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ABSTRACT (THAI) 
 วนัดี อุดมชยัประเสริฐกลุ : การสร้างระบบทดสอบในหลอดทดลองส าหรับคดักรองสารท่ีสามารถ

เพ่ิมการท างานของเซลลส์ร้างกระดูกของผูป่้วยโรคกระดูกพรุนพนัธุกรรม. ( Establishment of an 
in vitro system to screen for substances to improve osteogenesis imperfecta osteoblasts’ 
functions) อ.ท่ีปรึกษาหลกั : ศ. นพ.วรศกัด์ิ โชติเลอศกัด์ิ, อ.ท่ีปรึกษาร่วม : ศ. ดร. พญ.กญัญา ศุภ
ปีติพร 

  
โรคกระดูกเปราะพนัธุกรรมเป็นโรคทางพนัธุกรรมซ่ึงมกัจะเกิดจากการถ่ายทอดแบบยนีเด่น โดยมี

สาเหตุจากการกลายพนัธ์ุของยีนท่ีสร้างคอลลาเจนชนิดท่ี 1 คือ ยีน COL1A1 และ COL1A2 อยา่งไรก็ตามจาก
การศึกษาความสมัพนัธ์ระหวา่งจีโนไทป์และลกัษณะการแสดงออกของฟีโนไทป์ยงัมีความไม่สอดคลอ้งกนัอยู ่
ซ่ึงท าให้ยากต่อการวินิจฉัยและคาดเดาการลกัษณะทางคลินิกของผูป่้วย คณะผูว้จิยัไดพ้บครอบครัวผูป่้วยโรค
กระดูกเปราะพนัธุกรรมซ่ึงเกิดจากการกลายพนัธ์ุของยีน COL1A2 แบบโฮโมไซกสั โดยลูกมีอาการของโรค
กระดูกเปราะพนัธุกรรมและฟันผิดปกติ ส่วนพ่อและแม่มีการกลายพนัธ์ุของยีน COL1A2 แบบเฮทเทอโร
ไซกสั มีอาการของฟันผิดปกติอยา่งเดียวและไม่มีประวติักระดูกหัก ซ่ึงครอบครัวน้ีถือเป็นตวัอยา่งหน่ึงของ
ความไม่สอดคลอ้งกนัระหวา่งจีโนไทป์และลกัษณะการแสดงออกของฟีโนไทป์ เป็นโอกาสให้ศึกษาถึงสาร
ทางชีวเคมีท่ีเป็นองคป์ระกอบของการสร้างกระดูกท่ีน่าจะแตกต่างกนัระหวา่งลูกท่ีมีอาการกระดูกหักและพ่อ
แม่ท่ีไม่มีอาการกระดูกหักแต่มีอาการฟันผิดปกติเหมือนกนั สารชีวเคมีน้ีอาจจะใชส้ าหรับพฒันาการสร้าง
กระดูกไดใ้นอนาคต ดงันั้นการศึกษาน้ีจึงสร้างเซลลไ์อพีเอสจากครอบครัวน้ี และน ามาใชเ้ป็นระบบทดสอบ
ในหลอดทดลองเพ่ือคน้หาสารชีวเคมีดงักล่าวในระหว่างเจริญของเซลล์สร้างกระดูก จากผลการศึกษาการ
แสดงออกของยนีท่ีเก่ียวขอ้งกบัการเจริญเป็นเซลลก์ระดูกคือ COL1A1, COL1A2, SPP1, OCN, ALP พบวา่ใน
ระหว่างการเจริญไปเป็นเซลล์สร้างกระดูก เซลล์ของลูกมีการแสดงออกของยีน COL1A1, COL1A2, SPP1, 
OCN, ALP ผิดปกติเม่ือเทียบกบัพ่อแม่และตวัอยา่งควบคุม โดยเฉพาะยีน SPP1, OCN ซ่ึงสอดคลอ้งกบัระดบั
ของ osteopontin และ osteocalcin พบวา่ลูกแทบไม่มีการแสดงออกเลย นอกจากน้ียงัพบความผิดปกติของการ
เกิดแคลเซียมในระหวา่งการเจริญเป็นเซลลส์ร้างกระดูกอีกดว้ย การศึกษาน้ีสรุปไดว้า่ เซลลไ์อพีเอสท่ีสร้างจาก
ครอบครัวน้ี สามารถใชเ้ป็นระบบทดสอบในหลอดทดลองเพื่อศึกษาการเจริญของเซลลก์ระดูก ซ่ึง osteocalcin 
และ osteopontin อาจจะเป็นสารชีวเคมีท่ีใชส้ าหรับพฒันาการสร้างเซลลก์ระดูกได ้
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ABSTRACT (ENGLISH) 
# # 5887802520 : MAJOR BIOMEDICAL SCIENCES 
KEYWORD: Osteogenesis imperfecta, COL1A2 mutation, induced pluripotent stem cells, osteogenic 

markers, osteoblast differentiation 
 Wandee Udomchaiprasertkul : Establishment of an in vitro system to screen for substances to 

improve osteogenesis imperfecta osteoblasts’ functions. Advisor: Prof. VORASUK 
SHOTELERSUK, M.D. Co-advisor: Prof. KANYA SUPHAPEETIPORN, M.D., Ph.D. 

  
Background: Osteogenesis imperfecta (OI) is a heritable bone disorder caused mainly by 

dominant mutations in genes encoding collagen-related proteins which are COL1A1 and COL1A2. Genotype-
phenotype correlation has some discrepancies which lead to the difficult prediction of the clinical outcome of 
OI patients. We identified a child with dentinogenesis imperfecta (DI) and OI who was homozygous for 
c.1009G>A (p.G337S) mutation in COL1A2. Her parents were heterozygous for the mutation and had only 
DI. This family provides the opportunity to explore the biochemical changes which are different between the 
homozygous with DI and OI and the heterozygous with DI only. Methods: We established patients-specific 
induced pluripotent stem cells (iPSCs) from the trio to use as an in vitro system to screen for biochemical 
substances. They were used to study the expression of the osteogenic marker genes (COL1A1, COL1A2, 
SPP1, OCN, ALP) and their products along the time course of osteoblast differentiation. Results: We 
successfully generated patient-specific iPSCs from the trio. They all showed the characteristic features of 
iPSCs. We then differentiated them to mesenchymal stem cells (MSCs) and osteoblasts. Their osteoblasts 
showed various defective expression of the osteogenic markers and calcium mineralization. Interestingly, 
osteopontin was absent in iPSCs-derived osteoblasts of patients with OI, while it was significantly lower in 
those with DI-only compared to an unaffected control. In addition, osteocalcin was significantly lower in 
those with OI compared to DI-only and an unaffected control. Conclusion: Levels of osteopontin and 
osteocalcin in iPSCs-derived MSC of patients with OI were significantly low during osteoblasts 
differentiation. These cells could be used to screen for substances which can increase osteopontin and 
osteocalcin. 
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Background and rationale 
  

Osteogenesis imperfecta (OI) or brittle disease is a rare heritable disease characterized by 
bone fragility, bone deformity, and growth retardation which associated dentinogenesis 
imperfecta (DI), blue sclerae, conductive or sensory hearing loss, pulmonary function 
impairment, malocclusion, muscle weakness, and ligamentous laxity (1).  In its classical and more 
common forms, OI is caused by dominant mutations in either of gene encoding type I collagen, 
COL1A1 and COL1A2.  An individual with OI do not appropriately develop bone mass; therefore, 
they have a high chance to bone fracture.  Glycine substitution in the helical domain of COL1A1 
and COL1A2 lead to misfolded and over-modification of type I procollagen result in the 
qualitative defect of type I collagen in OI (2).  Normally, abnormal type I collagen is degraded, 
however; some abnormal type I collagen secreted and incorporated into the extracellular matrix.  
The gold standard of the diagnosis of OI is the BMD measurement.  However, the limitation of 
BMD measurement including the difficult to identify the outline of the bone of OI patient and 
limit the time of the BMD measurement per year resulting in the difficult to diagnosis and 
monitor the response after the treatment (3). 

Low level of type I collagen and incorporate of abnormal type I collagen in extracellular 
matrix leads to a failure to alter specific transcription factor expression and maintain the 
osteoblast differentiation program in OI osteoblast.  Several osteogenic markers responsible for 
the bone formation are stimulated by the key transcription factor that is RUNX2.  RUNX2 
stimulates the expression of OCN, BSPII, ALP, and OPN through MAPK kinase pathway.  These 
genes encoded for bone matrix components of the bone, for example; osteocalcin, bone 
sialoprotein II, alkaline phosphatase, osteopontin, and type I collagen, which differentially 
expresses during bone development by osteoblast.  The low expression of osteoblast-specific 
genes, for example; OCN, ALP, SPARC, and COL1A1 have been reported in OI (4, 5).  The 
explanation of this situation is ER stress response of the osteoblast to abnormal type I collagen 
lead to deficient osteoblast differentiation and maturation.  The decrease of ER dilation in OI 
osteoblast by rapamycin treatment partially rescued osteoblast maturation and mineral deposition 
(5).  The second possibility is a defect in the interaction between the extracellular matrix and 
transmembrane adhesion molecule of osteoblast, which subsequently interferes signal 
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transduction pathway including the MAPK kinase pathway.  Therefore, there is the possibility to 
induce RUNX2 activity or decrease ER stress in OI osteoblast, which results in enhancing the 
expression of osteogenic markers and subsequently increases the bone matrix.  The set up of an in 
vitro system to monitor osteoblast function may provide the opportunity to screen for substances 
to improve osteoblast function in OI patients. 

Normally, osteoblast originates from a mesenchymal stem cell (MSC) that compose of 
three stages of differentiation; proliferation, matrix production/maturation, and mineralization.  
The use of iPSC as a disease modeling has advantages which are an unlimited resource for 
exploring pathogenesis and for investigating the therapeutic treatment that provides a genetic 
signature of human tissue.  Furthermore, iPSC is capable of differentiating into MSC, and then 
osteoprogenitor.  It allows accessing the transition from osteoprogenitor into the osteoblast.  
Therefore, the expression of osteogenic markers during osteoblast differentiation is definitely 
explored and used for evaluating the association between osteogenic markers expression and bone 
fracture among OI patients.  The present study will establish patient-specific iPSC of OI type III 
patients with a homozygous p.G337S COL1A2 mutation and her heterozygous parents who 
display only DI, lack of sign and symptoms of skeletal fragility.  It is noteworthy that this 
mutation has been reported as autosomal dominant inheritance, however; it is inherited by 
autosomal recessive manner for this family.  Moreover, there is a few reports about bi-allelic 
COL1A2 mutation in OI (6), (7).  This family provides the opportunity to explore the biochemical 
substance involving bone development pathway that related to bone fracture susceptibility of OI 
patients with the same genetic background.  Besides, an unrelated boy with OI type I who carries 
heterozygous p.G961D COL1A2 mutation will be explored in this work.   

Taken together, this study aims to establish the patient-specific iPSC to use as an in vitro 
system for exploring the biochemical substance to improve OI osteoblast function.  In addition, 
this system will be used for investigating the biochemical substances in particular of bone 
formation markers and also their level that related to fracture susceptibility of OI patients.  
Biochemical substances may be used as a surrogate marker for bone fracture susceptibility and for 
evaluation of medical treatment.  Base on the previous report, an in vitro system will be used for 
monitoring the improvement of osteoblast function by either targeting at RUNX2 or decrease ER 
dilation by treat with the validated substance in the further study.  It will be expected that 
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osteoblast function may be rescued and showed the increase in the biochemical substance related 
to fracture susceptibility of OI patient to a nearly normal level.  According to the present study, 
the aim is improving the level of biochemical substance related to bone fracture susceptibility of 
OI type III patient to close to that of her parents.  Moreover, the biochemical substance related to 
fracture susceptibility of OI patient may be used in the diagnosis and monitor the treatment in OI 
patient. 
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Review of related literature 
Osteogenesis imperfect 

Osteogenesis imperfect (OI) is a brittle bone disease which is mainly caused by the 
autosomal dominant mutations of the gene encoding for type I collagen (COL1A1 and COL1A2).  
The birth prevalence of OI in Europe and the United States is about 0.3-0.7 per 10,000 births.  
Most patients are the heterozygous mutation in either COL1A1 or COL1A2 have been well 
established to cause OI type I, II, III or IV.  In addition, mutation in several genes involved in 
type I collagen biosynthesis, processing, post-translational modification, and altered bone cell 
differentiation which responsible for recessive, dominant, and X-linked OI have been founded; 
for example, IFITM5, P3H1, MBTPS2, BMP1, PLOD2, CREB3L1, SP7, SPARC, CRTAP and 
WNT1 (Table 1).  Mutation in these genes is identified as a cause of OI type V-XVIII (8).  OI is 
characterized by a spectrum of susceptibility to fractures of the long bones and vertebral 
compressions, variable deformity of long bones, ribs, spine, and substantial growth deficiency due 
to low bone mass, whose often exhibit dentinogenesis imperfecta, blue sclerae, hearing loss, 
decreased pulmonary function, and cardiac valvular regurgitation (8).   
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Table 1 Genetics classification of osteogenesis imperfecta   (2) 
 

AD, autosomal dominant; AR, autosomal recessive; OMIM, Online Mendelian Inheritance in 
Men (OMIM) database (http://www.omim.org); XR, X-linked recessive 
*Classical types of OI 
 
  

http://www.omim.org)/
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Type of OI 
 The classification of OI proposed by Sillence et al in 1979 has been categorized into type 
I-IV (Figure 1) based on clinical presentation, radiographic features, and patterns of inheritance. 
They are caused by an autosomal dominant mutation in COL1A1 and COL1A2 gene (8). 

OI Type I is the mildest type of OI. The individuals have a minimal bone deformity, 
nearly normal and without DI. They have bone fractures, blue sclera, and hearing loss (1). 

OI Type II is perinatally lethal form. The hallmarks of type II are shortened and 
deformed limbs. The most common cause of death in the first postnatal week is respiratory failure 
(9, 10). 

OI Type III is the most severe form of non-lethal with progressive deforming. The 
individuals may undergo hundreds of fractures. They have triangular facies, frontal bossing, 
blue/grey sclerae, DI, vertebral compressions and scoliosis (1). 

OI Type IV is the most variable form with ranging from mild to moderately severe. The 
individuals are usually shortly than average, long bone fractures, hearing impairment, white 
scleral and DI (1).  

 

 
 

Figure 1 Type of OI (11)  
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Genotype-phenotype correlation 
Genotype-phenotype correlation in OI caused by the mutation in helical  

domain of COL1A1 and COL1A2 have been investigated in the several studied (10, 12-14). 
These studies explored the relationship between the type of OI and specific collagen I mutated 
region and clinical features including the presence of dentinogenesis imperfecta and/or blue sclera 
to predict the clinical outcome in OI patients. 

Forlino et al (2011) suggested that the molecular defect in type I OI is a null COL1A1 
allele which causing decrease the synthesis of structurally normal collagen. OI type II-IV are 
usually caused by the deficiency of type I collagen structure, mostly glycine substitutions. The 
substitutions in the N-terminus of both 1(I) and 2(I) chain are non-lethal and cause a different 
pattern of lethality resulting from the different role in the matrix organization of each chain. Both 
lethal and non-lethal forms of OI due to the substitutions at over 40 glycine residues suggesting 
the important role of modifying factors (10). 

Maioli et al (2019) investigated genotype-phenotype correlation in 364 OI type I-IV 
Italian patients. The studied reported the additional observation such as a new effect for 1(I) - and 
2(I) -serine substitutions and the association of cardiovascular abnormalities with quantitative 
mutations. According to the previous studies, the presence of a COL1A2 mutation significantly 
affects the severe stature reduction. Interestingly, they reported the different findings of the 
relationship between specific collagen I mutated region and the presence of dentinogenesis 
imperfecta and/or blue sclera. They found that the glycine substitutions in the first 127 amino 
acids of 1(I) and within the first 121 amino acids of 2(I) in the triple helical domain related to the 
absence of dentinogenesis imperfecta. The studies indicated that the discrepancies between 
genotype and phenotype lead to the difficult to define the clinical outcome in OI patient (10, 12-
14). 
 
Osteoblast differentiation and bone formation 

Bone is composed of an organic phase and the inorganic phase.  The inorganic phase 
consists mainly of hydroxyapatite, which is complex of calcium and phosphate.  The organic 
phase constituted by 90% type I collagen and 5% noncollagenous proteins such as proteoglycans, 
bone sialoprotein II, osteocalcin, osteopontin, osteonectin, bone morphogenetic proteins, 
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fibronectin, and growth factors (15) (16).  Bone is constantly undergoing remodeled through the 
dynamic process, which is bone formation by osteoblast and bone resorption by osteoclast.  
Osteoblast originate from mesenchymal stem cell in the bone marrow that commits to the 
osteoprogenitor cell (2).  During the transition of osteoprogenitor to osteoblast require the 
expression of RUNX2, DLX5, and OSX.  RUNX2 is a master regulator of osteoblast 
differentiation, which regulates the expression of several osteoblast genes such as COL1A1, ALP, 
and OC (Figure 2).  Osteoblast synthesizes collagen proteins, mainly type I collagen, and 
noncollagenous proteins (osteocalcin, osteonectin, BSPII, and osteopontin) as well as 
proteoglycan to form organic matrix followed by mineralization of bone matrix.  The 
mineralization occurs by the deposition of hydroxyapatite crystals that generated through a 
localized enzymatic accumulation of calcium and phosphate ions (17). 
 

 
 
Figure 2 A lists of differentiation marker for MSCs, pre-osteoblasts, osteoblasts, 
and osteocytes during MSC differentiation to osteoblasts and osteocytes (18)    

 
Alkaline phosphatase is highly expressed in both bone tissues and calcifying cartilage 

tissues, which have an important role in osteogenesis.  ALP is located on the cell surface and in 
matrix vesicles.  ALP expression is high in the early development process.  In the late stage of 
development, ALP expression decreases while other genes (osteocalcin) are upregulated.  
Mineralization begins with the formation of hydroxyapatite in the matrix vesicle budding from 
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osteoblast.  Hydroxyapatite is created from calcium and inorganic phosphate (Pi) which penetrate 
from matrix vesicle membrane via the activity of tissue-nonspecific alkaline phosphatase (TNAP) 
and then deposited between collagen fibrils.  TNAP hydrolyzed inorganic pyrophosphate (PPi), 
which is generated by NPP1 and transported outside the cells by ANKH.  PPi inhibits 
hydroxyapatite formation; therefore, the balance between the activities of TNAP, NPP1, and 
ANKH is importance for hydroxyapatite formation (19).  

Osteocalcin (bone gla protein) is one of the most abundant non-collagenous proteins, 
which is secreted by osteoblasts and odontoblasts, and it is expected to regulate bone 
mineralization.  Besides, osteocalcin involved in bone resorption via enhancement of the 
osteoclast maturation in the presence of macrophage colony-stimulating factor (MCSF) and 
RANKL (20).  Osteocalcin is a small protein of 49 amino acids including three glutamic residues, 
which undergoes carboxylated by vitamin K-dependent enzymatic carboxylation to form the 
gamma-carboxyglutamic acid (gla) before secretion from osteoblast.  The carboxylated gla 
residues provide osteocalcin with the ability to bind to calcium in bone hydroxyapatite with a 
high affinity.  In contrast, uncarboxylated osteocalcin is more likely leaked into circulation 
because it has low affinity to bind hydroxyapatite.  Nevertheless, both the carboxylated and the 
noncarboxylated form of osteocalcin are released into the circulation where they can be detected 
that is widely used in the clinical investigation as bone formation (21, 22).  Circulating 
osteocalcin has been widely used in clinical investigations as a marker of bone formation.  In 
addition, circulating osteocalcin can be generated from activities associated with the bone 
resorption process, when osteocalcin incorporated in the bone matrix is released during bone 
degradation.  Several studies display that the levels of circulating osteocalcin are associated with 
changes in the rate of bone turnover in metabolic bone diseases such as osteoporosis (23).   

Osteopontin and bone sialoprotein is the member of the SIBLING (small integrin-binding 
ligand, N-linked glycoprotein).  Osteopontin and bone sialoprotein play a role in the step of 
mineral formation in vitro; therefore, they are probably candidate responsible for bone formation 
(24).  Osteopontin is secreted by osteoblast and is displayed as a major component of the non-
collagenous bone matrix.  Osteopontin mediates autocrine and paracrine functions in the 
regulation of tissue formation that inhibits mineralization by binding to growing hydroxyapatite 
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crystal via negatively charged phosphate residues (25).  In addition, osteopontin is important for 
recruiting osteoclasts for bone remodeling.  under tensile mechanical stress 

Bone sialoprotein (BSP II) is synthesized by osteoblast, osteoclast, osteocyte, and 
hypertrophic chondrocyte.  BSP II triggers hydroxyapatite formation in vitro and seems to 
mediate cell-cell interactions via an integrin binding site.  A small amount of BSP II is found in 
the circulation and act as a potential marker of bone turnover (21).  Mice with BSP II deficiency 
impairs bone growth and deposition of the mineralized matrix, which associate with dramatically 
reduced bone formation (26).  However, the role of BSP II is not fully understood. 
 
Type I collagen biosynthesis 

Type I collagen is consisting of heterotrimer of two 1(I) chains and one 2(I) chain 
encoded by COL1A1 and COL1A2, respectively (Figure 3).  Type I collagen is synthesized in the 
form of procollagens with N- and C-terminal propeptide domains, which biosynthesis of 
procollagen occurs in ER followed by a series of a post-translational modification.  Hydroxylation 
of specific proline residues of procollagen chains is catalyzed by prolyl-4-hydroxylases and 
prolyl-3-hydroxylase.  While, hydroxylation of specific lysine residues is catalyzed by lysyl 
hydroxylases (LH1 and LH2), and can be subsequently modified by glycosylation of 
hydroxylysines by galactosyltransferase 1 and galactosyl hydroxylysyl-glucosyl transferase 
before the formation of a triple helical procollagen molecule.  The triple helix formation between 
procollagen chains is preceded from the C-terminal end to the N-terminal end direction by folding 
and disulfide bond formation within the individual C- propeptides.  After procollagens are 
transported across Golgi network, the N-terminal propeptides (PINP) and C-propeptides (PICP) 
are cleaved from fully folded procollagen that has short telopeptides at either end results in 
assembling of collagen molecules into the fibrils (8) (27).  After PINP and PICP are cleaved, they 
are subsequently released into the ECM (Figure 4).  Therefore, the level of PINP and PICP can 
serve as markers of type 1 collagen secretion by osteoblasts (28).  The strengthening of the 
extracellular collagenous matrix occurs through the formation of intra- and inter-molecular 
crosslinks within fibrils as a result of the action of lysyl oxidase (LOX)(29).   

Mutations of COL1A1 and COL1A2 can result in the reduction of the amount of normal 
type I collagen (quantitative defect) or in the synthesis of type I collagen molecule with a 
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structural defect (qualitative defect).  The most common mutation that is glycine substitution 
within the Gly-X-Y repeat of the triple helix of type I collagen disturbs helix formation and linear 
folding, which cause a delay folding process resulting in collagen over modification of alpha 
chains in the helix including increased hydroxylation and glycosylation.  These over modified 
collagen molecules assemble into abnormal fibrils, leading to the generation of the disorganized 
extracellular matrix (ECM).  Since the role of type I collagen in the bone strength is to provide 
the ductility and ability to absorb energy; i.e, the toughness.  The cooperation of aberrant collagen 
in ECM affect the mechanical properties of bone and increase fracture susceptibility, which is one 
of the key features of bone fragility in OI (2), (27).  

Pathogenesis of OI due to mutation of COL1A1 and COL1A2 has been revealed by 
studies in an animal model such as a mouse model.  In certain instances, the abnormal collagen is 
maintained in the ER resulting in ER stress, which has been impaired osteoblast differentiation 
via autophagy stimulation and apoptosis activation (2).  According to the previous report, the 
osteoblast obtained from a mouse carrying G610C substitution in Col1a2 exhibit cell stress 
response due to the retention of the misfolded collagen molecule, which causes osteoblast 
malfunction, decrease collagen synthesis, decreases bone mass accumulation, and then abnormal 
bone matrix deposition and mineralization (5). 

Normally, quantitative defects of COL1A1 expression cause OI type I or early onset 
osteoporosis.  While qualitative defects of type I collagen take place in both 1(I) chains and 2(I) 
chain.  The study in bone marrow mesenchymal stem cells obtained from OI type III patient with 
COL1A2 mutation revealed that expression level of osteoblast-specific markers, which are 
BGLAP, COL1A1, MSX2, SPARC, and VDR during differentiation into osteoblast is lower than 
that of healthy control (4). 

Nowadays, there is no biochemical marker for the risk of bone fracture in OI.  There 
were several studies to investigate biochemical bone markers in a patient’s sample including urine 
and serum.  The previous study explored the level of the bone marker in OI patient type I, III and 
IV.  It is shown that total ALP did not differ significantly between OI types.  When compared 
with the control group, total ALP, and the B2 isoform were significantly higher in children with 
OI types I and IV.  Moreover, osteocalcin level was significantly higher in OI type I, while the 
PICP level is higher in OI type IV, in comparison with the other OI types.  After treatment for 1-
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1.5 years, all bone marker diseased in different relative amounts.  In addition, there are no 
significant differences in bone markers found between the age - and type - matched subgroups 
with or without vertebral compressions (30). 
 
 
 
 
 
 
 

Figure 3 Structure of type I procollagen (28). Type I procollagen folded in triple 
helix formation. N-terminal propeptides (PINP) and C-propeptides (PICP) are cleaved 
from fully folded procollagen. CTX and NTX are C- and N-terminal telopeptides of 
type I collagen, respectively.  
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Figure 4 The schematic diagram showing the different posttranslational 
modifications and assembly of type I collagen into fibrils  (31). 
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The tendency of bones to fracture depends on the bone quality, which is the presence of 
mineralized tissue.  The degree of mineralization of the bone matrix that determined by 
measurements of the bone mineralization density distribution was found to be almost universally 
increased in OI.  Consistently, the mean calcium content of bone matrix of biopsy samples 
obtained from children with a mild phenotype and either qualitative or quantitative COL1A1 or 
COL1A2 mutations revealed a similar level.  In the patients with more severe phenotype (type IV 
and type III) and in recessive type VII and type VIII exhibit the same result (8). 
 The important mechanisms controlling cell fate and function are mediated by cell 
adhesion molecules including cell-cell and cell-matrix. Osteoblast expresses several kinds of 
integrin, however; beta1 integrin plays an important role in osteoblast differentiation. 
Alpha2beta1 integrin is a major receptor for type I collagen, which controls MSC osteogenic 
differentiation and survival through ROCK, FAK, and MAPK ERK1/2 signaling (32).  Runx2 is 
phosphorylated and activated by the MEK/ERK branch of the MAPK pathway (33).  Altered in 
the extracellular matrix in OI may perturbed receptor recognition of matrix components and 
subsequent signal transduction including the signaling pathway involving type I collagen 
interaction with integrin, which activates MAPK that then activate RUNX2.  Reduced type I 
collagen in the matrix in OI may result in reduce RUNX2 activation and activity lead to failure in 
osteoblast differentiation.  The second possible way is ER stress response to accumulated 
abnormal type I collagen in osteoblast, which involves upregulation of chaperones and caspases 
that promote cell apoptosis (Figure 5)(2).  The mature osteoblasts are more likely to apoptosis in 
response to chronic stress.  In addition, dominant effect of mutation resulted from reduced 
synthesis and secretion rate, or disrupt the interaction in ECM. Abnormal proteins lead to cellular 
retention and/or degradation of mutant protein, and normal proteins being gathered into mutant-
containing multimers.  The assemble of mutant proteins in ECM and ER stress response result in 
severe protein deficiency (2).  It might be suggested that the reduction of ER dilation in OI 
osteoblast by rapamycin treatment partially rescued osteoblast maturation and mineral deposition 
(5).  
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Figure 5 The extracellular matrix disease paradigm (2). Pathophysiology process of 
ECM mutation including the extracellular consequence and the molecular pathology. 
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Figure 2 | The extracellular matrix (ECM) disease paradigm. The existing model for 

ECM mutation pathophysiology proposes that the extracellular consequences 

account for the molecular pathology. Reduced synthesis owing to regulatory 

mutations or decay of mRNA-containing premature termination mutations results in 

deficiency of the protein in the ECM, thereby compromising function (green box). 

However, structural misfolding mutations have a dominant negative effect, leading to 

partial or complete cellular retention and/or degradation of mutant proteins, and 

normal proteins being assembled into mutant-containing multimers. This results in a 

severe protein deficiency and, if the mutant abnormally folded protein is secreted,  

a further deleterious effect on ECM stability or function (yellow boxes). The new 

paradigm for understanding ECM mutations also considers cellular consequences 

that might result from endoplasmic reticulum (ER) stress, such as the unfolded protein 

response (UPR), which is induced by retention of misfolded proteins in the ER (blue 

boxes). The UPR is initially an adaptive response but, if unresolved, can lead to 

changes in gene expression that result in disruption of cellular gene expression 

patterns, and eventually apoptosis and pathology. The relative contribution of the 

extracellular and cellular consequences to the molecular pathology is likely to show 

considerable mutation and gene specificity. ERAD, ER-associated degradation.

Metaphyseal 

chondrodysplasia,  

Schmid type

A form of chondrodysplasia 

that is caused by mutations in 

collagen X, a component of 

growth plate cartilage. Growth 

plates are structurally altered 

and the chondrocytes are 

disorganized, causing mild 

clinical abnormities of bone 

growth, such as bowed legs 

and hip problems.

information that implicates the cellular consequences 

of disturbances to protein folding as a major gain-of-

function component of the molecular pathology of these 

ECM structural mutations.

Collagen mutations have been well studied and serve 

to illustrate the effect of structural mutations, such as 

missense mutations and in-frame deletions, on protein 

assembly at many different levels during synthesis and 

secretion. There are several excellent reviews containing 

detailed information on collagen synthesis and assem-

bly8,40,41. Briefly, collagen trimers are assembled in the 

ER via interactions of trimerization domains that direct 

selection of the appropriate partner chains to form one 

of the 28 heterotrimeric or homotrimeric forms (FIG. 1). 

For most collagens the trimerization domains are at the  

C terminus of the protein. This initial association provides 

the correct chain registration required for subsequent 

formation of the collagen triple helix. The structural 

basis of this vital self-organizing step has been recently 

reviewed42. Folding of the C-terminal trimerization 

domains probably involves interactions with ER-resident 

molecular chaperones such as immunoglobulin-heavy-

chain-binding protein (BiP; also known as heat shock  

70 kDa protein 5, HSPA5)43,44.

Not surprisingly, mutations of the C-terminal propep-

tide of many collagens interfere with folding of the 

domains, and prevent or severely impede trimer assem-

bly. Heterozygous dominant mutations in the collagen I 

proα1(I) C-propeptide in patients with OI are the cause of 

abnormal procollagen trimerization, resulting in delayed 

triple helix folding and reduced secretion44. This compro-

mised assembly leads to intracellular degradation of the 

mutant misfolded proα1(I) chains via the ER-associated 

proteasomal pathway45, and results in a major collagen I  

deficiency in bone. In the OI mouse model, Oim, a C 

propeptide mutation in the collagen I proα2(I) chain  

also prevents association of the mutant proα2(I) with 

the proα1(I) chain. In Oim/Oim homozygotes this 

results in production of collagen I that contains only 

proα1(I) trimers rather than the functional collagen I 

heterotrimers46. A similar mutation in the C-propeptide 

of collagen II also prevents assembly in the Dmm/Dmm  

mouse, which is dwarfed and has major carti lage 

defects47.

Mutations in COL10A1 that cause metaphyseal chon-

drodysplasia, Schmid type, cluster in the C-terminal 

trimerization domain24 — further highlighting the 

importance of the initial chain association step. The 

crystal structure of the trimerization domain48 predicts 

that mutations that disrupt the hydrophobic core of the 

domain are likely to prohibit correct folding, resulting in 

exclusion of affected collagen X chains from trimers. The 

structure also suggested that some types of trimerization 

domain mutation could permit trimer formation but 

perturb subsequent collagen X supramolecular network 

assembly (FIG. 1) or interactions in the cartilage matrix. 

However, studies on mutant collagen X in transfected 

cells and in transgenic mice have shown that both classes 

of missense mutations cause misfolding and severely 

compromise trimer assembly49–52.

The next stage of collagen assembly, formation of the 

triple helix, is also crucial to collagen function (reviewed 

in REFS 8,40,41). In most collagen types, helix formation 

along the repetitive Gly–X–Y collagen domain sequence 

progresses from the C terminus, where the chains are 

held in register by trimerized C-terminal domains, 

towards the N terminus (FIG. 1). Helix formation and sta-

bilization involves cis–trans isomerization of prolyl pep-

tide bonds by peptidyl-prolyl cis–trans isomerase and 

collaboration of the ER-resident foldase protein disul-

phide isomerase (PDI), prolyl-4-hydroxylase (P4H), the 

CRTAP–CYPB–P3H1 complex39 and 47 kDa heat shock 

protein (HSP47, also known as serpin 1)53. Prolines in 

the Y position of collagen Gly–X–Y triplet sequences are 

hydroxylated by P4H. This step is crucial, as hydroxy-

proline provides the hydrogen bonding force necessary 

to stabilize the collagen helix. In addition to prolines, 

some lysine residues are also hydroxylated by lysyl 
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There are several reports demonstrate the activation of RUNX2 signaling pathway 
through the growth factor, for example; fibroblast growth factor 2 (FGF2) and bone 
morphogenetic protein (BMP) (34), (33), (35), (3, 36, 37).  The BMPs are secreted by osteoblast 
and incorporated into ECM, and then activate osteogenic genes through MAPK pathway.  The 
report revealed that BMP2, BMP4, and BMP7 increase the expression of OCN and BSPII mRNA.  
Moreover, the administration of BMP2 induced RUNX2 activity and ALP activity, as well as 
subsequent osteoblastic differentiation through p38 and ERK1/2 signaling (35).  Besides, FGF2 
stimulates OCN mRNA expression.  This stimulation required RUNX2 and its DNA binding site 
in the osteocalcin promoter.  FGF2 administration dramatically increased phosphorylation of 
ERK1/2 followed by phosphorylation of RUNX2 (33).  Moreover, the degradation of RUNX2 
occurred through the induction of MAPK-ERK signaling in TGF-beta mediated osteoblast 
differentiation.  Inhibition of osteoblast differentiation by TGF-beta was rescued by treatment of 
MAPK-ERK inhibitor, U0126, lead to increase RUNX2, ALP, and OCN mRNA expression (38).  
According to the previous study reports that the excessive TGF-beta in OI mouse model leads to 
upregulated of TGF-beta signaling.  Treatment with anti-TGF-beta can correct bone phenotype of 
OI mouse (39).  These reports demonstrated the important roles of RUNX2 to regulate 
osteoblastic differentiation.   

Therefore, this study provides the possibility to improve osteoblast function by induction 
of RUNX2 activity or reduction of ER stress in OI patient, both of them may rescue osteoblast 
differentiation and maturation leads to increase the expression of osteogenic markers and 
subsequently increase in bone matrix.  Moreover, an in vitro system may provide the opportunity 
to screen for substances to improve osteoblast function in OI patients.  
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Key words 
OI, iPSC, Osteoblast differentiation, Type I collagen synthesis  

 
Abbreviation 
OI: osteogenesis imperfecta, iPSC; induced pluripotent stem cell 
 
Research questions 

1. Can patient-specific iPSCs display characteristics of OI osteoblasts and be used as an in 
vitro system to screen for substances to improve OI osteoblasts’ functions? 

2. Which substances in mutant COL1A2, iPSC-derived osteoblast lineage cells have 
different levels between those with and without clinical OI? 

 
Hypothesis 

Patient-specific iPSC derived osteoblasts exhibit the deficient osteoblast differentiation 
and maturation.  There is a biochemical substance involving in the human bone development 
pathway which can serve as a surrogate marker and a cellular phenotype of clinical bone fracture 
susceptibility in patients with OI. 

 
Objectives 
To identify biochemical substances in the OI-patient-specific iPSCs and their differentiated cells, 
of which levels are different between those with and without clinical OI. 
To establish an in vitro system to screen for substances which are able to improve OI osteoblasts’ 
functions. 
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Conceptual framework 

 

 
  

Patients with COL1A2 mutations

- A girl with OI type III 

who carries a homozygous (c.1009G>A) COL1A2 mutation

- Her parents with dental problems but no bone fragility

who are heterozygous for the (c.1009G>A) COL1A2 mutation 

- A boy with OI type I 

who carries a heterozygous (c.2882G>A) COL1A2 mutation 

Perform skin biopsiesDetermine their bone mineral density and  

serum levels of substances involving in bone metabolism

Establish patients-specific iPSCs

Determine biochemical substances involving in 

bone development pathways and bone 

mineralization in iPSCs-derived osteoblasts 

using ELISA

Determine expression levels of genes involving in bone 

development pathways in iPSCs-derived osteoblasts 

using real-time PCR

Differentiate iPSCs into MSCs

Differentiate MSCs into osteoblasts

Identification of biological markers 

in early osteoblastic development 

to predict clinical bone fragility. 
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Research methodology 
1. Participants 

The family members with COL1A2 (c.1009G>A) mutation who parents are 
consanguineous and carry heterozygous COL1A2 mutation without a clinical diagnosis of OI but 
show DI phenotype.  Whereas, the daughter with OI type III carries a homozygous COL1A2 
mutation.  Besides, a boy with OI type I from an unrelated family who carries heterozygous 
COL1A2 (c.2882G>A) mutation was explored in this work.  The family’s pedigree of OI type 
patient is shown in Figure 6 
 

 
Figure 6 The family’s pedigree of proband.  The pedigree represents OI is inherited 
in an autosomal recessive manner while DI is inherited in an autosomal dominant 
manner in this family.  
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2. Mutation analysis 
Whole exome sequencing (WES) was performed as described (40).  Briefly, genomic DNA 

was isolated from peripheral blood leukocytes using a Puregene Blood kit (QIAGEN).  DNA was 

sent to Macrogen, Inc. (Seoul, South Korea) for WES.  DNA was captured using a SureSelect 

Human All Exon version 4 kit (Agilent Technologies) and sequencing was performed on the a 

Hiseq2000 instrument.  For sequence alignment, variant calling and annotation, sequences were 

aligned to the human genome reference sequence (UCSC Genome Browser, hg19 build) using 

BWA aligner (bio-bwa.- sourceforge.net/). Downstream processing was carried out with 

SAMtools (samtools.sourceforge.net/) and annotated against dbSNP & the 1000 Genomes 

Project.  After quality filtering, the variants were analyzed in 18 OI genes (FKBP10, LEPRE1, 

PPIB, BMP1, COL1A1, COL1A2, CREB3L1, CRTAP, IFITM5, MBTPS2, PLOD2, SERPINF1, 

SERPINH1, SP7, TMEM38B, WNT1, SEC24D, and SPARC). All call with coverage <10x; minor 

allele frequency > 1% in the 1000 Genomes Project and the Exome Aggregation Consortium 

database (exac.broadinstitute.org); and non-coding variants and synonymous exonic variants were 

filtered out. The remaining variants were subsequently filtered out if they were present in our in-

house database of 1,876 unrelated Thai exomes. The variants in exon 19 of COL1A2 were 

validated to be in homozygous state in proband and heterozygous state in parents by PCR and 

Sanger sequencing. As for pt (FII), sixteen known OI genes (BMP1, COL1A1, COL1A2, 

CREB3L1, CRTAP, FKBP10, IFITM5, LEPRE1, PLOD2, PPIB, SERPINF1, SERPINH1, SP7, 
TMEM38B, WNT1, and MBTPS2) were amplified from 200 ng of genomic DNA using the Truseq 

Custom Amplicon Sequencing kit (Illumina, San Diego, CA). The filtering criteria was performed 

as described above. The variants in exon 44 of COL1A2 were confirmed in pt (FII) by PCR and 

Sanger sequencing.  Briefly, DNA was amplified by primer as shown in supplementary table 2.  

The PCR products were treated with Exo-Sap-IT (Affymetrix) followed by Sanger sequencing.  

RFLP with MspI was performed to verify the mutation on genomic DNA of the trio. The digested 

fragments were separated on a 3% agarose gel.  In addition, mutation of COL1A2 gene of patients 

iPSCs-derived MSC were analyzed by Sanger sequencing at exon 19 or exon 44.  Primers used in 

PCR amplification and sequencing were shown in Table 2.  
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3. Generation of patient-specific iPSCs 
Skin punch biopsies were obtained from parents while skin biopsies were obtained from 

OI patients under surgical treatment.  Samples were washed several times with 1X PBS.  After 

removal of adipose tissue remnants, samples were dissected into small pieces.  Dissected skin 

pieces were placed on empty the 6 cm2. tissue culture dish, and then filled with IMDM 

(Hyclone)/10% FBS (Hyclone).  Once dermal fibroblasts are confluent, they were subsequently 

subcultured into a new passage and were frozen in completed IMDM media plus 10% DMSO 

(Invitrogen).  Dermal fibroblasts were seeded into 10 cm tissue culture dish and cultured until 

cells are 80% confluent.  iPSCs were generated by using an episomal transfection of Yamanaka 

factors (OSKM) and Nucleofector for human normal dermal fibroblast kit (Lonza) and 

NucleofectorTM 2b device (Lonza) following manufacturer instruction manual.  Yamanaka factors 

(OSKM) were provided by Stem cell laboratory, Stem cell and cell therapy research unit, Faculty 

of Medicine, Chulalongkorn University.  Briefly, the dermal fibroblasts of two OI patients were 

cultured in IMDM supplemented with 10% human umbilical cord serum for three days while the 

fibroblasts of the proband’s parents were maintained in fibroblast medium.  The fibroblasts were 

seeded in the 10-cm plates at the density of 1x106 cells per plate overnight. The next day, the 

culture was dissociated into a single cell, transfected using U-023 program, and seeded in 6-well 

plates for 24 hours.  Then the culture medium was replaced with a mix of fibroblast medium and 

ES medium (KnockOut DMEM; Invitrogen), 20% (v/v) Knockout Serum Replacement 

(Invitrogen), non-essential amino acids (NEAA), 1 mM L-glutamine, 0.1 mM –mercaptoethanol, 

and 10 ng/ml basic Fibroblast Growth Factor (bFGF; Stemgent).  The culture medium was 

changed to ES medium supplemented with 10 ng/ml bFGF after transfection for 5 days and 

replaced every day.  Within 20-23 days post-transfection, iPSC-liked colonies were manually 

picked and transferred into human feeder cells and matri-gel coated dishes.  Colonies were 

transferred into mitomycin C (Tocris)-treated human fore skin fibroblast that used as the feeder 

cells by using the needle.  Feeder cells were seeded at 500,000 cells on 0.1%gelatin coated 3.5 

mm. dish one day before use.  Derived iPSCs were maintained in parallel on feeder cells and in 

feeder-free condition for at least 2 passage.  iPSCs under feeder-free condition were expanded for 
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further experiments, whereas iPSCs in feeder condition were stored in the liquid nitrogen as the 

backups.  The protocol and timeline of the generation of iPSC were shown in Figure 7.  Feeder-

free condition refers to the culture dish that coated with the matrigel matrix (Corning) for 1 hour 

or overnight in 37 °C CO2 incubator.  Human fore skin fibroblast and ESC in the present study 

were provided by Dr. Ruttachuk Rungsiwiwat (41). 

 

 

 

 

Figure 7 Generation of iPSCs from dermal fibroblast by episomal transfection.   
The diagram and timeline for generating iPSCs from dermal fibroblast. 
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4. Characterization of patient-specific iPSCs 
4.1 Expression of pluripotent transcription factor 

 iPSCs were characterized by expression of pluripotent transcription factor (NANOG, 
OCT4, SOX2, REX1) by RT-PCR and immunofluorescent.  iPSCs were cultured and collected to 
further RNA extraction using RNA blood kit (QIAGEN).  RNA was converted into cDNA and 
was amplified to semi-quantification of a pluripotent gene including NANOG, OCT4, SOX2, and 
REX1.  Primers used for RT-PCR were shown in Table 2.  The expression of a pluripotent genes 
was determined by immunofluorescence, which are TRA1-60, TRA1-81, NANOG, and OCT4.  
Briefly, cells were washed with 1XPBS three times and fixed with 4%paraformaldehyde for 15 
minutes.  After washed three times with 1XPBS, cells that planned to stain for NANOG and OCT4 
were permeabelized with 0.1%TRITON X100 for 15 minutes followed by wash with 1XPBS for 
three times.  Cells were treated with PBS containing 1% bovine serum albumin (BSA, VWR) for 
30 minutes.  After wash with 1XPBS, cells were stained with primary antibody at 4°C overnight.  
Next, cells were washed with 1XPBS for three times and stained by secondary antibody for 1 
hour at room temperature.  Finally, cells were counterstained with Hoechst (Life technologies) at 
1 ug/ml.  
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Table 2 Primers for PCR and sequencing  

  

Gene Primer sequence (5’-3’) 
Annealing 

temp.(c) 
Product 
size (bp) 

Ref. 

NANOG 
F-CAGCCCCGATTCTTCCACCAGTCCC 
R-CGGAAGATTCCCAGTCGGGTTCACC 

60 391  

OCT4 
F-AGCGAACCAGTATCGAGAAC 
R-TTACAGAACCACACTCGGAC 

55 142 (42) 

SOX2 
F-AGCTACAGCATGATGCAGGA 
R-GGTCATGGAGTTGTACTGCA 
 

55 126 (42) 

REX1 
F-CAGATCCTAAACAGCTCGCAGAAT 
R-GCGTACGCAAATTAAAGTCCAGA 

58 306  

GAPDH 
F-ATCACCATCTTCCAGGAGCGA 
R-TTCTCCATGGTGGTGAAGACG 

58 101 (43) 

COL1A2 
exon19 

F-GCA TTT AAT GTG TGC TGC 
R-GGA AGT CTA GAT AGT GAT GA 

58 244  

COL1A2 
exon 44 

F-GGA CAC AAG GTC AGT ACA CT 
R-CTT ACA GTT TCA CCA CGG 

58 208  
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Table 3 Primary and secondary antibodies used in immunofluorescence assay  

 Markers Company Dilution 

Pluripotent 
markers 

Mouse anti-TRA1-81 Abcam 1:200 
Mouse anti-TRA1-60 Chemicon (MAB4360) 1:200 

Rabbit anti-NANOG 
Cell Signaling Technology 
(4903) 

1:200 

Rabbit anti-OCT4 
Cell Signaling Technology 
(2840) 

1:200 

Mouse anti-SSEA-4 Abcam (ab16287) 1:200 

Differentiation 
markers 

Mouse anti-NESTIN Biolegend (ab656802) 1:200 

Rabbit anti-BRACHYURY Abcam (ab20680) 1:200 
Mouse anti-AFP-1 Abcam (ab3969) 1:200 

Secondary 
antibodies 

Alexa Fluor 488 Goat anti-
Mouse IgG 

Life Technologies 
(A10680) 

1:1000 

Alexa Fluor 488 Goat anti-
Rabbit IgG  

Life Technologies 
(A11008) 

1:1000 

Alexa Fluor 568 Goat anti-
Rabbit IgG  

Life Technologies 
(A11036) 

1:1000 

FITC anti-mouse IgM Chemicon (AP500F) 1:500 
Goat anti mouse IgG Cy3 Chemicon (AP181C) 1:500 
Hoechst 33342 Life Technologies 

(H3570) 
1 ug/ml 

MSC 

PE mouse anti-human CD14 BD PharmingenTM 
(562691) 

 

APC mouse anti-human CD34 BD PharmingenTM 
(555824) 

 

PE anti-human CD44 Biolegend (338808)  
PE anti-human CD73 Biolegend (344004)  

Per/CP anti-human CD90 Biolegend (328118)  

APC anti-human CD105 Biolegend (323208)  
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4.2 in vitro differentiation 
iPSCs were examined the ability to three lineage differentiation by in vitro differentiation.  

iPSCs were created to form an embryoid body for seven days and were attached to the culture 
dish.  Cells were cultured for twenty-one days and were fixed and analyzed for expression of the 
three embryonic germline layers markers by immunofluorescence.  Endoderm, mesoderm, and 
ectoderm differentiation were detected by using an antibody against AFP, BRA, and NESTIN, 
respectively.  Primary and secondary antibodies used in immunofluorescence assay were shown 
in Table 3 
 
4.3 Karyotype analysis 

Karyotype of patients iPSCs-derived MSC were performed using G banding standard 
protocol. 
 
5. Generation of iPSCs-derived MSCs 

iPSCs were differentiation to MSC by using either embryoid body (EB) formation or 
small molecule induction.  As for EB formation method, iPSCs were created to form an embryoid 
body for seven days and were transferred to the gelatin-coated culture dish.  Cells were cultured 
with DMEM high glucose (Hyclone)/10% FBS until the appearance of MSC-like cells.  MSC-like 
cells were dissociated to the new cultured dish at a density of 10,000 cells per cm2 into MSC 
medium, when they confluent.  As for small molecule induction, iPSCs were treated with 10 uM 
SB431542 (Sigma-Aldrich) for 5 days, and then cultured until confluent.  Differentiated cells 
were dissociated to the gelatin-coated dish at a density of 40,000 cells per cm2 into MSC medium.  
Cells were then seeded at 20,000 cells per cm2 and at 10,000 cells per cm2 with subsequent 
passages.  iPSC-MSC were analyzed for expression of typical MSC markers including CD73, 
CD105, and CD44.  iPSC-MSC will also be determined for lack of broad hematopoietic marker 
(CD34) and monocyte marker (CD14) expression by flow cytometry. Antibodies used in flow 
cytometry were shown in Table 2.  Briefly, MSCs were dissociated and washed with 1XPBS.  
MSC at 200,000 cells were incubated with 5 ul of antibody against MSC marker in the dark for 
15 minutes.  MSCs were subsequently washed with 3 ml of 1XPBS.  MSCs were resuspended in 
200 ul of 1XPBS. 
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6. Investigation of the pathways involving osteoblast differentiation 
To determine pathways involving bone development, expression of osteogenic markers 

during osteoblast differentiation were examined.  iPSCs-MSC was seeded on a gelatin-coated 

cultured dish at 10,000 cells per cm2.  After 3 days, cells were cultured with osteogenic medium 

containing 0.1 uM dexamethasone (Sigma-Aldrich), 10 mM beta-glycerophosphate (Sigma-

Aldrich), and 0.2 mM L-ascorbic acid-2-phosphate (Sigma-Aldrich) which L-ascorbic acid-2-

phosphate was only added first 2 times of the medium replacement. Medium was changed every 

other day up to 3 weeks.  As for the conditioned medium collection, the medium was changed day 

4, 6, 11, and 19.  Cell lysate and conditioned medium was collected at day 5, 7, 12, and 20 with 

TRIZOL reagent (Invitrogen) and RIPA buffer (Thermo Fisher Scientific) for RNA extraction 

and protein analysis, respectively.  Osteoblasts were collected using TRIZOL (Invitrogen) for 

mRNA isolation.  cDNA was synthesized using ImProm-II (Promega) by using 500 ng of RNA as 

the template in the total volume 20 ul of the reaction.  Gene expression quantification was 

performed by qPCR (StepOnePlus: Applied Biosystems) using TaqMan probe (Applied 

Biosystems).  The expression level of COL1A1, COL1A2, ALP, OC, SPP1 (OPN) was normalized 

to the level of GAPDH.  Probes for real-time PCR were shown in table 4.  Briefly, qPCR reaction 

composed of 1 ul of cDNA, 10 ul of Luna universal qPCR master mix (NEB), 1 ul of probe, and 8 

ul of nuclease free water.  As for OC, the qPCR reaction composed of 5 ul of cDNA.  The 

experiments were performed in triplicate.  Data were analyzed by SPSS software.  For group 

comparisons, the significant differences were determined using either one-way ANOVA followed 

by Turkey Post post hoc test or independent sample t-test as appropriate. Statistical significance 

was considered at p-value < 0.05. 

 
7. Type I collagen detection 
 Type I collagen from cultured medium was isolated according to the previous reports 
(44). Condition medium was collected and buffered with 100 mM Tris-HCl, pH 7.4, and cooled 
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to 4°C overnight. Protease inhibitors were added to the following final concentrations: 25 mM 
EDTA, 0.02% NaN3, 1 mM phenylmethylsulfonylfluoride, 5 mM benzamidine, and 10 mM N-
ethylmaleimide. Procollagens were precipitated from medium with ammonium sulfate overnight 
at 4°C. Procollagen was collected by centrifugation at 12,000 x g for 60 minutes at 4°C, 
resuspended in 0.5 M acetic acid and digested with 0.1 mg/ml pepsin at 4°C overnight. Selective 
salt precipitation of collagen with 0.9 M NaCl in 0.5 M acetic acid was performed twice. Purified 
collagen samples were resuspended in 0.1 M acetic acid and was analyzed on 8% SDS urea-
PAGE gels.  Protein and prestained protein ladder (Abcam, ab116029) were run under the non-
reducing condition in 8% SDS urea-PAGE gels on ice for 5-6 hours and then stained by Bio-safe 
coomassie stain (BIO-RAD) followed the manufacturer protocol.   
 

8. Investigation of biochemical substances involving mineralization  
To study biochemical substances which is osteogenic marker responsible for the bone 

development, level of osteogenic markers expressed in the culture medium were explored. 

Osteocalcin and osteopontin secreted into culture medium were performed by commercial ELISA 

kit (R&D Systems) follow the instruction manual.  Type I collagen synthesis was analyzed by 

using procollagen type I C-propeptide (PIP, TAKARA) follow the instruction manual.  The 

experiments were performed in duplicate.  Data were analyzed by SPSS software.  For group 

comparisons, the significant differences were determined using independent sample t-test as 

appropriate.  Statistical significance was considered at p-value < 0.05.  Total protein was analyzed 

by BCA protein assay (Pierce).   

Alizarin R staining was performed to determine the calcium deposit of osteoblast.  

Briefly, after wash three time with 1XPBS, osteoblasts were fixed with 4%paraformaldehyde for 

15 minutes at room temperature.  Cells were washed three times with sterile distilled water and 

incubated for 45 minutes with 40 mM alizarin red (Sigma-Aldrich) in distilled water and adjust 

pH to 4.1-4.3.  Alizarin solution was carefully aspirated and cells were carefully washed with 

distilled water for three times and left to dry.  
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Table 4 Probes for real-time PCR 

  

Gene Taqman gene expression assay 
Alkaline phosphatase (ALP) Hs1029144_m1 
Bone gamma-carboxyglutamate 
protein/Osteocalcin (BGLAP/OC) 

Hs01587814_g1 

Collagen type I alpha 1  (COL1A1) Hs00164004_m1 
Collagen type I alpha 1  (COL1A2) Hs01028969_m1 
Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH)  

Hs02758991_g1 

Secreted Phosphoprotein 1/Osteopontin 
(SPP1/OPN) 

Hs00959010_m1 
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Administration and time schedule 
Table 1 Administration and time schedule  
  

 Month 
1-4 5-8 9-12 13-16 17-20 21-24 25-28 29-32 33-36 

Review of related literatures          
Prepare primary fibroblast 
cell culture of participants 

         

Generate patients-specific 
iPSCs 

         

Characterize iPSCs          
Generate MSC derived from 
iPSC and characterize iPSCs 
derived MSC 

         

Investigate type I collagen 
synthesis 

         

Investigate expression of 
osteogenic markers during 
osteoblast differentiation 

         

Investigate level of 
biochemical substance 
involving bone formation 
during osteoblast 
differentiation 
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Results 
1. Clinical data 

Proband is Thai girl who was born in the consanguineous family in 2002. She was  
referred to Center of Excellence for Medical Genomics, Department of Pediatrics, Faculty of 
Medicine, Chulalongkorn University at age 13 years. She received evaluation including medical 
history, physical examination, and X-ray film. The family’ s pedigree of proband is shown in 
Figure 6.  As shown in Figure 8A-N, radiograph show short stature, triangular face, barrel chest 
and severe bone deformity, scoliosis, curved, slender bones, multiple fractures and intramedullary 
rods were used to stabilize the fractures.  She had blue sclerae and dentinogenesis imperfecta 
(DI).  Her parents show normal bone, lack signs and symptoms of skeletal fragility, while show 
DI phenotype (Figure 9).  Bone mineral density of lumbar spine of proband was 0.404 g/cm2 (z-
score -5.6).  The lumbar spine BMD of the father at age 43 years was 0.724 g/cm2 (z-score -1.7) 
and of the mother at age 37 years was 0.972 g/cm2 (z-score -0.2). 

Gene alteration of proband was analyzed by whole exome sequencing which revealed the 
homozygous c.1009G>A (p.G337S) mutation in COL1A2 gene (Table 6). Then, her parents were 
indentified for COL1A2 mutation that show heterozygous c.1009G>A (p.G337S) COL1A2 
mutation. Besides, a boy with OI type I from an unrelated family who carries heterozygous 
COL1A2 (c.2882G>A, p.G961D) mutation were also explored by targeted gene sequencing panel 
(Table 7).  

Mutation analysis of trio and pt (FII) have been confirmed by Sanger sequencing (Figure 
10A) which done by Mr.Chalurmpon Srichomthong. The homozygous c.1009G>A (p.G337S) 
mutation in COL1A2 gene was confirmed by RFLP analysis (Figure 10B). 
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Figure 8 Clinical features associated with proband. The photographs and 
radiographs display the clinical phenotype of proband.  
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Figure 9 Clinical features associated with mother and father of proband.  The 
photographs and radiographs display the clinical phenotype of mother (A-F) and father 
(G-L). 
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Table 5 Filtering criteria for the exome sequencing of proband 
 

Filtering criteria Result 

Total number of variants after variants calling (1000 Genomes Project Consortium, 
dbSNPs) 

15357 genes/ 

78491 variants 

After filtering with 18 OI genes (FKBP10, LEPRE1, PPIB, BMP1, COL1A1, COL1A2, 
CREB3L1, CRTAP, IFITM5, MBTPS2, PLOD2, SERPINF1, SERPINH1, SP7, 
TMEM38B, WNT1, SEC24D, and SPARC) 

14 genes/ 

89 variants 

After filtering for pathogenic mutation 8 genes/11 variants 

After variant annotation and filtering with exclusion of variants with coverage <10x; 
minor allele frequency > 1% in the 1000 Genomes Project and EXAC; and non-coding 
variants and synonymous exonic variants  

3 genes/4 variants 

After exclusion of variants found in an in-house database of 1,876 Thai exomes 1 genes/1 variants 

   

Gene COL1A2 

Variant G>A 

Coordinate 7: 94039107 

Genotype Homozygous 

Transcript NM_000089.3 

Consequence missense variant 

cDNA c.1009G>A 

Protein p.(Gly337Ser) 

Sift deleterious (0) 

PolyPhen-2 probably damaging (1) 

M-CAP Possibly pathogenic 
(0.856) 
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Table 6 Filtering criteria for the exome sequencing of pt (FII) 

 

  

Filtering criteria Result 

After filtering with 16 OI genes (BMP1, COL1A1, COL1A2, 
CREB3L1, CRTAP, FKBP10, IFITM5, LEPRE1, PLOD2, PPIB, 

SERPINF1, SERPINH1, SP7, TMEM38B, WNT1, and MBTPS2) 

16 genes/ 

145 variants 

After filtering with variant QC 16 genes/ 

110 variants 

After filtering for pathogenic mutation 6 genes/10 variants 

After variant annotation and filtering with exclusion of variants 

with coverage <10x; minor allele frequency > 1% in the 1000 

Genomes Project and EXAC; and non-coding variants and 

synonymous exonic variants 

3 genes/5 variants 

After exclusion of variants found in an in-house database of 1,876 

Thai exomes 

1 genes/1 variants 

  
Gene COL1A2 

Variant G>A 

Coordinate 7:94055108 

Genotype Heterozygous 

Transcript NM_000089.3 

Consequence missense variant 

cDNA c.2882G>A 

Protein p.(Gly961Asp) 

Sift deleterious (0) 

PolyPhen-2 probably damaging (1) 

M-CAP Possibly pathogenic (0.913) 
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1: ES

2: Father

3: Mother

4: Proband

5: Pt (FII)

Signal 

peptide

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52

Collagen alpha I chain triple helical domainN-terminus 

propeptide

C-terminus 

propeptide

p.(Gly337Ser) p.(Gly961Asp)

Supplementary figure 2

<	149	bp

<	104	bp

 
 
 
 
 

 
 
 
 

 
Figure 10 Mutation analysis of trio.   (A) Chromatograms show mutation in COL1A2 
exon 19 of the trio, and COL1A2 exon 44 of pt (FII). (B) RFLP shows only mutant 
band of 149 bp in proband while father and mother show both mutant band and 
wildtype band of 104 bp.  

 A 
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2. Generation of patients-specific iPSCs 
Patient-specific iPSC generated from dermal fibroblast of the father, mother, and  

daughter with OI type III are called iPSC father, iPSC mother, and iPSC proband respectively.  
Patient-specific iPSC generated from dermal fibroblast of a boy with OI type I is called iPSC pt 
(FII).  The number of an established patient-specific iPSC cell line from all participants were 
displayed in Table 8. Figure 11A shows iPSC-like colony after 20 days of the transfection.  
Figure 11B shows iPSC-like colony on day 6 after transferring into matrigel.  Figure 11C exhibits 
the established iPSC of proband which is cultured in feeder-free condition and displays the cell 
morphology like iPSC.  iPSCs exhibit round morphology with well-defined sharp edges and 
contain tightly packed cells. Individual cells within the colony exhibit prominent nucleoli with a 
high ratio of nucleus to cytoplasm volume ratio. 

 
Table 7 Number of established patient-specific iPSC cell line from all participants  
  

Patients-specific iPSCs iPSC clone numbers 
Pt (FII) iPSC 4 
Proband iPSC 8 
Father iPSC 11 
Mother iPSC 12 
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Figure 11 The established iPSC of proband.   Photographs exhibit iPSC-like colony 
on day 20 after transfection (A), iPSC-like colony on day 6 after transferring into 
matrigel (B), and morphology of proband iPSC on matrigel (C).  Scale bar = 400 m  

A B C 
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3. Characterization of patient-specific iPSCs 
3.1 Expression of pluripotent transcription factors 

RT-PCR analysis showed that the established patient-specific iPSC cell line (father, 
mother, proband, pt (FII)) expressed endogenous pluripotent genes including OCT4, SOX2, REX1 
and NANOG (Figure 12).  
 
 
 

 

Figure 12 Expression of pluripotent transcription factors.  PCR analysis of 
pluripotent markers of patient-specific iPSCs.  GAPDH was used as the loading 
control. 
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3.2 Immunocytochemical staining 
Immunocytochemical staining exhibited positive results with pluripotent markers TRA-1-

60, TRA1-81, NANOG, and OCT4 in all of established patient-specific iPSC cell lines (father, 
mother, proband, pt (FII)) (Figure 13).  TRA1-60 and TRA1-81 were displayed surface staining, 
whereas NANOG and OCT4 was showed intracellular staining.  Hoechst 33342 stained the nuclei 
as blue color. 
                                      

Figure 13 Immunocytochemical staining of pluripotent markers.   NANOG, 
OCT4, TRA1-60, and TRA1-81 represent in green color.  Scale bar = 400 m 
 
 
 
  

TRA1-81 
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3.3 in vitro differentiation 
All of iPSC lines were cultured in EB suspension for 7 days followed by additional 

cultured for 14 days in matri-gel coated plate to promote the in vitro differentiation towards the 
three germ layer derivatives. After EBs were cultured for 14 days, differentiated cells exhibited 
the positive result of immunoreactive for ectodermal (NESTIN, NES), mesodermal 
(BRACHYURY, BRA) and endodermal (AFP) marker (Figure 14).  
 

Figure 14 Immunocytochemical staining of three-germ layer markers.   BRA in 
father displays in red color while that of in mother, proband, and pt (FII) present in 
green color.  AFP and NES of trio and pt (FII) show in red color.  Scale bar = 400 m 
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3.4 Mutation analysis 
Mutation in COL1A2 gene of established patient-specific iPSC-derived MSCs was  

confirmed by Sanger sequencing.  As for trio, the mutation was analyzed using specific primer for 
COL1A2 exon 19, while pt (FII) was analyzed using specific primer for COL1A2 on 44.  Figure 
14 showed G to A substitution at nucleotide position 1009 of COL1A2 gene, which is the 
heterozygous mutation of father, mother, and homozygous COL1A2 mutation of proband, 
respectively. Figure 15 showed the heterozygous COL1A2 mutation in exon 44 of pt (FII), which 
is G to A substitution at nucleotide position 2882. 
 

Figure 15 Electrochromatograme of the mutation in exon 19 and 44 of COL1A2 
gene.   Sanger sequencing shows G to A substitution in exon 19 and exon 44 of 
COL1A2 gene in trio and pt (FII), respectively. 
  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

46 

4. Generation of iPSCs-derived MSCs 
Father, mother and proband iPSC were differentiated to MSC by using EB  

formation. Control ES was differentiated to MSC by using spontaneous differentiation protocol.  
Whereas, pt (FII) was differentiated to MSC by using small molecule induction by treat with 
SB431542 at 10uM according to previous report (45).  After iPSC-derived MSC and ES-derived 
MSC were passage as the homogenous population, they were analyzed the expression of MSC 
markers by flow cytometry.  Figure 16 shows iPSC-derived MSCs that exhibit spindle-like 
morphology.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16 Morphology of proband iPSC-derived MSC.  Cells display long and 
spindle-like morphology.  Scale bar = 100 m  

100 uM 
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5. Flow cytometry analysis 
Control ESC and established patient-specific iPSC were efficiently differentiated to MSC 

as mention above.  They were determined for expression of MSC markers, which are CD44, 
CD73, and CD105, and also determined for lack of expression of the hematopoietic marker CD14 
and CD34. 
 

 

Table 8 Level of surface marker expressed on iPSCs-derived MSCs  
 

 

 
 
 
 
 
 
 
  

 CD44 CD73 CD105 CD14 CD34 

Father-MSC 98.5 100 99.8 0 0 

Mother-
MSC 

100 99.9 99.6 0 0 

Proband-
MSC 

99.9 99.7 97.1 0 0 

Pt (FII)-
MSC 

99.7 99 72.4 0 0 

ES-MSC 99.9 100 99.6 0 0 
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6. Karyotype analysis 
Karyotype analysis was performed in either established patient-specific iPSC  

or iPSC-derived MSC. Father-derived MSC (Figure 17A) and pt (FII) (Figure 17D) displayed a 
normal diploid 46, XY karyotype.  As for mother- derived MSC (Figure 17B) and proband-
derived MSC (Figure 17C), chromosome analysis showed a normal diploid 46, XX karyotype.  
All of iPSC-derived MSC have no appreciable abnormalities of karyotype. 
 

Figure 17 Karyotype analysis of iPSCs-derived MSCs. Karyotype analysis of iPSCs 
using G banding showed normal karyotypes. A, B, C, and D represent karyotype of 
father, mother, proband, and pt (FII), respectively. 
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7. Investigation of type I collagen synthesis and overmodification 
7.1 Type I collagen detection 
 Secreted collagen I of each sample were run in SDS-urea PAGE.  Collagen I was 
migrated and separated into 2 band according to α1(I) and α2(I) chain.  α1(I) chain of collagen I 
obtained from pt (FII) displayed shift band due to the overmodification while trio had no 
detectable abnormality (Figure 18). 

 

 

 

Figure 18 Collagen I secreted from MSCs-derived osteoblasts.   Upper and lower 
band represent α1and α2 chain of collagen I produced by ESC-derived MSC (2), 
father iPSC-derived MSC (3), mother iPSC-derived MSC (4), proband iPSC-derived 
MSC (5) and pt (FII) iPSC-derived MSC (6). Lane 1 and 7 are prestained protein 
ladder. 
 
 

 

  

1        2        3         4          5         6        7 

α1 
  
α2 

kDa 

 

245 

 

180 

 

135 

 

 

100 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

50 

7.2 Type I collagen synthesis 
Type I collagen synthesis in the culture medium during osteoblast differentiation of each 

iPSC derived osteoblast was determined by PIP ELISA assay at day 0, 5, 7, and 12 after treated 
with osteogenic induction medium. The ES-derived MSC was used as the control.  Level of PIP 
(ng) was normalized per total protein (mg).  The result shows that the level of PIP in all of patient 
iPSC-derived MSCs was lower than that of the control (Figure 19). 
 

 

 

 

Figure 19 Level of procollagen I propeptide (PIP).   PIP represents type I collagen 
synthesis in the control, and patients without OI and with OI.*p<0.05, **N=1 
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8. Investigation of osteogenic gene expression involving osteoblast differentiation 
8.1 Real-time PCR 

All iPSC-derived MSC and ESC-derived MSC were differentiated into osteoblast,  
and then the expression of osteogenic markers (COL1A1, COL1A2, SPP1 (OPN), OC, and ALP) 
were determined by real-time PCR.  The expression level of iPSC-derived MSC were compared 
with ESC-derived MSC at different time point, which were day 5, 7, and 12.  The result shows 
that the expression of COL1A1 was significant differences among all patient iPSC-derived 
osteoblast at day 5 and both of OI iPSC-derived osteoblast was significantly downregulated when 
compared with father and mother iPSC-derived osteoblast patient at day 12 (Figure 20).  
Expression of COL1A2 was a statistically significant difference in all iPSC-derived osteoblast at 
day 5 and day 7 and both of OI iPSC-derived osteoblast was significantly low expressed 
compared to father and mother iPSC-derived osteoblast at day 12 (Figure 21).  Expression of 
SPP1 (OPN) was detected in ESC-derived MSC and father iPSC-derived MSC, whereas it was 
low expressed in mother and proband iPSC-derived MSC and it was not detected in pt (FII) iPSC-
derived MSC.  SPP1 was markedly peak in ESC-derived MSC at the early time course and reduce 
at day 12 (Figure 22).  Expression of OC in proband and pt (FII) iPSC-derived MSC showed 
significantly downregulated when compared with ESC and mother iPSC-derived MSC at day 5 
(Figure 23).  Expression level of ALP was statistically significant difference in control when 
compared with trio and pt (FII) at day 5.  ALP was equally high in trio iPSC-derived MSC in day 
5.  ALP expression level in proband iPSC-derived MSC was lower than father and mother iPSC-
derived MSC in day 12.  Interestingly, ALP was not detected in pt (FII) iPSC-derived MSC along 
the time course of osteoblast differentiation. (Figure 24) 
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Figure 20 Expression of COL1A1 gene.   Level of COL1A1 expression in ESC and 
patient iPSC-derived MSC during osteoblast differentiation at day 0, 5, 7, and 12 
which was assayed by real-time PCR and represented as the relative expression in the 
fold of the control.  The ESC-derived MSC was used as the control.  *p<0.05 
compared to each other. 
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Figure 21 Expression of COL1A2 gene.   Level of COL1A2 expression in in ESC and 
patient iPSC-derived MSC during osteoblast differentiation at day 0, 5, 7, and 12 
which was assayed by real-time PCR and exhibited as the relative expression in the 
fold of the control.  The ESC-derived MSC was used as the control.  *p<0.05 
compared to each other. 
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Figure 22 Expression of SPP1 (OPN) gene.   Level of SPP1 expression in in ESC 
and patient iPSC-derived MSC during osteoblast differentiation at day 0, 5, 7, and 12 
which was assayed by real-time PCR and showed as the relative expression in the fold 
of the control.  The ESC-derived MSC was used as the control.  *p<0.05 compared to 
each other. 
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Figure 23 Expression of OC gene.   Level of OC expression in in ESC and patient 
iPSC-derived MSC during osteoblast differentiation at day 0, 5, 7, and 12 which was 
assayed by real-time PCR and expressed as the relative expression in the fold of the 
control.  The ESC-derived MSC was used as the control.  *p<0.05 compared to each 
other. 
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Figure 24 Expression of ALP gene.   Level of ALP expression in ESC and patient 
iPSC-derived MSC during osteoblast differentiation at day 0, 5, 7, and 12 which was 
assayed by real-time PCR and showed as the relative expression in the fold of the 
control.  The ESC-derived MSC was used as the control.  *p<0.05 compared to each 
other. 
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8.2 Mineralization assay 
The mineralization assay of iPSC-derived MSC during osteoblast differentiation was 

performed by alizarin red staining at day 20 and 28.  The ESC-derived MSC was used as the 
control.  Alizarin red is the indicator of mineralized-like nodules and the positive staining was 
qualitative determination.  Figure 25 shows calcium deposits produced by iPSC-derived MSC in 
each line.  When compare with ESC-derived MSC, patient iPSC-derived MSC showed delay and 
low levels of calcium deposition during osteoblast differentiation.  Calcium deposition was 
significantly low in pt (FII) iPSC-derived MSC compared with ESC, father, mother, and proband 
iPSC-derived MSC during osteoblast differentiation. This result indicated that COL1A2 mutation 
in patients iPSC derived-MSC impaired osteoblast mineralization and maturation with 
downregulation of osteogenic genes. 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 25 Calcium deposit during osteoblast differentiation.   Calcium deposit at 
day 20 and 28 during osteoblast differentiation in ESC and patients iPSC-derived MSC 
was determined by alizarin red staining. 
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9. Investigation of biochemical substances involving mineralization  
Osteocalcin, and osteopontin in culture medium of each iPSC-derived MSC were 

determined by ELISA assay at day 5, 7, and 12 after treated with osteogenic induction medium. 
The ESC-derived MSC was used as the control.   
9.1 level of osteocalcin 

Level of secreted osteocalcin in condition media was also determined by ELISA.  The 
result showed that osteocalcin was not detected in proband and pt (FII) iPSC-derived MSC.  
While faher and mother iPSC-derived MSC exhibited similar osteocalcin levels compared with 
ESC-derived MSC (Figure 26) 

 
 
Figure 26 Level of extracellular osteocalcin.   Level of osteocalcin in ESC and 
patient iPSC-derived MSC during osteoblast differentiation at day 5, 7, and 12 was 
assayed by ELISA and displayed as osteocalcin per total protein (ng/mg).  The ESC-
derived MSC was used as the control. *p<0.05 compared to each other. 
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9.3 Level of osteopontin 
It was found that osteopontin level showed the same pattern of expression as osteocalcin 

level.  Osteopontin was not detected in proband and pt (FII) iPSC-derived MSC at day 5 and 7 
whereas father and mother iPSC-derived MSC showed a lower level than ESC-derived MSC 
(Figure 27).  In addition, all of sample did not exhibited osteopontin at day 12 (data not shown). 
The result demonstrated that osteopontin level was consistent with SPP1 expression level in all 
iPSC-derived MSC during differentiation. 
 
 

 
Figure 27 Level of extracellular osteopontin.   Level of osteopontin in ESC and 
patient iPSC-derived MSC during osteoblast differentiation at day 5, 7, and 12 was 
assayed by ELISA and displayed as osteocalcin per total protein (ng/mg).  The ESC-
derived MSC was used as the control. *p<0.05 compared to each other.  
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Discussion 
Here, we established patient-specific iPSCs of a family which father and mother were DI 

patient with heterozygous COL1A2 mutation and proband have OI and DI caused by homozygous 

COL1A2 mutation to used as an in vitro system to screen for substances. The alpha 2(I) chain 

encoded by COL1A2 gene is a major component of type I collagen in the bone (8, 27). The 

mutation in the COL1A2 gene has been identified as the main cause of DI and OI. Normally, the 

COL1A2 mutation is a cause of OI and inherited in a dominant manner (8). However, the parents 

of OI type III patient in the present study, who carry the heterozygous COL1A2 mutation, do not 

show the OI phenotype. It could be indicated that not only mutation in COL1A2 is a primary 

causative of clinical phenotype, but also the combination of modifier genes and/or environmental 

factors that affected the clinical phenotype. According to the previous reports about the 

discrepancies of genotype-phenotype correlation, this family provided the opportunity to 

investigate the pathogenesis of mono- and biallelic COL1A2 mutation based on molecular 

phenotype by using the established patient-specific iPSCs as an in vitro system. 

The generation of iPSC from OI fibroblast is enhanced by the use of human umbilical 

cord blood-derived serum (hUCS) in the fibroblast culture medium. Previous data demonstrate 

the benefit of hUCS in the culture of human foreskin fibroblast (46). The umbilical cord blood 

serum contained a high concentration of biologically active components and growth factors which 

are essential for cell proliferation and differentiation such as EGF and TGF-β (47). This could be 

explained that the transformation of dermal fibroblast into iPSC required more essential 

components and growth factors to drive the cell reprogramming. 

After differentiation of iPSC into MSC, level of MSC marker expression was determined 

by flow cytometry. It was expected that the expression level of surface MSC marker should be 

higher than 95% (48-50). As shown in table 7, the level CD105 in pt (FII)-iPSC derived MSC 

was lower than 95%. These results are consistent with previous research (48). MSC with a low 

level of CD105 (~50%) exhibit the ability to differentiate toward the osteogenic lineage (48). The 

previous report demonstrates CD105 plays an important role in angiogenesis (48). It might be 
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suggested that a low level of CD105 in iPSC-derived MSC may not affect the osteogenic 

induction in the present study. 

The present study showed that type I collagen of the trio were not be able to detect for 

the over modification by using SDS-urea PAGE, while that of pt (FII) showed abnormal 

electrophoretic migration resulted in a double band of 1 and 2 chain. It may have been because 

the mutation in COL1A2 at a position near carboxy-terminal of type I collagen leads to a 

structural abnormality of type I collagen more than the mutation near amino terminal (51). 

Moreover, all of patient iPSCs-derived osteoblasts shows the lower level of procollagen I in both 

patient with OI and without OI and decreased the expression level of osteogenic markers 

including OC, SPP1, ALP, COL1A1, and COL1A2 which resulted in impaired osteoblast 

differentiation and maturation. Subsequently, we found the differences in the level of extracellular 

osteocalcin and osteopontin between the patient with OI and without OI. This could be explained 

that the secretion of the mutated type I collagen can be reduced by a decreased rate of protein 

synthesis or induce ER stress due to cellular retention of misfolded type I collagen and/or 

degradation (2, 5). As for the calcium mineralization, all of the patient-iPSC-derived osteoblasts 

showed the delayed mineralization. According to Kim et al (2015), patient with Menkes disease, 

which had weakened bone matrix and low mineral density, Menkes-iPSC derived osteoblast 

showed downregulation of the osteoblast-specific genes and low levels of calcium deposition 

during osteoblast differentiation (52). It could be explained that impaired osteoblast 

differentiation may be caused by cell stress response due to the collection of misfolded 

procollagen in osteoblast(5). This report confirmed the impaired osteoblast differentiation is the 

major properties of bone disease. Our findings thus lend support that the established DI and OI-

patient-specific iPSCs are able to use as an in vitro system to screen for biochemical substances 

which are able to improve OI osteoblasts’ functions. The biochemical substance related to 

phenotype is osteocalcin and osteopontin which show lower expression level in a patient with OI 

than a patient without OI. The finding of the present study suggested that osteocalcin and 

osteopontin may act as modifier genes that amplify the severity bone defect resulting in OI in OI 
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patients who carry the same COL1A2 mutation with father and mother of the proband. It could be 

suggested that osteocalcin and osteopontin may act as biochemical markers that may be useful for 

monitoring bone formation improvement in the clinical investigation of bone defect disease. 

Osteocalcin and osteopontin are non-collagenous proteins (NCPs) which associated with 

regulating bone mineral. They are the major matrix component of the bone that controls the 

mineral size and bone matrix organization that involves the strength of bone (53, 54). Osteocalcin 

and osteopontin are produced during bone formation; therefore, impaired osteoblast 

differentiation may lead to a low level of these two components. 

Osteopontin is expressed in a variety of human tissues including bone, dentin, cement, 

cartilage, and kidney (55) (56). Normally, osteopontin regulates crystal growth as well as crystal 

composition and act as basically functions as a nucleator of bone mineral. Beside, osteocalcin 

expanded mineral organic interaction by control hydroxyapatite crystal growth through the 

collagen fibril (47). The previous study demonstrated that the removal of both osteocalcin and 

osteopontin from the bone matrix of wild type mouse induces bone morphologies adaptation at 

the structural level including cortical area and length to maintain bone strength (53). It might be 

speculated that impaired osteoblast differentiation and maturation due to the induction of stress 

response by degradation and/or retention of misfolded type I collagen which leads to the low level 

of type I collagen synthesis, osteocalcin, and osteopontin could result in the defective bone 

structure of OI patients. 

OI mouse models have been previously reported in several studies. In 2016, Mirigan et. 

al reported that Col1a2 (+/G610C) mouse revealed osteoblast malfunction with converts 

osteoblast differentiation and function including low-level expression of bglap (5). However, the 

interspecies differences are the distinct disadvantage of animal cells and result in the 

extrapolation problematic (57). The in vitro system established from a human is a valuable tool 

with no interspecies differences which provide an opportunity to investigate the molecular and 
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cellular mechanisms of bone diseases including regulation of cell differentiation, synthesis, and 

secretion of matrix proteins, and drug pharmacokinetics (57).   

The use of human OI osteoblast has been exhibited in several studies.  Kaneto et. al (2016) 

showed significantly low expression of osteogenesis markers, including BGLAP, COL1A1, MSX2, 

SPARC, and VDR during osteoblast differentiation of MSC obtained from OI patients (4). On the 

other hand, Reich et. al (2015) demonstrated gain-of-function at osteoblast level which the 

expression of ALP, IBSP, OC, OPN, and the mineralization was increased but significantly 

decreased COL1A1 transcripts in type V OI caused by IFIMT5 mutation (58).  However, the 

limited accessibility and long isolation procedures are the disadvantages of human osteoblast. The 

in vitro system established from the OI and DI patient-specific iPSC could be a powerful tool for 

using in the multi-propose for the development of bone disease treatment such as regenerative 

medicine and drug screening. According to the study of Deyle et. al in 2012, the study exhibit the 

combination between gene targeting and iPSC derivation isolated from OI patient were able to 

differentiate into osteoblast and produce normal collagen and bone in vivo that may be useful for 

OI treatment (59).  In addition, targeting ER stress might offer a new therapeutic strategy to 

restore osteoblast’s functions.  Furthermore, the use of the level of osteocalcin and osteopontin as 

the potential marker according to the risk of bone fracture may benefit in improving the quality of 

life of the OI patient.  As in the diagnosis of OI, the genetic determination of the OI causative 

gene may not the precision method due to the discrepancies of genotype-phenotype correlation.  

They might be the indicator to considered for the activity and occupy to according to the bone 

fracture risk 

In summary, we established the trio-specific iPSC with the same genetic background to 

use as an in vitro system for exploring the biochemical substance which is able to improve OI 

osteoblasts’ functions.  Trio-specific iPSC displayed the molecular and cellular level that 

exhibited the impairment of the osteoblast differentiation and maturation.  Osteocalcin and 

osteopontin level was different in DI patient with and without clinical OI.  The association 

between clinical and quantitative defect of osteocalcin and osteopontin indicated that osteocalcin 
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and osteopontin may use as a surrogate marker to monitor bone fracture at the cellular level which 

may be developed to use for the diagnosis of OI.  In addition, an in vitro system are sources of 

cell-based drug screening that provide the investigation of treatment for OI and bone fracture 

diseases in further study. 
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Appendix 
Table 9 Raw data of total protein quantitated by BCA assay 

 

 

 

 

 

 

Table 10 Level of osteocalcin/total protein (ng/mg) 

 

 

 

 

 

 

  

Total prot. 

(mg/ml) 

Day of osteogenic induction 

D5 D7 

Control 0.6934 1.2284 

Father 1.3498 1.6152 

Mother 1.3179 1.3227 

Proband 1.4456 1.6720 

Pt (FII) 1.8550 1.6611 

Mean OCN/total 
protein (ng/mg) 

Day of osteogenic induction 
SD 

Day of osteogenic 

induction 
D5 D7 D12 D5 D7 

Control 7.8128 3.7902 0.0002 Control 0.1091 0.0737 

Father 4.01725 2.8424 0.2015 Father 0.0141 0.2653 

Mother 4.3583 4.1316  Mother 0.0333 0.3881 

Proband 0.5821 0.2111  Proband 0.2627 0.2986 

Pt (FII) 0.0488 0.1914 0.1739 Pt (FII) 0.0690 0.1541 
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Table 11 Level of osteopontin/total protein (ng/mg) 

 
 
 
 
 
 
 

 

Table 12 Level of PIP/total protein (ng/mg) 
 

 

 

 

 

 

  

Mean OPN/total 

protein (ng/mg) 

Day of osteogenic 

induction 
SD 

Day of osteogenic 

induction 
D5 D7 D5 D7 

Control 18.2170 10.9855 Control 0.1802 0.1716 

Father 2.5416 1.8722 Father 0.1234 0.0918 

Mother 1.7261 1.9508 Mother 0.0059 0.1613 

Proband 0 0 Proband - - 

Pt (FII) 0 0 Pt (FII) - - 

PIP/ total protein 

(ng/mg) 
D0 D5 D7 D12 

Control 1 1.1542 1.1666 1.1130 

Father 0.9384 1.0154 0.9031 1.1041 

Mother 0.7330 1.1097 0.5816 0.7037 

Proband 1.0965 1.3231 0.7606 1.1804 

Pt (FII) 0.6587 1.0082 0.9394 0.9814 
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Table 13 Raw quantitative qPCR cycle threshold for osteogenic genes and 
housekeeping gene 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Sample/Ct OC 5 ul 
GAPDH 1 ul  

for OC 5 ul 
SPP1 COL1A1 COL1A2 ALP GAPDH 

Control D0 31.31682014 16.44060707 21.4278052 21.1088047 21.14299965 29.89544106 16.99848175 

Control D0 31.30241966 16.20158195 21.4623085 21.0446167 21.07208252 29.97288322 16.98138618 

Control D0 30.77369118 16.27684021 21.4197631 20.92035103 21.03198814 29.91677094 16.84869766 

Control D5 30.89522934 16.66351891 20.3874878 22.32289505 21.9233799 28.88682175 17.54455757 

Control D5 30.97098732 16.73364258 20.36859092 22.28121758 22.00527382 28.87489891 17.40818977 

Control D5 30.65107918 16.84698677 20.37521273 22.33669281 21.99782562 28.94097328 17.39369583 

Control D7 30.60419083 16.6957016 20.5980379 19.99759102 20.53678322 27.79461098 17.25885201 

Control D7 30.9482975 16.76118279 20.61011405 20.0628376 20.60148048 27.94641304 17.29929161 

Control D7 30.77952385 16.87732315 20.60501478 20.05534935 20.58047485 27.89811897 17.22261047 

Control D12 33.55577087 16.2566452 21.92662334 23.17995262 22.8750267 28.24902153 16.83119011 

Control D12 34.38610077 16.46693039 21.90457915 23.04024696 22.8366375 28.1730938 16.78721428 

Control D12 34.50322723 16.64496422 21.97294626 23.14412117 22.88072205 28.15080261 16.81970215 

Father D0 30.44112587 15.67818546 25.09210821 20.32618141 21.43557358 31.21572113 16.16264915 

Father D0 30.19643021 15.65544319 25.07644973 20.27277184 21.37050438 31.1468277 16.19356918 

Father D0 30.52492714 15.67911243 25.13277043 20.2263813 21.37639999 31.27460861 16.18441582 

Father D5 30.75793076 15.66873074 26.32006892 20.51243019 22.02379227 30.68136215 18.93015289 

Father D5 30.97766685 15.65490341 26.4904197 20.53539276 22.18344116 30.69114304 18.99113083 

Father D5 30.63820839 15.72994804 26.32016931 20.51483154 22.09586906 30.70410347 18.99084091 

Father D7 31.8327961 16.13928986 25.09337791 19.79194832 20.36692047 29.12820816 16.36048698 

Father D7 30.94354248 15.98139286 25.08255845 19.76371384 20.35442924 29.14621353 16.45388603 

Father D7 30.97233582 15.94725132 25.06936875 19.72949028 20.36962318 29.15821457 
 

Father D12 30.83988571 15.57979679 26.74101482 20.35100174 23.20981979 29.4125061 19.93281937 

Father D12 30.36603546 15.55569363 26.6731292 20.4003067 23.19898796 29.57068062 19.90919685 

Father D12 30.47776222 15.61633015 26.77910974 20.47536087 23.31939316 29.49164963 
 

Mother D0 29.11103058 16.70669365 27.04958144 21.07868385 21.01442719 31.46177864 17.36629868 

Mother D0 28.96626663 16.8831234 27.02325036 21.07738495 21.08502007 31.50323868 17.49996948 

Mother D0 29.4023304 16.93650246 26.97069603 21.06168365 21.07706261 31.31567383 17.50490189 

Mother D5 29.14210129 17.15244675 31.23926977 21.01425171 21.61157036 29.81721306 18.23405838 

Mother D5 29.16156387 17.36607742 31.44188373 20.99828529 21.64253235 29.93262482 18.39823151 

Mother D5 29.14262199 17.36041641 31.46246302 20.98741722 21.6183567 30.07576561 18.52000618 

Mother D7 28.54336357 16.97578621 26.60670476 20.88548851 21.40636444 29.69747353 17.89124489 

Mother D7 28.2767868 17.14600563 26.59190514 20.83184052 21.45050621 29.62583351 17.84985542 

Mother D7 28.6808033 17.32948494 26.57636936 20.82902336 21.44955444 29.64726639 17.88029671 

Mother D12 28.41606903 16.70181465 25.76871876 22.22640419 23.4954071 31.25734901 20.48412323 

Mother D12 28.66456795 16.75892067 25.74588263 22.21664238 23.5436554 31.46630096 20.48349953 

Mother D12 28.74987411 16.66390228 25.76336294 22.34346199 23.69923592 31.37859344 20.47575951 
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Table 13 Raw quantitative qPCR cycle threshold for osteogenic genes and 

housekeeping gene (continue) 

 

 

 

 

Sample/Ct OC 5 ul 
GAPDH 1 ul 

for OC 5 ul 
SPP1 COL1A1 COL1A2 ALP GAPDH 

Proband D0 31.32850075 16.10756683 26.55741113 22.53212929 23.18955803 32.56003571 16.74801064 

Proband D0 32.11735535 16.15361977 26.49378823 22.46266747 23.04724312 32.34238815 16.81300735 

Proband D0 34.0015564 16.27846909 26.4371106 22.3838253 22.9372406 32.29121017 16.7167263 

Proband D5 30.86429977 16.08774185 25.3022958 19.95282364 20.19646454 28.34306908 16.39938736 

Proband D5 31.10403442 15.96309948 25.28152317 19.89721298 20.27042198 28.3941021 16.64151573 

Proband D5 30.66976547 16.17696762 25.29383728 19.8836937 20.16973686 28.36392212 16.36513901 

Proband D7 32.34417725 15.9447937 26.95583507 19.8974781 20.730793 28.38461876 16.64538002 

Proband D7 32.61791611 15.94865227 26.93041491 19.8745575 20.72820663 28.3310833 16.58527184 

Proband D7 31.01556396 16.13886642 26.8884142 19.8715477 20.76652527 28.30955505 16.59406281 

Proband D12 31.47655869 15.32667637 27.72333655 20.11435318 21.27851486 28.50730324 16.16699028 

Proband D12 31.99118423 15.41655827 27.61088849 20.09599686 21.28232384 28.46119499 16.16133118 

Proband D12 31.47472954 15.40990448 27.55514037 20.14380646 21.33580399 28.4481945 15.98789978 

Pt (FII) D0 32.39478302 15.48741341 28.51134666 20.43876457 21.05908203 35.96880341 16.00048828 

Pt (FII) D0 30.95589828 15.58289337 28.4573832 20.22060585 20.90559578 35.77536774 16.06291962 

Pt (FII) D0 31.81279755 15.74307823 28.5501666 20.20988655 20.88467598 35.69887924 15.88813305 

Pt (FII) D5 32.52655792 16.34083939 29.26560824 20.36461258 21.1645031 32.84734344 16.65394211 

Pt (FII) D5 32.18431854 16.42716026 29.42446658 20.29810905 21.06567955 32.99934387 16.65834999 

Pt (FII) D5 32.31602859 16.39097786 29.55170124 20.29084778 21.00919342 32.90507507 16.67070389 

Pt (FII) D7 30.95844841 15.92950058 28.81778472 19.7085228 20.16411591 32.44570923 16.24432182 

Pt (FII) D7 30.49921227 15.86396599 28.87856705 19.70246506 20.15017319 32.2782135 16.28464508 

Pt (FII) D7 31.09060669 15.94376659 28.94858496 19.70059013 20.19499207 32.46475983 
 

Pt (FII) D12 29.92141724 15.86458492 27.80970449 20.83751869 21.28669357 32.28078842 16.29437447 

Pt (FII) D12 29.59313583 15.90862656 27.71352839 20.86255646 21.35473824 32.06954956 16.21094322 

Pt (FII) D12 30.27396202 15.87395954 27.68183033 20.85981178 21.27136803 32.09919357 16.30047989 
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