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 Mesenchymal stem cells (MSCs) are sources in the application of bone tissue 

engineering due to its capabilities in cell self-renewal, proliferation and multilineage 

differentiation. However, acquisition of adequate number of MSCs from autologous 

donor is still one of the crucial liming steps for the clinical application. To overcome 

this problem, we induced mesenchymal-like cells by treating retinoic acid (RA) during 

human induced pluripotent stem cells (hiPSCs) derived embryoid body formation in the 

presence of Sox1 and PDGFRα expressions. Although mesenchymal-like cells did not 

possess the prominent MSC specific marker, CD90, but were able to differentiate into 

osteogenic cells. Specifically, RA-treated cells were able to promote osteogenesis more 

efficiently than non RA-treated cells under osteogenic condition in vitro. Functionality 

of mesenchymal-like cells were evaluated on three-dimensional biomimetic scaffolds 

composed of hydroxyapatite and poly(L-lactic acid)/poly(lactic-co-glycolide) for 

assessing osteoinductivity, and enhanced osteogenic activities were perceived in RA-

treated cells in vitro and in vivo. Therefore, a simple addition of RA onto hiPSC derived 
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embyroid bodies efficiently derived mesenchymal-like cells with efficient osteogenic 

commitment ability and this may be featured with utilizing the biomimetic composite 

scaffolds for future clinical therapies in bone tissue engineering.  

 

Keywords: mesenchymal stem cells, retinoic acid, hydroxyapatite, osteogenesis 
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Chapter 1. General Introduction 

1.1 Derivation of mesenchymal stem cells 

 Mesenchymal stem cells (MSCs) are pluripotent progenitor cells which could 

giving rise to skin, bone, cartilage, muscle, tendon, ligament, adipose and connective 

tissues [1] by both intrinsic and extrinsic factors. Secretion of bioactive macromolecules 

for providing immunoregulatory activities and regenerative microenvironments is 

another important feature of MSCs [2]. In these regards, multiple approaches to repair 

organ failure have been developed in terms of cell therapy and tissue engineering 

utilizing MSCs. For example, cell therapy directly implants MSCs into the impaired 

organs or malignant tissues such as via direct injection, and regenerative medicine 

approaches to support the reconstruction of tissue architectures offer a continuum of 

options for potential clinical application. MSCs can be isolated from bone marrow [3], 

umbilical cord blood [4], or adipose tissue [5] from patients or donors, while bone 

marrow is the most accessible source for MSCs to many tissues via blood circulation by 

satisfying the requirements and maintenance of specific tissue type [6]. Nonetheless, 

total number of MSCs and lineage specification are inversely correlated to the 

increasing age of donor [7, 8]. An invasive procedure to acquire MSCs from these 

sources is another hurdle. Therefore, human embryonic stem cells (hESCs) or induced 

pluripotent stem cells (hiPSCs) displaying extensive proliferation and multi-lineage 

differentiation emerge as alternative sources for derivation of MSCs. Barberi et al firstly 

demonstrated to derive mesenchymal stem cells from human embryonic stem cells by 

co-culturing with murine OP9 cells, which is known to induce blood cell differentiation, 

on monolayer and sorting by the mesenchymal surface marker CD73 [9]. Upon 

promising potential of providing universal tissue courses to be applied on clinical 

researches, directed differentiation to a specific lineage is still a challenging subject.  
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 Differentiation of pluripotent stem cells generally occurs during the formation 

of three-dimensional cell aggregates called embryoid bodies (EBs) in a suspension 

culture [10]. Induction of specific gene expressions during in vitro hEB differentiation 

could develop a characteristic regional expression of ectoderm, mesoderm and 

endoderm germ lineages [11]. Bypassing the stage of hEBs to direct a specific lineage 

of cells can result in multiple cell types include hematopoietic cells[10], pancreatic 

cells[12], osteoblasts[13], myoblasts [14], chondrocytes [15], neurons [16] and germ 

cells [17]. Brown et al reported that human mesenchymal stem cells were derived by 

culturing hESCs in low-attachment culture dishes for seven days and outgrowing hEBs 

in human bone marrow-derived mesenchymal stem cells media. Derived mesenchymal 

stem cells could differentiate into osteoblasts and adipocytes and exhibit similar 

immunophenotype to bone marrow-derived mesenchymal stem cells [18].  

 

1.2 Biomimetic scaffolds for bone defects in tissue engineering 

 A traditional method to treat bone-defect includes autologous bone grafts or the 

use of metals or ceramics as an alternative. Autologous bone graft where the bone is 

taken from patient’s body to avoid immune rejection and pathogen transmission has 

presented effective bone replacement as it contains osteogenic cells and osteoinductive 

factors [19]. Nevertheless, scarce sites to harvest bones without loss of functions and 

donor site morbidity are the big hurdles in the clinical application [20]. Use of metals 

exhibits can provide strong mechanical supports but display poor cell migration at the 

implantation site and  poses a risk of infection, while biocompatible ceramics cannot 

be applied under strong tension due to poor fracture toughness from brittleness [21]. 

Therefore, bone tissue engineering can potentially give a better solution for severe bone 

injury.  
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 Reconstruction of large bone defects suitable to biological environment is one 

of the key components to achieve stable cell interactions and formation of bone-

extracellular matrix for structural support. To mimic three-dimensional configuration of 

a bone, a scaffold should act as a matrix for cell growth, proliferation, differentiation 

and tissue development with tissue-specific environment [22]. In addition to 

biocompatibility, a scaffold must be able to meet a certain criteria for mechanical 

support, osteoinductive capability, controlled biodegradability, porosity and surface 

properties. Mechanical properties of a scaffold should be strong enough to match the 

physiological loading of living bone without absorbing the mechanical stimuli under 

continuous stress [22]. A high porosity is crucial to accelerate osteoprogenitor cell 

growth, differentiation and vascularization throughout the scaffold in the three-

dimensional environment. Pore size needs to be appropriately controlled to contain the 

optimal surface area upon cellular penetration and extracellular matrix production, thus 

assisting the efficient transport of nutrients and wastes. The ideal pore size for 

maintaining the stable mechanical properties is approximately 200-900 nm, although 

could be cell type dependent [23]. Biodegradation of scaffold is signified in that 

permanent implantation may cause anti-shielding or infection as gradual filling of a 

defect occurs through natural healing process. Lastly, surface properties can control 

cellular adhesion and proliferation as well as the protein interactions [24]. 

 Biomimetic materials used in scaffold fabrication include a wide variety of 

ceramic and polymeric materials from either natural or synthetic origins. Ceramics, such 

as hydroxyapatite (HAP) and β-tricalcium phosphate (β-TCP), have been utilized as a 

candidate scaffold since they are biocompatible and osteoinductive, yet the major 

drawbacks of ceramics are the brittleness, weakening the mechanical properties and 

unpredictable degradation rate [25]. Another candidate for scaffold materials is polymer, 

of which the properties can be controlled by the composition and processing conditions 
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[26]. Biodegradable polymers can be categorized into two groups: 1) natural polymers 

including protein-based materials (collagen, fibrinogen, silk) and polysaccharides 

(chitosan, hyaluronic acid, alginate, chitosan); 2) synthetic polymers including 

poly(lactic acid), poly(glycolic acid), poly(ε-caprolactone), poly(lactic-co-glycolide) 

[27]. Chemical versatility and flexibility of polymers provides a variety of modification 

capable of delivering cells or growth factor to targeted sites; especially, natural 

polymers can minimize the potential immune rejection with host tissues. However, 

natural polymers can also lack mechanical properties bearing for stresses, and synthetic 

polymers have challenges in sterility and higher cytotoxicity than ceramics. 
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Chapter 2. Derivation of mesenchymal-like cells from human 

induced pluripotent stem cells  
 

2.1 Introduction 

Traditionally, RA is a common small molecule to induce neural differentiation 

via RA treatment on mouse EBs as firstly demonstrated by Bain et al [28]. RA belongs 

to the group of the retinoids which are responsible for cell proliferation, differentiation 

and apoptosis [29] and serves as an important metabolites of retinol, functioning in 

reproduction, embryogenesis, bone modeling, the immune system, and the epithelial 

differentiation [30]. Cellular RA-binding proteins are highly expressed in adult brain, 

eye, ovary and testis [30], hence the addition of RA may play an important role in 

deriving neuroepithelial cells from pluripotent cells.  

Takashima et al reported that earliest wave of mouse MSC differentiation was 

not directly from mesoderm but derived from Sox1
+
 neuroepithelial cells [31]. In order 

to induce neuroepithelial lineage along with Sox1 expression, mouse ES cell culture 

was exposed to 10
-7

M retinoic acid (RA) from day 2 to day 5 of culture, while the 

control group was maintained in the collagen IV-coated dish under serum-containing 

medium for supporting the generation of mesodermal cells [32]. Mesenchymal marker, 

PDGFRα, was expressed in both conditions, but RA-treated cells exhibited earlier 

induction of PDGFRα and 10-fold higher efficiency for adipogenesis. Embryo testing 

also confirmed that only Sox1
+
 PDGFRα

-
 cells were able to differentiate into MSC 

progenitors whereas none of the PDGFRα
+
 somatic cells produced MSCs.  

 Application of hiPSCs instead of hESCs has advantages in mimicking the 

pluripotent potential without generating allograft immune response and overcome the 

ethical issues. When it comes down to bone regeneration, hiPSCs itself retain the 

osteogenic commitment potential in vitro and in vivo as bone formation was promoted 
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in mouse knee defect model by subcutaneously implanting collagen hydrogel or 

poly(caprolactone) scaffolds [33, 34]. Levi et al also demonstrated the healing effect on 

mouse calvarial defect model when iPSCs were seeded on HA/PLLA scaffolds which 

are modulated to release bone morphogenic protein-2 to help osteogenesis [35]. Thus in 

this experiment, RA was utilized as a small molecule to promote the Sox1 upregulation 

during differentiation of hEB derived from hiPSCs. 
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2.2 Methods 

2.2.1 Cell culture 

 Human induced pluripotent stem cells (hiPSCs) WT-3 derived from human 

dermal fibroblasts were kindly gifted from iPS bank at Yonsei Stem Cell Research 

Center, Seoul, South Korea. hiPSCs were cultured on mouse STO feeder layer and 

maintained in DMEM/F-12 (11320-033, Gibco), 20% (w/v) Knockout serum 

replacement (10828-028, Gibco), 0.1mM β-mercaptoethanol (M7522, Sigma), 10ng/ml 

bFGF (13256-029, Gibco), 1% (w/v) Non-essential amino acids (11140-050, Gibco) and 

0.1% (w/v) penicillin–streptomycin (15140, Gibco). The medium was changed every 

day. When the size of hiPSC colonies reached at confluency, the cells were detached by 

collagenase (17104-019, Gibco) and suspended into the hiPSCs culture medium without 

bFGF (hEB medium) on the petri dish. For the experimental group, 10
-7 

M of retinoic 

acid (RA) (R2625, Sigma) was supplemented into the medium from day 2 to day 6, 

while the control group was maintained in the hEB medium. On day 7, control and RA 

treated hEBs were transferred to gelatin-coated tissue culture plate for outgrowth. 

Outgrowth cells and human mesenchymal stem cells were maintained in High-glucose 

DMEM (10566-016, Gibco), 10% (w/v) fetal bovine serum (US1520, Biowest) and 1% 

penicillin–streptomycin (15140-122, Gibco). Characterization of cells was taken at 

passage 5.  

 

2.2.2 Reverse-transcriptase PCR 

 

Cells were lysed with Trizol®  reagent and collected in 1.5ml-tube for total 

RNA extraction. Extracted total RNA samples were reversely transcribed into cDNA by 

M-MLV cDNA synthesis kit (EZ006S, Enzynomics, Korea). Primers targeting Sox1, 

PDGFRα, BMPR-IA, BMPR-IB, BMPR-II, cbfa1, smad8, Oct4 and 18s were utilized to 
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observe gene expression levels of these markers using AccuPower®  PCR PreMix (K-

2016, Bioneer, Korea) via gel electrophoresis. Primer sequences are listed on table 1.  

 

Table 1. Primer sequences for reverse-transcriptase PCR 

Primer 

Name 

Sequence (5’ to 3’) 

Sox1 F TAC AGC CCC ATC TCC AAC TC 

Sox1 R GCT CCG ACT TCA CCA GAG AG 

PDGFRα F GAG CAT CTT TGA CAA CCT CTA CAC 

PDGFRα R CCG GTA CCC ACT CTT GAT CTT ATT G 

cbfa1 F AGG CAG TTC CCA AGC ATT TC 

cbfa1 R GGT CGG CCA AAC AGA TTC ATC 

Smad1 F GAG ACA GCT TTA TTT CAC CAT ATC C 

Smad1 R 
CAT AGT AGA CAA TAG AGC ACC AGT 

GTT TT 

Smad5 F CGG TAG CCA CTG ACT TTG AGT TAC 

Smad5 R AGC TGA AAT GGA CTT CCT GGT C 

Smad8 F TGC TGT GGC CTC TTA TGC AC 

Smad8 R GTC TCC ACC CGG CGG 

BMPR-IA F TAA AGC TGA CAG TAC ACA GGA ACA 

BMPR-IA R TCT ATG ATG GCA AAG CAA TGT CC 

BMPR-IB F TAC AAG CCT GCC ATA AGT GAA GAA CC 

BMPR-IB R ATC ATC GTG AAA CAA TAT CCG TCT G 

BMPR-II F TCC TCT CAT CAG CCA TTG TCC TTC 

BMPR-II R AGT TAC TAC ACA TTC TTC ATA G 

OCT4 F ACC CCT GGT GCC GTG AA 

OCT4 R GGC TGA ATA CCT TCC CAA ATA 

18s F CCC TGT AAT TGG AAT GAG TCC ACT T 

18s R ACG CTA TTG GAG CTG GAA TTA C 

 

 

2.2.3 CD surface marker analysis via flow cytometry 

 

To compare expressed CD surface markers of human EB derived cells to human 

mesenchymal stem cells, all of the cells were stained with CD90, CD44, CD105 and 

CD73 by BD Stemflow
TM

 hMSC Analysis Kit (562245, BD Sciences) according to 

manufacturer’s instruction. After filtering with 35 μm cell-strainer (352235, BD Falcon, 

Canaan, CT, USA), the cells were analyzed using FACScalibur (BD Biosciences) and 

flowjo software (FlowJo, LLC).  
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2.2.4 Differentiation assay 

 

As a way of evaluating differentiation ability into osteogenic lineage, cells at 

day 7 and 14 were fixed in 10 % formalin for 15 min at room temperature. To observe 

osteogenic differentiation by Ca2
+
 deposition, fixed cells were immersed by Alizarin 

Red S solution (A5533, Sigma) at pH 4.3 for 20 min at RT after fixation and washed 

three times with PBS.  
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2.3 Results 

 

Derivation of outgrowth cells from hEBs 

 

 Fibroblast-derived WT-3 hiPSCs at passage 38 were seeded on mouse STO 

feeder layer until reaching confluency in the absence of differentiation (Figure 1A). 

hiPSCs were then detached and transferred to the low-attachment dishes to form hEBs 

without supplementing bFGF. In order to facilitate the differentiation to neuroepithelial 

lineage, 10
-7

M of RA was applied onto hEBs from day 2 to day 6, while control hEBs 

were free of any treatment. Both control and RA-treated hEBs showed uniform 

spherical morphology at day 4 (Figure 1B, C). Sox1 served as a unique marker specific 

to neuroepithelial lineage cells upon the treatment of RA [36].  

 To efficiently convert the cell fate from neuroepithelia to mesenchymal lineage, 

platelet-derived growth factor receptor α (PDGFRα), a mesenchymal specific marker, 

should be co-expressed as Takashima et al demonstrated that either only Sox1 or 

PDGFRα expressed mouse cells did not result in adipogenic commitment [37]. Hence, 

investigating the optimal culture period of RA exposure to hEBs was significant to find 

the co-expression of Sox1 and PDGFRα. Detection of Sox1 was only observed in the 

RA-treated hEBs from day 6, and the Sox1 expression was prolonged even after 

changing into hEB culture medium after removing RA on day 7 (Figure 2). PDGFRα 

was constantly detected in RA-treated hEBs from day 4 to day 7, but the magnitude of 

expression was decreased on day 7. Observation of RA/PDGFRα co-expression on day 

6 in RA-treated hEB group supported that this RA treatment course was sufficient to 

potentially induce the transition from ectodermal lineage to mesenchymal lineage. In 

control group, there was no co-expression from day 4 to day 7. Sox1 was detected in 

control hEB group as well, but it required a longer time period (Data not shown), so RA 

could expedite to direct neuroepithelial lineage. Expression of Sox1 without 
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mesenchymal specific marker, under continuation of RA treatment, may lead to a 

further differentiation into ectodermal lineage, especially to neuronal lineage [38], so 

the experimental setting was suitable to promote mesenchymal lineage afterwards. On 

day 7, hEBs were plated to gelatin-coated dishes for outgrowth and maintained in 

DMEM supplemented with 10% FBS. Both control and RA treated-hEB outgrowth cells 

spread out radially as keeping the differentiating core at the center, but RA-treated hEB 

outgrowth cells showed more stretched phenotype on day 4 of plating.  

 At confluency, outgrowth cells were then trypsinized and cultured in 

mesenchymal stem cell medium up to passage 5 for stabilization during transition and 

initial characterization. Overall procedure to derive outgrowth cells is described on 

figure 4. 

 

Characterization of hEB-derived cells 

 

 As Brown et al reported, hESC-derived hEBs could give rise to mesenchymal 

stem cells via hEB formation under mesenchymal condition without treating any 

substituent. In a similar sense, Darabi et al showed that overexpression of Pax7 in 

mesodermal cells differentiated from hiPSCs through embryoid body formation, could 

promote efficient myogenic differentiation [39]. In this experiment, outgrowth cells 

from control (Control cells) and RA-treated hEBs (hereby called as RA cells) were 

expanded and characterized at passage 5. The morphology of Control and RA cells were 

distinguishable from human bone marrow-derived mesenchymal stem cells (Figure 5). 

While hBM-MSCs showed a stretched and spindle-like morphology similar to 

fibroblasts, both Control and RA cells exhibited a condensed shape with smaller 

extracellular matrix, similar to the phenotype of MSCs derived from umbilical cord 

blood cells [40] to Control and RA cells. 
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 MSCs typically express specific surface antigen expressions: CD90 (Thy-1), 

CD105 (endoglin) and CD73 (ecto-5′-nucleotidase) as demonstrated by Dominici et al 

[41]. A significance of each surface antigen to define MSC is well-examined in past 

studies; for example, CD73 was exclusively selected to sort out MSCs from human 

embryonic stem cells, and CD73+ cells expressed a comprehensive set of MSC markers 

including of CD105 by Barberi et al [9]. CD44 may be additionally substituted to define 

MSCs as the CD44 expression is acquired during in vitro expansion and depends on the 

source of MSCs. CD surface marker analysis by flow cytometry demonstrated that 

Control and RA cells could not be defined as canonical MSCs due to their lack of CD90 

expression (Figure 9). Lower percentage of CD105+ and CD73+ population in Control 

and RA cells further proved that both groups were not fully converted to MSCs.  

By reverse transcription-PCR analysis, RA cells expressed MSC related gene 

markers including BMP-receptors (BMPR-IA, -IB and –II), intracellular signal of BMP 

(Smad1, 5 and 8) and osteoblast transcription factor (cbfa), whereas Control cells lacked 

several MSC marker gene expressions (Figure 6). The presence of additional MSC gene 

expressions in RA cells implied the potential of possessing more mesenchymal-like 

characteristics and the differentiation ability to mesenchymal lineages including 

osteogenic lineage. 

 To evaluate the ability of Control and RA cells to undergo mesenchymal-

lineage differentiation, Control/RA cells were cultured in osteogenic medium in vitro 

for two weeks, and hBM-MSCs were utilized as positive control. Differentiation toward 

osteogenic lineages of Control and RA cells were achieved and compared to hBM-

MSCs by Alizarin Red S staining (Figure 7). Both Control and RA cells followed the 

essential characteristics of MSCs by enabling differentiation into osteogenic lineage 

regardless of phenotypic discrepancy to hBM-MSCs. As the level of osteogenesis was 

enriched in day 14 than in day 7 in all three groups, osteogenesis was stronger in RA 
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cells compared to both hBM-MSCs and Control cells. Control cells did not provoke 

calcium mineralization up to the level displayed from hBM-MSCs nor RA cells on day 

14. Further scrutinizing the degree of osteogenesis via assessing expression level of key 

genes associated with osteogenesis, the levels of ALP, Col I and Runx2 were notably 

higher in RA cells than in hBM-MSCs and Control Cells which both expressed similar 

level of three genes (Figure 8). Since Control and RA cells could differentiate into 

osteogenic lineages and still exhibit a certain degree of positive signal population for a 

number of MSC-specific surface antigen markers, these cells are most likely to be a 

mesenchymal-like cells. One thing to note is that Oct4, a pluripotency marker, was 

detected in Control and RA cells which might have supported the ability to give rise to 

progenitor cells and this expression was vanished after culturing two cell types under 

osteogenic condition for 7 days (Figure 10). No detection of Oct4 after osteogenesis 

further imply the minimal chance for these cells to invoke possible teratoma formation 

when it comes down to in vivo applications. 
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Figure 1. Bright field image of (A) WT-3 hiPSCs on STO feeder layer and morphology 

of hEB cultured (B) without RA and (C) with RA on day 4. 
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Figure 2. PCR analysis of control and RA-treated hEBs from day 4 to day 7 of culture.  

 

RA-treated group co-expressed Sox1 and PDGFRα, neuroepithelial and mesenchymal 

specific marker, correspondingly, on day 6. Control hEB group did not express Sox1 

expression at any time point while PDGFRα was detected on day 4 and 5. 18s was a 

housekeeping gene. 
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Figure 3. Morphology of outgrowth cells of control/RA-treated hEBs on 0.1% gelatin-

coated plates at day 1 and 4.  
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Figure 4. Scheme of deriving outgrowth cells from hiPSCs. 
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Figure 5. Morphology of (A) human bone marrow derived-MSCs (B) control hEB-

derived outgrowth cells (Control) and (C) RA hEB-derived outgrowth cells (RA) at 

passage 5.  
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Figure 6. RT-PCR analysis of gene expressions in Control/RA/hBM-MSC cells at 

passage 5. 
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Figure 7. in vitro ostepgenic differentiation of hBM-MSCs, Control and RA cells at 

passage 5. Osteogenic progenitor cells were identified by Alizarin Red S staining.  
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Figure 8. qPCR analysis of gene expressions in hBM-MSCs, Control and RA cells after 

osteogenic induction. Data normalized to the gene expression of hBM-MSCs week 1. 
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Figure 9. Flow cytometric analysis of hBM-MSCs, Control and RA cells with 

monoclonal antibodies against CD90, CD44, CD105 and CD73. 

 

  

CD90 CD44 CD105 CD73 

hBM-MSC 

Ctrl 

RA 



27 

 

 
 

Figure 10. RT-PCR analysis of Oct4 expressions. 
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2.4 Discussion 

 

 The aim of this study was to derive a direct conversion of mesenchymal cells 

from epithelial cells through incorporating RA in human induced pluripotent stem cells 

from the idea by Takahashi [37]. Human EBs from hiPSCs were treated with 10
-7

M of 

RA from day 2 to 6 to induce Sox1 expression, a neuroepithelial marker, before 

transferred to gelatin-coated dishes for outgrowth. To directly convert from 

neuroepithelia to mesenchymal cells, it is necessary to co-express PDGFRα along with 

Sox1 expression. On day 6, RA-treated hEBs were able to co-express PDGFRα and 

Sox1 expression whereas control hEBs expressed only PDGFRα on day 4 and 5 without 

expressing Sox1 in the entire culture period. Initial outgrowth cells were maintained in 

mesenchymal stem cell medium to automatically select for mesenchymal-like 

population and passed to passage 5 for cell stabilization.  

 At passage 5, Control and RA cells were characterized to evaluate the MSC 

characteristics in accounts of morphology, differentiation assays, PCR analysis and flow 

cytometry of CD surface markers. Both control and RA cells exhibited condensed-

shaped morphology and did not stretch like hBM-MSCs, which was similar to 

phenotype of fibroblasts. Still, it was imperative to monitor if these hEB-outgrowth 

cells retain the mesenchymal progenitor characteristics, an ability to give a lineage to 

osteogenic, chondrogenic and adipogenic differentiation. Among these lineages, 

osteogenic condition was applied to hBM-MSCs, and osteogenesis in all hBM-MSC, 

Control and RA cells supported that Control/RA cells gained MSC potential regardless 

of discrepancy in morphology to hBM-MSCs. A progenitor property was also verified 

by the detection of pluripotency marker, Oct4, by RT-PCR analysis. Considerably 

increased calcium deposition in RA cells by Alizarin Red S Staining was comparable to 

hBM-MSCs and Control cells on day 7 and day 14. To validate this observation, the 

osteogenic-related gene expressions of ALP, Col I and Runx2 were quantitatively 
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measured in hBM-MSCs, Control and RA cells. A trend of increasing three gene 

expressions were identical to all cell types, but ALP, col I and Runx2 of RA cells on day 

14 were expressed at least 2-fold higher than other two cell types. Enhanced 

osteoinductivity by RA cells might have come from the extra-induced gene expression 

of BMPR-IB and cbfa1, which are the factors to support bone formation, and these 

genes were not detectable in Control cells. Immunophenotype analysis of Control and 

RA cells contrasted the possibility of deriving fully converted MSCs from hEBs in the 

absence of CD90 expression, the minimal criteria to define MSCs. CD105 and CD73 

positive populations of Control and RA cells were also below 95%, so outgrowth cells 

were defined as mesenchymal-like cells without possessing specific MSC markers but 

with the capability to give multilineage differentiation. Especially, treatment of RA was 

shown to guide the progenitor cells to osteogenic differentiation without disturbing a 

transition from neuroepithelial lineage to mesenchymal lineage.   
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Chapter 3. Osteogenic commitment of mesenchymal like-cells 

both in vivo and in vitro  

 

3.1 Introduction 

 

 Bone is composed of natural inorganic and organic ceramic composites at 

several hierarchical orders reflecting the materials and mechanical properties [42]. To 

treat the bone defects in clinical settings, it is important to design a porous three-

dimensional scaffold made of a biomimetic materials, thus not eliciting possible 

immune rejection. Controlled degradation and resorption of scaffolds as the specific 

tissue cells on the scaffolds will attach, spread and increase, should be considered as 

well in that massive release of by-products from acidic degradation and resorption in 

vivo may trigger inflammatory responses [22, 43]. In addition, low byproduct results in 

the low metabolic activity leading to the local temporary disturbance. Hydroxyapatite 

(HAP), (Ca10(PO4)6(OH)2), is one of the good candidates satisfying key properties for a 

scaffold due to its chemical similarity to the inorganic component of bone matrix with a 

great affinity to host hard tissues [44]. The basic resorption of HAP can buffer the acidic 

resorption by-products of aliphatic polyester to avoid the formation of an unfavorable 

environment for cells owing to a decreased pH [22]. The application of HAP has 

advantage on biocompatibility, slow degradation in situ and osteoinductivity [45], yet 

the low mechanical strength from brittleness can inhibit the high load-bearing. To 

overcome this problem, HAP has been hybridized with synthetic polymers, that are 

biocompatible and degradable without significant cytotoxicity, mainly polyesters: 

poly(lactic acid) [46], poly(L-lactic acid) [47], and poly (lactic-co-glycolide) [48]. 

These HAP/polymer composite scaffolds supported cells growth and tissue formation 

by mimicking the natural environment of bone to some extent.  
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 When it comes down to osteoinductivity, osteoprogenitor cells need to be 

differentiated osteogenic lineage [49]. In other words, pluripotent cells or MSCs are the 

suitable cell source to evaluate the recruit of osteogenic pathway by materials. In the 

extended clinical setting, the key factor for the success of bone marrow in healing 

depends on the presence of MSCs due to proliferation capabilities, preservation of 

bioactivity after freezing, and the ability to build new tissue in a defect [50]. Therefore, 

the combination of MSCs and biomimetic scaffolds are promising tools for regenerative 

therapy, especially in bone tissue engineering. 
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3.2 Methods 

3.2.1 Scaffold fabrication 

 At a 1:1 molar ratio, poly(L-lactic acid) (PLLA, 06529, Polyscience, Inc., USA) 

and poly(lactic-co-glycolide) (PLGA, 430471, Sigma-Aldrich, USA) were dissolved in 

chloroform under continuous stirring to acquire a 5% w/v solution. Then, 5% of 

hydroxyapatite was injected to solution. The polymer solution was poured into a pre-

made mold coated with 300 μm-diameter sodium chloride (NaCl) powder. Fully dried 

polymer solution in the molds was soaked in a distilled water to remove residual NaCl. 

 

3.2.2 Cell culture for in vitro and in vivo calvarial-defect model 

 For in vitro and in vivo experiment, 1 x 10
6
 cells were seeded on the HA 

scaffolds. Specifically, PureCol®  (#5005-B, Advanced BioMatrix, San Diego, CA, USA) 

was mixed to the cell culture at a 2:1 v/v ratio (pH adjusted at ~7 with 1M NaOH) to 

improve cell attachment to the scaffolds of in vivo testing. Scaffolds were cultured in 

osteogenic medium for two weeks for in vitro analysis and for one week to be used in in 

vivo testing. Six-week-old female mice (Balb/c, Daehan Biolink, Eumseong-gun, 

Chungcheongbuk-do, Korea) were used for critical-sized calvarial defect model. 4mm-

diameter HAP scaffolds with cells were implanted to a same-sized defect by hand 

drilling machine (Strong 106, Saeshin) on mouse skull. Animals were housed for eight 

weeks. 

 

3.2.3 Scanning Electron Microscopy 

 Cell-seeded scaffolds were fixed with the solution composed of 3% 

formaldehyde, 1.5% Glutaraldehyde in 0.1M Na Cocodylate, 5mM Ca
2+

, 2.5% sucrose 

solution for 1 hr. The samples were serially dehydrated with 50%, 70%, 90%, 100% 

ethanol and exchanged with hexamethyldisilazane for 1 hr. Samples were visualized 
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with Field Emission Scanning Electron Microscope (JSM-6701F, JEOL) after platinum 

coating at 20mV, 100 sec for bare HAP scaffold and 20mV, 60 sec for cell-seeded HAP 

scaffold.  

 

3.2.4 Proliferation test 

 Proliferation of cells seeded on HA scaffolds was analyzed by Presto Blue assay 

(A-13261, Life Technologies, Carlsbad, CA, USA). On day 1 of seeding, cells were 

treated with 10 μL of Presto Blue reagent and 90 μL of cell culture medium for 15 min 

at 37 °C and 5% CO2. Cell proliferation was initially measured by mean fluorescent 

intensity using Infinite®  200 PRO (Tecan, Switzerland), then converted to percentages.  

 

3.2.5 RT-PCR 

 cDNAs of samples were synthesized by using the same protocol on chapter 

2.2.2. Real-time PCR with osteogenic gene markers (ALP, Col I, Runx2, GAPDH) was 

performed and analyzed by TOPrealTM qPCR 2x PreMIX (RT501M, Enzynomics, 

Korea) and the ABI StepOnePlusTM Real-time PCR system (Applied Biosystems). 

Table 2. Primer sequences for qPCR 

Primer 

Name 
Sequence (5’ to 3’) 

ALP F ACG TGG CTA AGA ATG TCA TC 

ALP R CTG GTA GGC GAT GTC CTT A 

Col I F ATC CAG CTG ACC TTC CTG CG 

Col I R TCG AAG CCG AAT TCC TGG TCT 

Runx2 F ACT GGG CCC TTT TTC AGA 

Runx2 R GCG GAA GCA TTC TGG AA 

GAPDH F CGC TCT CTG CTC CTC CTG TT 

GAPDH R CCA TGG TGT CTG AGC GAT GT 

 

3.2.6 MicroCT analysis 

Skulls were collected after eight weeks of housing and fixed with 10% formalin 

overnight. MicroCT images were taken with Skyscan1172 (Bruker, Belgium). Each 
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image was stacked by the CTvox (Bruker, Belgium), and regeneration area was 

quantified by CTAn (Bruker, Belgium).  

 

3.2.7 Immunohistochemistry 

 Before histological analysis, HAP scaffolds on skulls were fixed with 10% 

formalin overnight, decalcified with 0.5 M ethylenediaminetetraacetic acid (EDTA), and 

embedded by paraffin. Tissues were sectioned in 4 μm thickness. After deparaffinization 

with xylene and serial percentage of ethanol, 4 μm-sections were stained with 

Hemotoxyline and Eosin to observe the tissue formation, with Masson’s Trichrome to 

detect collagen and with Alizarin red S to check calcium deposition on the scaffolds.  
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3.3 Results 

Scaffold Characterization  

 Scaffolds for bone regeneration should mimic the natural bone morphology, 

structure and function for optimized integration into surrounding tissues. To 

complement the brittle and poor performance of mechanical stability of HAP, 

biocompatible synthetic PLLA/PLGA polymers were hybridized to enhance the 

mechanical property. Pores on scaffolds are necessary to allow efficient cell migration, 

proliferation and nutrient/waste transport.[51]. To create pores on HAP/PLLA/PLGA 

composite scaffolds, we used a salt-leaching protocol with a water-soluble porogen, or 

sodium chloride powder sized approximately 200um in a diameter, as described by 

Mikos et al [52] (Figure 11). High porosity and an adequate pore size were assessed by 

scanning electron microscopy images (Figure 12).  

 

Biocompatibility in vitro   

 

 The biocompatibility of the HAP/PLLA/PLGA scaffold was evaluated in vitro 

by observing the cell attachment of Control and RA cells seeded on scaffolds using 

SEM (Figure 13). Unlike hBM-MSCs, Control and RA cells tend to retain non-stretched 

ECM and condensed shape on monolayer as discussed in Chapter 2, and both cells also 

exhibited identical morphology after seeded on the surface of scaffolds. Moreover, 

HAP/PLLA/PLGA scaffolds did not cause any adverse effect on cell proliferation when 

the cells seeded on the scaffolds were cultured in osteogenic medium in vitro for seven 

days (Figure 14). 

 

Osteogenesis in vitro and in vivo 

 

 Based on in vitro analysis of Control and RA cells to act as mesenchymal-like 

cells, both cell types could differentiate into osteogenic lineage. After seeding Control 
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and RA cells on HAP/PLLA/PLGA scaffolds in osteogenic induction medium in vitro, 

gene expression levels were examined on week 1 and week 2 (Figure 15). Even though 

Control cells showed the increased gene expression from day 7 to day 14 indicating the 

ability to induce osteogenesis, RA cells presented higher amount of gene expression 

than Control cells in all time periods whilst the Runx2 was decreased by ~0.71-fold on 

week 2. Again, increased gene expression of ALP, Col I and Runx2 on Control and RA 

cells confirmed that these cells acted as mesenchymal-like cells on scaffolds while RA 

cells posed better tendency to osteogenesis. In addition, osteoinductive effect of HAP 

was displayed by inducing ~10-fold higher expression levels of Col I and Runx2 than in 

monolayer setting. 

 To assess the functionality of scaffolds in vivo, Control and RA cells were 

seeded onto HAP/PLLA/PLGA scaffolds and cultured for one week in vitro to ensure 

the cell attachment on the scaffolds. Scaffolds were implanted into 4mm-diameter 

defect site on mice skulls. After eight weeks, samples were collected and fixed with 10% 

formalin for in vivo immunohistochemistry analysis. In accordance with in vitro results, 

RA cells could regenerate the defect sites by ~1.83-fold higher than control cells (Figure 

16, 17). Immunohistological analysis by Hematoxylin and Eosin further demonstrated 

that tissue formation was successfully achieved in the skull. From Masson’s Trichrome 

and Alizarin Red S staining, enhanced mineralization of both collagen and calcium by 

RA cells was attained as signifying that the greater osteoinductive characteristic of RA-

treated cells was not attenuated by in vivo implantation and accompanied by the 

synergistic effect of HAP in a long-term period (Figure 18).  
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Figure 11. Scheme of fabricating HAP/PLLA/PLGA composite scaffolds using a salt-

leaching protocol. 
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Figure 12. Scanning electron microscopy images of HAP/PLLA/PLGA scaffolds. 
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Figure 13. Scanning electron microscopy images of the Control and RA on 

HAP/PLLA/PLGA scaffold after 7 days of seeding.  
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Figure 14. Proliferation of Control and RA cells on scaffolds in osteogenic medium for 

7 days. 
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Figure 15. qPCR analysis of gene expressions in Control and RA cells on 

HAP/PLLA/PLGA scaffolds in vitro after week 1 and week 2. Data were normalized to 

Day 1.  
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Figure 16. MicroCT images of regeneration area on defect sites. 
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Figure 17. Quantification of regeneration area on defect sites by scaffolds with Control 

and RA cells. Control cells = 32.61%; RA cells = 59.80%. 
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Figure 18. Hematoxylin and Eosin, Alizarin Red S, and Masson’s Trichrome staining 

images of scaffolds with Control and RA cells on defect sites.  
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3.4 Discussion 

 

 Scaffolds for a successful bone generation can make of biomimetic materials 

such as HAP for higher biocompatibility. Since the scaffolds require mechanical 

strength as close as possible to the strength of natural bone, HAP can be hybridized with 

synthetic polymers to improve mechanical properties. Using salt-leaching method, 

highly porous HAP/PLLA/PLGA composite scaffolds were constructed in favor of cell 

growth and proliferation without significant cytotoxicity. As for cell source, MSCs are 

promising for bone regenerative therapies in a wide range of orthopedic treatments. 

Many attentions on the application of MSCs loaded onto porous scaffolds have 

suggested a prospective approach in the reconstruction of even large bone defects, 

which may not be recovered from simple injection of MSCs. 

 In this study, mesenchymal-like cells derived from control and RA treated hEBs 

were cultured, expanded and seeded on HAP/PLLA/PLGA scaffolds. Biocompatibility 

of scaffolds was observed by the cell attachment with SEM images and the proliferation 

of cells was measured by PrestoBlue assay. Results demonstrated that there was no 

cytotoxic effect on cells in vitro. Since differentiation of mesenchymal-like cells is one 

of the important factors in bone regeneration, ability to osteogenic differentiation of 

Control and RA cells were quantitatively determined by qPCR analysis. While both cell 

types underwent osteogenic differenetiation, ALP, Runx2 and Col I were highly 

expressed in RA cells suggesting the enhanced osteoinductive ability by RA treatment at 

hEB stage. The synergistic effect of HAP in osteogenesis increased the gene expression 

of Runx2 and Col I nearly 10-fold higher than in the same in vitro monolayer culture. 

The results from in vitro experiments prompted to study in vivo characteristics of 

scaffolds in that immunohistochemical staining is also considered to be important in 

qualitatively determining bone differentiation and mineralization. While Control and 

RA cells were well-introduced into the porous scaffolds to form tissues with good 
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biocompatibility by H&E staining, RA cells seeded on scaffolds led to more efficient 

bone formation by MTC and ARS staining. Therefore, extensive osteoinductivity in 

vitro and in vivo via RA treatment could be applied in accelerating MSCs or 

mesenchymal-like cells to osteogenic commitment to be used for bone regenerative 

therapies.    
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Chapter 4. Conclusion 

 By applying an optimized amount of RA during hEB formation, mesenchymal-

like cells were obtained and shown to improve osteoinductive activity than 

mesenchymal-cells without RA, which supported by results from in vitro and in vivo 

assays. Osteoinductivity of mesenchymal-like cells treated with RA were deteriorated 

neither on two-dimensional monolayer nor on three-dimensional porous scaffolds, 

which were designed to mimic the natural bone using the inorganic ceramic, HAP, and 

synthetic polymers, PLLA/PLGA. Subsequently, an in vivo cranial injection of 

HAP/PLLA/PLGA scaffolds to mice exhibited biocompatibility as not inducing any 

immune response on defect site. Also, RA cells on HAP/polymer scaffolds presented an 

extensive osteoinductivity by enhanced bone formation. Although the accurate 

mechanism of RA to induce osteogenesis remains for future research, the simple and 

easy application of RA during hiPSC-derived hEB formation will expand the new venue 

to acquire osteoprogenitor cells to be combined with biomimetic scaffolds in bone tissue 

engineering field. 
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국문초록 

 

인간 유도만능줄기세포 유래 중간엽 유사 세포와 

생체모방 지지체를 이용한 골분화 유도 

 

중간엽 줄기세포의 자기 재생, 증식 및 다중 계통 분화 능력은 골 조직 

공학의 응용에 적합한 세포로써 중간엽 줄기세포가 각광받을 수 있게 해 주었다.  

그러나 임상 적용에 쓰일 수 있는 환자 본인의 중간엽 줄기세포수는 극히 제한되어 

있기 때문에, 가장 활발하게 연구되고 있는 분야 중의 하나인 유도만능줄기세포를 

이용하여 이러한 문제점을 해결하고자 하였다. 인간 유도만능줄기세포에서 비롯한 

배양체 구성 중에 레티온산 (Retinoic Acid) 을 일정 농도로 처리를 하게 된다면 

Sox1 과 PDGFRα 가 동시에 발현이 되는 경우, 후에 중간엽 유사 세포로 분화하는 

것을 알 수가 있었다. 중간엽 유사 세포의 경우, 중간엽 줄기 세포가 필수적으로 

발현해야 하는 CD90 이 결여되어 있었으나 골형성세포로 분화가 가능한 것을 

확인하였다. 특히, 레티온산이 처리가 실험군의 경우에는 대조군에 비하여 in vitro 

상에서 더욱 골분화가 촉진되는 것을 관찰하였다. 중간엽 유사 세포의 기능성을 

평가하기 위하여 하이드록시아파타이트 (hydroxyapatite) 및 폴리락틱애씨드 (poly(L-

lactic acid), 폴리락틱코글라이콜라이드 (poly(lactic-co-glycolide)로 구성된 삼차원의 

생체모방 지지체를 사용하였다. 세포가 심어진 지지체를 in vitro 와 in vivo 상에서 

분석하였을 때 레티온산이 처리가 된 세포에서 골분화가 더 효율적으로 이루어진 

것을 토대로, 레티온산을 배양체 구성중에 넣는 것만으로도 후에 중간엽 유사 

세포를 유도하고 생체모방 지지체에 활용하여 골 조직 공학연구 및 임상에 적용할 

수 있는 가능성을 확인하였다. 

주요어: 중간엽 줄기세포, 레티온산, 하이드록시아파타이트, 골분화 

학  번: 2013-23170 
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