from a variety of sources have been analyzed and 

characterized based on cell surface marker expression, colony formation capacity, 

immunogenicity, in vitro differentiation capacity, and in vivo differentiation capacity (201). 

However, the reported failure of a number of recent MSC clinical trials to reach primary 

endpoints indicates that there remains a poor understanding of the role and function of these 

cells in vivo. Studies of the behavior of MSCs are complicated by the fact that MSC 

populations are inherently heterogeneous, with large inter-subject variability, and have 

phenotypes that are altered dramatically by cell culture conditions (253).

One potential solution to the issue of heterogeneity may be the derivation of a homogeneous 

population of MSCs from a well-characterized cell line. Homogenization of MSCs for 

commercial purposes may be achieved through the derivation of multipotent stem cells from 

pluriopotent stem cells, such as ESCs or iPSCs. Recent work has shown that MSCs 

differentiated from induced pluripotent stem cells, while phennotypically similar to parental 

MSCs from the same patient, are functionally different in a number of ways (149). This 

observation suggests that further optimization of such iPSC-derived MSCs, both in terms of 

culture expansion conditions as well as requirements for lineage-specific differentiation, is 

clearly needed.

Modeling tissue physiology, development, and disease pathogenesis: In addition to direct 

clinical application, considerable attention has been paid to the use of MSCs to model 

human diseases. Several recent studies have addressed the importance of reconstructing 

multiple components of complex skeletal tissues at once. This more faithfully recapitulates 

the process of development where the differentiation of tissue and cell type is often 

encouraged and reinforced by those of neighboring tissue types. A recent study 

demonstrated improved subchondral bone and cartilage integration of a composite implant 

constructed of scaffold free synovial membrane derived MSCs juxtaposed with a 
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hydroxyapatite artificial bone versus single implant alone (254). One of the difficulties of 

culturing tissues with different cells types is that cues for one lineage differentiation may 

differ or be at odds with those for another lineage. For example, the standard medium for 

osteogenic differentiation of MSCs contains serum, while that for chondrogenic 

differentiation does not. One way around this limitation is a temporary early treatment with 

serum containing medium to jump start osteogenic differentiation, followed by serum free 

chondrogenic medium (255). Another advance that is aiding the construction of complex 

skeletal tissues is the development of microphysiological tissue systems (256, 257). To 

simulate the osteochondral unit of the articular joint, 3D microfabrication techniques such as 

projection stereolithography, have been used to produce microbioreactors that maintain 

MSC-derived osteochondral constructs consisting of contiguous chondral and osseous 

components, fed by independent culture medium streams. Such biphasic microphysiological 

systems mimic physiologically the osteochondral junction in vivo and are being used to 

model the pathogenesis of osteoarthritis and tissue responses to pro-inflammatory cytokines, 

such as IL-1β (258–260). Similar systems to mimic complex musculoskeletal tissues such as 

the muscle tendon enthesis are also being developed (261). Innovative culture techniques 

and bioreactors will allow for the construction of these more complex skeletal tissue 

engineered constructs. Finally, combinations of different biomaterials have also been used to 

induce zonal organization with specific chondrocyte phenotypes corresponding to the 

different layers of articular cartilage in a single construct (262).

4. CONCLUSIONS

The overview of stem cells in skeletal tissue engineering clearly indicates that a greater and 

more in-depth understanding of the developmental biology of stem cells is critical for 

formulating experimental approaches that more faithfully replicate natural tissues, and 

enhancing probability of success. A great deal of progress has been made in the past 20 

years in elucidating the identity and mechanism of action of genes that contribute to these 

developmental programs, using tools such as inducible gene expression, and the Cre-lox 

system for conditional gene deletion/addition. As we apply our understanding of 

development to generate more sophisticated and faithful recapitulations of native tissue, we 

also generate more sophisticated models to investigate the underlying pathways and 

mechanisms of developmental biology further. By incorporating contemporary molecular 

biology based research technologies, such as RNA-seq, genomic editing, and analytical non-

invasive imaging, as well as sophisticated biomaterial engineering approaches into stem cell-

based tissue engineering studies, it should be possible to construct truly informative and 

biomimetic experimental models for diagnosing disease, understanding pathogenesis, and 

engineering personalized regenerative approaches.
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Figure 1. Developmental origins of skeletal tissues
The axial and appendicular skeletons are derived from the mesoderm with the paraxial 

mesoderm somites making contributions to both the axial and appendicular skeleton. The 

craniofacial skeleton is derived primarily from neural crest, a subpopulation of ectoderm that 

has undergone epithelial-mesenchymal transition.
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Figure 2. Developmental markers of appendicular skeletal tissue differentiation
Lineage tracing experiments in mice have revealed that expression of specific genes is 

limited to certain skeletal lineages. The above depicts the currently understood hierarchy of 

markers that label specific mesenchymal lineages in vivo.
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Figure 3. Schema for isolation, differentiation, and application of stem cells in musculoskeletal 
therapies
In general, stem cells derive either from the embryonic blastocyst or adult organisms. 

Pluripotent stem cells can be derived from the inner cell mass of the blastocyst, or from 

reprogramming of adult somatic cells. Mesenchymal stem cell populations can be isolated 

from many adult tissues. Differentiation of pluripotent stem cells to skeletal lineages can 

proceed through an embryoid body from which mesoderm must be manually isolated; 

through direct conversion to a mesenchymal precursor cell type such as neural crest, 

mesoderm, or MSC followed by skeletal differentiation; or by direct conversion to skeletal 

lineage. Multipotent stem cell isolated from adults can be directly converted to skeletal 

lineages.
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Table 1

Differentiation of Chondrocytes from PSCs

Method to derive mesenchymal 
progenitors

Growth factors for induction of 
chondrogenesis Biomaterial Reference

EB outgrowth BMP2,TGFβ3 (263)

“ TGFβ1,BMP2,FGF2,PDGF-bb Gelatin/type II collagen coating (264)

“ TGFβ1 Hydrogel (265)

“ TGFβ1 PCL/gelatin nanofibrous scaffolds (171)

Coculture with chondrocytes TGFβ1 or TGFβ3 (266, 267)

Single cell dissociation, switch to BMSC 
media TGFβ1,BMP7 (268)
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Table 2

Differentiation of Osteoblasts from PSCs

Method to derive mesenchymal 
progenitors Growth factors for induction of osteogenesis Biomaterial Reference

N/A BMP2 HA-PLGA scaffold (269)

Switch to MSC medium
Dexamethasone, ascorbic acid, β-

Glycerophosphate
3D osteoconductive scaffolds in 

bioreactors
(148)

N/A Disassociate into single cell, Dexamethasone, 
ascorbic acid, β-Glycerophosphate

fibronectin-coating (270)

EB outgrowth
Dexamethasone, ascorbic acid, β-

Glycerophosphate
(271)

EB outgrowth
Dexamethasone, ascorbic acid, β-

Glycerophosphate
HA-PLGA scaffold (272)

EB outgrowth (with or without 
BMP2 gene transduction)

Dexamethasone, ascorbic acid, β-
Glycerophosphate

Calcium Phosphate Cement Scaffold (273)

Switch to MSC medium
Dexamethasone, ascorbic acid, β-

Glycerophosphate
Decellularized bone matrix (276)

Switch to MSC medium
Dexamethasone, ascorbic acid, β-

Glycerophosphate
PCL scaffold (67)
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Table 3

Differentiation of MSCs from PSCs

Method to derive mesenchymal progenitors Reference

Indirect BMSC coculture (147)

EB outgrowth (277)

Spontaneous differentiation (146)

Switch to MSC growth medium (148)

Small molecule induction combined with MSC medium (280)

Fibrillary collagen coating combined with MSC medium (281)
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