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Abstract 

  
While the genes underlying the genetic brittle bone disease, osteogenesis imperfecta (OI), are well 

established, the precise pathological mechanisms are unclear. Recent studies have suggested that 

ER-stress resulting from mutations in COL1A1 or COL1A2 that cause protein misfolding may be 

a significant contributor to the pathology. If this proves correct, then the ER-stress pathways may 

offer new drug targets to modify disease severity. However, to understand these pathological 

pathways in the proper cellular context, we need to study patient bone cells (osteoblasts). Since 

these are unavailable, we have developed two mutant human iPSC lines with severe OI collagen I 

(COL1A1) C-propeptide misfolding mutations and corresponding isogenic controls. To introduce 

the OI26 mutation (c.3969_3970insT) in exon 49 of the COL1A1 gene into an isogenic control iPS 

cell line (OI26-IC), we used a CRISPR-Cas9 system where Cas9 is fused to a human geminin 

peptide (SpCas9-Gem) to facilitate transient Cas9 expression and reduce NHEJ-mediated indels. 

Simultaneous conventional CRISPR-Cas9 and reprogramming were applied to generate OI64 

mutant (c.3936 G>T) and isogenic control iPS lines from OI64 patient fibroblasts. Sequencing 

confirmed targeting of one allele without mutations in the other allele, and SNP arrays 

demonstrated chromosomal integrity. The colonies of targeted iPSCs have normal stem cell 

morphology. Immunocytochemistry and flow cytometry confirmed the expression of pluripotency 

markers. The ability of these iPSC lines to differentiate into three main germ layers was confirmed. 

Osteogenic differentiation was achieved via initial differentiation via the paraxial mesoderm-

sclerotome pathway followed by air-liquid interface-based culture in osteogenic medium for three 

weeks. These cultures express sentinel osteoblast markers, including RUNX2, SP7, BGLAP, ALPL, 

COL1A1, and produce a mineralized matrix toward the end of differentiation. Moreover, the 

osteoblast-like cells in this system demonstrated high similarities with cultured human osteoblast 

in the expression of several osteoblast-specific markers. Finally, we dissected the intra-and 

extracellular effects of OI26 and OI64 mutations using mutant and isogenic iPS cell-derived 

osteoblast-like cells. Compared to OI26 and OI64 isogenic control cells, mutant osteoblast-like 

cells had reduced extracellular matrix mineralization, reduced extracellular type I collagen protein, 

and lower expression of ALPL, all hallmarks of osteogenesis imperfecta. A marked increase in the 

ratio of intracellular to extracellular type I collagen was observed in OI osteoblast-like cells 

reflecting the increased intracellular retention of the mutant collagen and/or the increased 
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extracellular collagen degradation. Despite this intracellular accumulation of the misfolded OI 

collagens, there was no evidence of the activation of a canonical cellular unfolded protein. While 

this raises important questions about the inevitability of a UPR due to collagen misfolding and the 

role of the UPR in OI pathology, it is important to acknowledge that the lack of the UPR could 

also be due to limitations in our experimental system. As type I collagen expression is lower in our 

OI models compared to cultured primary human osteoblasts, the level of mutant chains may be 

inadequate to trigger  ER stress pathways in osteoblasts, whose translational and folding machinery 

is adapted to high levels of collagen synthesis. Thus, the osteogenic differentiation protocol will 

require to be optimized to generate more robust iPSC-derived OI bone models. Illumination of the 

more detailed molecular pathology of OI resulting from two C-propeptide type I collagen 

mutations will allow us to screen potential disease-modifying drugs.    
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1. Literature review 

The goal of this project is to expand the study of the molecular pathology of human 

osteogenesis imperfecta (OI) to the human bone cell context by developing a human induced 

pluripotent stem cell (iPSC) bone cell “disease-in-a-dish” model system. We explore the disease 

mechanisms caused by COL1A1 mutations that prevent procollagen assembly since these are 

thought to trigger a conserved cellular response to protein misfolding, the unfolded response.  

Since this could offer new therapeutic targeting opportunities in OI, further definition of disease 

pathways is of critical importance.  To provide a contextual framework for these studies, in this 

chapter we provide detailed background information on bone development and genetic diseases 

with a focus on osteogenesis and the underpinning type I collagen mutations, the unfolded protein 

response, and on the possibilities unlocked by the use of iPSC- disease modeling approaches.   

1.1. Bone development 

During vertebrate embryonic development, three distinct cell lineages are involved in the 

generation of the skeleton (Figure 1-1). The sclerotome from paraxial mesoderm-derived somites 

generates the axial skeleton, including a part of skull bones, vertebral column, and rib cage. The 

mesenchymal cells from the somatic portion of the lateral plate mesoderm produce the 

appendicular skeleton. The cranial neural crest-derived mesenchymal cells yield the branchial 

arch, craniofacial, and skull bones (Berendsen and Olsen 2015, Olsen et al. 2000). There are two 

main mechanisms of bone formation. Intramembranous ossification gives rise to the direct 

conversion of neural crest-derived mesenchymal tissue into the bone and endochondral ossification 

mainly in the mesenchymal cells from paraxial and lateral plate mesoderm which leads to bone 

formation via a cartilage intermediate (Berendsen and Olsen 2015, Hojo et al. 2010, Percival and 

Richtsmeier 2013). 

1.2. Bone formation 

1.2.1. Intramembranous ossification 

The formation of the flat bones of skull as well as face containing mandible, maxilla, and clavicles 

occurs via an intramembranous ossification process in which mesenchymal cells differentiate 

directly into the osteoblastic lineage. These mesenchymal cells which are mainly derived from the 
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Figure 1-1: Development of the embryonic skeleton. 

Three main lineages are involved in bone formation: cranial neural crest, somite-derived cells, and 

somatic part of lateral plate mesoderm contribute to form the craniofacial, axial, and appendicular 

bones.  
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neural crest, proliferate and condense into compact nodules to develop into osteoblasts and 

capillaries. Primary ossification of these mesenchymal condensations occurs when osteoblast 

progenitors proliferate and migrate out of the ossification center (Percival and Richtsmeier 2013) 

(Figure 1-2A). Differentiating osteoblasts then produce a collagenous framework which will be 

mineralized in the early stages of intramembranous ossification. The osteoblasts are subsequently 

entrapped in the calcified matrix and transform into osteocytes. The osteocytes then form bone 

spicules, which in turn, fuse to develop trabeculae (Figure 1-2 B and C). Finally, the 

interconnection of trabeculae forms woven bone with the random alignment of collagen fibers (Jin 

et al. 2016, Percival and Richtsmeier 2013). This immature bone will be substituted by the more 

mature lamellar bone at the time of human birth (Jin et al. 2016). Besides, the entire region of the 

trabecular matrix is surrounded by fibrous periosteum containing compact mesenchymal cells. The 

inner side of the periosteum contains osteoblasts that deposit the calcified matrix, resulting in the 

formation of new layers of bone (Jin et al. 2016) (Figure 1-2D).  

1.2.2. Endochondral ossification 

Endochondral ossification initiates through the condensation of mesenchymal stem cells from 

either paraxial and lateral plate mesoderm or neural crest cells (Figure 1-3 A). The chondrocytes, 

which are differentiated from these cells in the core of condensation, secrete a cartilage 

extracellular matrix containing types II, IX, and XI collagen and aggrecan; however, the 

expression of type I collagen is repressed (Figure 1-3 B). The expression of type I collagen 

continues in the perichondrium layer, which is formed by the cells at the margin of the 

condensation (Bruder and Caplan 1989).  This layer delineates the development of skeletal 

elements from the surrounding mesenchyme (Bruder and Caplan 1989). There are two main 

ossification centers containing chondrocytes at each end of a developing long bone: the growth 

plate as a primary center of ossification and the articular-epiphyseal growth cartilage. Primary 

ossification mostly occurs in fetal life and includes the formation of the periosteum, osteoid layer, 

and trabeculae. It initiates at the mid-diaphysis and reaches to the growth plate (Aghajanian and 

Mohan 2018). The chondrocytes undergo an organized sequence of events at different zones 

through growth plate producing morphologically distinct cell populations. In the proliferative 

zone; round chondrocytes proliferate, become flattened and are present as clusters in a single 

lacuna within the extracellular 
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Figure 1-2: Intramembranous ossification follows four steps.  

(A) Formation of the ossification center through the condensation of mesenchymal cells. (B) 

Osteoblasts are trapped in the secreted calcified matrix in order to transform into osteocytes. (C) 

Formation of trabecular matrix and periosteum. (D) Compaction of bone (Taken from OpenStax, 

http://cnx.org/contents/b601e5c1-0c20-449c-a324-a0f5ad55eb96@4). 
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matrix (ECM) of cartilage. Following proliferation, there is a transition stage in which 

chondrocytes convert to ‘pre-hypertrophic’ chondrocytes. Chondrocytes in the previously-formed 

multicellular clusters are column-shaped, generally parallel to the long axis of the bone. They 

secrete the typical components of ECM cartilage (Mackie et al. 2011). Hypertrophic chondrocytes 

increase their volume and secrete the hypertrophic cartilage-specific type X collagen (Figure 1-3 

C). Hypertrophic chondrocytes undergo death near the zone of the ossification. Several studies 

suggest that apoptosis-like status can play a role in the process of physiological death, as molecular 

features such as DNA breaks and activation of caspase have been detected (Adams and Shapiro 

2002, Gibson 1998). However, there is no evidence of the other morphological changes normally 

occurring in apoptosis after the ultrastructural examination (Colnot et al. 2001, Emons et al. 2009, 

Roach and Clarke 1999). Recent evidence also indicates that hypertrophic chondrocytes can also 

undergo trans-differentiation to osteoblasts instead of chondrocyte apoptosis and vascular invasion 

(Aghajanian et al. 2017, Ono et al. 2014, Zhou et al. 2014). Hypertrophic chondrocytes express 

matrix metalloproteinase 13 (MMP13) and MMP9 to degrade the cartilage extracellular matrix 

(ECM), which is necessary for growth plate invasion (Emons et al. 2009, Johansson et al. 1997). 

Subsequently, the transverse septa in the lacunae adjacent to the ossification front are broken 

down, which in turn gives rise to entering the migrating cells of the ossification front, including 

bone marrow cells, osteoclasts, and precursors of osteoblasts and blood vessels (Figure 1-3 D). 

The osteoclasts contribute to the elimination of the cartilage matrix. The differentiating osteoblasts 

utilize cartilage matrix leftovers as a scaffold for the accumulation of the bone matrix such as type 

I collagen, bone sialoprotein, and osteocalcin to induce bone mineralization (Deckers et al. 2002).  

Mineralization of the late hypertrophic chondrocytes matrix is performed by the deposition 

of a composition of phosphate and calcium, so-called hydroxyapatite. To supply the central site of 

mineralization, the hypertrophic chondrocytes release matrix vesicles from their surface. These 

vesicles comprised some core proteins such as phosphatases, annexins, and phosphate transporters 

(Kirsch 2006, Kirsch et al. 1997). There is a correlation between the mineralization of matrix 

vesicles and cartilage matrix with alkaline phosphatase activity, which hydrolyzes organic 

phosphate compounds. This enzyme plays a role in mineralization through the removal of the 

extracellular pyrophosphate, a presumed inhibitor of mineralization, but not via generation of 

inorganic phosphate. 
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The secondary ossification center appears during the postnatal and adolescent years of 

mammalian life in the mid-epiphysis in a similar manner as primary ossification. While the 

primary growth plate plays a role in longitudinal growth bone, the secondary center of ossification 

gives rise to appositional growth by peripheral expansion of bone (Aghajanian and Mohan 2018). 

 

Figure 1-3: Endochondral ossification.  

A) Mesenchymal cells condensation. B) Differentiation of the cells in the center of the 

condensation into chondrocytes (blue). The perichondrium is formed by the cells at the margin 

(gold). C) Prehypertrophy (brown), hypertrophy (green), and apoptosis (orange) of chondrocytes 

from two sides toward the center of the shaft that finalizes through the mineralization of their 

extracellular matrix. D) Invasion of blood vessels (red lines) from the surrounding tissue, which is 

concurrent with bone collar formation from the perichondrium (black). Vascular invasion causes 

cartilage matrix removal, bone marrow (red) formation, and bone deposition in the marrow cavity 

(Long and Ornitz 2013).  
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In parallel to chondrocyte hypertrophy, osteoblast differentiation is initiated within the 

perichondrium and then within the marrow cavity after vascularization of the hypertrophic 

chondrocyte. Indian hedgehog (IHH) signaling is generally believed to play a critical role in 

initiating osteoblast differentiation from perichondrial cells, and in trabecular bone formation, but 

not in intramembranous bones (Hilton et al. 2005, Long et al. 2004, St-Jacques et al. 1999). The 

other important pathway in regulating osteogenic differentiation is WNT signaling. It has been 

demonstrated that WNT-activated β-catenin is necessary for the progression from the 

mesenchymal stage to mature osteoblasts (Hu et al. 2005, Rodda and McMahon 2006). Moreover, 

the β-catenin pathway functions downstream from the hedgehog signaling pathway, since HH 

deletion impairs β-catenin signaling in the prechondrium, whereas β-catenin removal does not 

suppress IHH pathway in that compartment (Hu et al. 2005, Mak et al. 2006). β-catenin-

independent WNT signaling, which is induced by G-protein-linked PKCδ activation, has also been 

shown to be involved in promoting osteogenic differentiation (Tu et al. 2007).   

Bone morphogenetic proteins (BMPs), particularly BMP2, 4, 7, and 9, also play essential 

roles in osteoblast differentiation and formation of mature osteoblasts by regulating the 

progression from RUNX2- to OSX- positive cells (Bandyopadhyay et al. 2006, Luu et al. 2007). 

It has also been demonstrated that fibroblast growth factor receptors (FGFR) have various roles in 

the regulation of osteoblasts from the early stage of differentiation through activation of FGFR1 

to later stages including mineralization by FGFR2 and 3 signaling pathways (Jacob et al. 2006, 

Valverde-Franco et al. 2004, Yu et al. 2003).   

There are several crucial transcription factors, including Runt-related transcription factor 

2 (RUNX2) and osterix (OSX or SP7), that control osteogenic differentiation. RUNX2 is a member 

of the runt-related transcription factor family. It directly binds to DNA through the specific motif, 

called the Runx consensus motif. The ablation of RUNX2 in mice prevents osteoblast formation 

(Komori et al. 1997). This factor is also required for the proper functioning of mature osteoblasts 

(Ducy et al. 1999). OSX, which belongs to the Sp family of transcription factors with consensus 

zinc finger domain, serves downstream from RUNX2 to regulate osteoblast differentiation, 

osteocyte formation, and function (Nakashima et al. 2002, Zhou et al. 2010). The loss of OSX in 

mice leads to ectopic cartilage formation (Nakashima et al. 2002). Activating transcription factor 

4 (ATF4) is a member of the bZIP (basic leucine zipper) family of transcription factors and has a 
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role at later stages of osteoblast differentiation, such as the regulation of osteocalcin and receptor 

activator of nuclear factor kappa-B ligand (RANKL) in osteoblasts. It also induces amino acid 

import into osteoblasts for further protein synthesis (Elefteriou et al. 2006, Yang et al. 2004).  

1.3. Extracellular matrix 

Extracellular matrix (ECM) is an essential part of all connective tissues by providing the 

structural scaffold for tissue development, biomechanics, and tissue shape. The ECM has critical 

roles in cellular signaling pathways involved in tissue growth and remodeling and repair (Bonnans 

et al. 2014, Hynes 2009). The ECM in human connective tissue includes core proteins containing 

glycoproteins, proteoglycans, and collagens. Moreover, there are a large group of proteins, such 

as regulators, secreted factors, and ECM-affiliated proteins, which are associated with main ECM 

proteins that modify the tissue-specific functionalities of the ECM (Naba et al. 2012).  The 

functional significance of collagens is clearly demonstrated by the numerous connective tissue 

disorders resulting from genetic mutations in many collagen genes (Kadler et al. 2007). Collagen, 

in particular, is well-studied in ECM of tendon, cartilage, bone, and skin as the principal tensile 

element (Kadler et al. 2007). There are 44 different genes in the human genome, encoding 28 

distinct types of collagen proteins (numbered I-XXVIII) (Kadler et al. 2007) (Table 1-1).  

One of the main features of ECM is tissue specificity. For instance, cartilage and bone are 

two connective tissues which are closely developmentally related, but with a different ECM 

composition. Cartilage ECM includes 65-80% water, 20% collagen, and non-collagenous proteins, 

and 10-15% proteoglycans (Fox et al. 2009). Although type II/IX/XI collagen fibrils are the major 

components of cartilage, type X collagen becomes a significant component during chondrocyte 

hypertrophy and the transition to the bone.  The cartilage ECM contains many non-collagenous 

matrix proteins, such as cartilage oligomeric matrix protein (COMP) and matrilin-3.  The 

importance of these proteins has been demonstrated by mutations in pseudoachondroplasia and 

multiple epiphyseal dysplasia (Hecht et al. 2004, Leighton et al. 2007). Bone is a connective tissue 

with high compressive stiffness. The extracellular matrix of bone is constituted of the inorganic 

part (~ 60-70%), organic part (~ 20%), and water (~ 10-20%). Calcium-phosphate or 

hydroxyapatite (Ca5(PO4)3(OH)) crystals are the main components of the mineral phase, and these 

are distributed along with type I collagen fibrils. Type I collagen is the most abundant protein in 

the organic part of the bone ECM, and type I collagen fibrils interact with some non-collagenous 
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components. These proteins include the small leucine-rich proteoglycans (e.g., osteoadherin, 

biglycan, and decorin), bone Gla protein (osteocalcin), osteopontin, osteonectin, bone sialoprotein, 

fibronectin, alkaline phosphatase, and matrix metalloproteinases (Allori et al. 2008, Boskey 2013).      

1.4. Type I collagen 

Type I collagen, like the other major interstitial collagens, is synthesized as a precursor, 

procollagen, which is proteolytically processed to collagen, the mature extracellular matrix form. 

My discussion will focus on the structure and synthesis of type I collagen, since it is archetypical 

of collagen structure and biosynthesis in general and because it is the collagen type involved in 

osteogenesis imperfecta.  

1.4.1. Structure of type I procollagen  

Type I procollagen, the soluble precursor of fibrillar type I collagen, is a heterotrimer 

consisting of two proα1(I) and one proα2(I) chains encoded by the COL1A1 and COL1A2 genes, 

respectively. Each proα chain consists of one main central triple helix and globular domains at the 

amino- and carboxyl-termini (Figure 1-4). The main triple helix contains 1014 amino acids with 

uninterrupted repeats of the Gly-Xaa-Yaa tripeptide, with an abundance of proline, and 4-

hydroxyproline in X and Y position, respectively (van der Rest and Garrone 1991). The stability 

of collagen triple helix arises from the high content of glycine as the smallest amino acid that can 

form interchain hydrogen bonds through its amino group (N-H) with the carbonyl group (O=C) of 

proline and hydroxyproline in the other chains (Jenkins et al. 2005) (Figure 1-5). Moreover, proline 

and hydroxyl proline occupy 22% of total residues in the human type I collagen triple helix 

(Ramshaw et al. 1998). Given the abundance and cyclic nature of the side chain of proline residues, 

type I collagen displays a polyproline-II conformation, which led to increased stability in collagen 

folding (Cram 1988).  It was also revealed that the thermal stability of collagen triple helix was 

enhanced when hydroxylation of proline residue occurred in Y position (Berg and Prockop 1973). 
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Table 1-1: Classification of collagens (modified from (Kadler et al. 2007, Ricard-Blum 

2011)). 

Class Type Molecular species Tissue specificity 

Fibril-forming 

I [α1(I)]2, α2(I) 

Tendon, ligament, 

cornea, bone, annulus 

fibrosis, skin 

II [α1(II)]3 

Cartilage, vitreous 

humor and nuclease 

pulpous 

III [α1(III)]3 

Co-distributes with 

type I collagen, 

especially in 

embryonic skin and 

hollow organs 

V 

[α1(V)]2, α2(V) 

[α1(V)]3         

[α1(V)]2,α4(V) 

[α1(XI)α1(V)α3(XI)]  

Co-distributes with 

type I collagen, 

especially in 

embryonic tissues 

and in the cornea 

XI 
[α1(XI)α2(XI)α3(XI)] 

[α1(XI)α1(V)α3(XI)] 

Co-distributes with 

type II collagen 

XXIV [α1(XXIV)]3 
Developing cornea 

and bone 

XXVII [α1(XXVII)]3 

Embryonic cartilage, 

dermis, cornea, retina 

and major arteries 

Fibril-associated 

collagens with 

interrupted triple 

helices (FACITs) 

IX [α1(IX)α2(IX)α3(IX)] 
Co-distributes with 

type II collagen 

XII [α1(XII)]3 
Found with type I 

collagen 

XIV [α1(XIV)]3 
Found with type I 

collagen 

XVI [α1(XVI)]3 

Integrated into 

collagen fibrils and 

fibrillin-1 

microfibrils 

XIX [α1(XIX)]3 

Localized to 

basement membrane 

zone 

XX [α1(XX)]3 

Widespread 

distribution, most 

prevalent in corneal 

epithelium 
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XXI [α1(XXI)]3 

Widespread 

distribution in 

different tissues such 

as heart, placenta, 

and lung 

XXII [α1(XXII)]3 

Localized at tissue 

junctions- e.g., 

articular cartilage- 

synovial fluid 

junction 

Network-forming 

IV 

[α1(IV)]2, α2(IV) 

[α3(IV),α4(IV),α5(IV)] 

[α5(IV)]2, α6(IV) 

Basement membrane 

VIII 

[α1(VIII)]2, α2(VIII) 

α1(VIII), [α2(VIII)]2  

 [α1(VIII)]3 

Descemet membrane 

X [α1(X)]3 
Hypertrophic 

cartilage 

Transmembrane 

XIII [α1(XIII)]3 
Neuromuscular 

junctions, skin 

XVII [α1(XVII)]3 

Localized to 

epithelia; an 

epithelial adhesion 

molecule 

XXIII [α1(XXIII)]3 

Limited tissue 

distribution in lung, 

cornea, brain, skin, 

tendon, and kidney 

XXV [α1(XXV)]3 
Brain, heart, and 

testis 

Endostatin-

producing 

XV [α1(XV)]3 
Eye, muscle, and 

microvessels 

XVIII [α1(XVIII)]3 

Associated with 

basement membrane; 

important for retinal 

vasculogenesis 

Beaded-filament-

forming 

VI [α1(VI)α2(VI)α3(VI)] 
Widespread, 

especially muscle 

XXVI [α1(XXVI)]3 Testis and ovary 

XXVIII [α1(XXVIII)]3 

A component of the 

basement membrane 

around Schwann cells 

Anchoring fibrils VII [α1(VII)]3 
Dermal-epithelial 

junctions 
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Figure 1-4: Structure of type I procollagen protein. 

Trimeric procollagen contains the main triple helical domain, short nonhelical N- and C-terminal 

telopeptides, as well as globular N- and C-terminal propeptides, which are removed during 

collagen maturation.  The propeptide cleavage sites for procollagen I N-propeptidase (ADAMTS2) 

and bone morphogenetic protein 1 (BMP1) are indicated (Gelse et al. 2003).  

 

 

          

Figure 1-5: Structure of the collagen triple helix.  

A) This is a model system of collagen triple helix, which is formed from (ProHypGly)4–

(ProHypAla)–(ProHypGly)5. B) Image of inter-strand hydrogen bonds in collagen triple helix 

(Bella et al. 1994).  

ADAMTS2 BMP1 

A B 
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The C-terminal domain is of particular importance in chain-chain recognition and 

trimerization of type I procollagen. The proα1(I) and proα2(I) C-propeptide with 246 and 247 

amino acids, respectively, are highly conserved between the human fibrillar procollagens (46% 

identity between types I-III procollagen), particularly in the number and location of cysteine 

residues which are essential in intra- and inter-chain disulphide bonds (Exposito et al. 2010) 

(Figure 1-7). The other conserved amino acid in C-propeptide of type I procollagen is asparagine 

residue in a tripeptide sequence Asn-Ile-Thr, which is an N-linked glycosylation site to attach an 

oligomannose chain (Bernard et al. 1983a, Bernard et al. 1983b) (Figure 1-7). The primary 

structural prerequisites for assembly and trimerization are discussed in detailed in section 1.4.2.1.1. 

1.4.2. Type I collagen biosynthesis 

1.4.2.1. ER events 

Type I collagen mRNA is translated by ribosomes on rough endoplasmic reticulum (ER) 

and translocated to the lumen of the ER. The signal peptide, which is necessary for the 

translocation of collagen protein, is cleaved by signal peptidase located on the inner face of the ER 

(Figure 1-9). Following signal peptide removal, translating proα(I) chains undergo a series of post-

translational modifications. Prolyl 4-hydroxylase, Prolyl 3-hydroxylase, and lysyl hydroxylase 

catalyze the hydroxylation of proline and lysine residues in collagen chains (Hutton et al. 1967, 

Kivirikko and Myllylä 1982, Kivirikko et al. 1973) (Figures 1-6 and 1-10). They require ascorbic 

acid, ferrous ions, molecular oxygen, and 2-oxoglutarate as cofactors for their actions (Hutton et 

al. 1967, Kivirikko et al. 1973). Roughly half of the proline residues in the fibril-forming collagen 

helical domain contain a hydroxyl group at position 4.  Proline 4 hydroxylation is essential for 

helix stability (Gelse et al. 2003). There is also one 3-hydroxyproline residue in each chain of type 

I collagen (Ogle et al. 1962, Weis et al. 2010). In type I collagens, approximately 25% of lysines 

are hydroxylated, although in other collagen types, this could be much higher (Gelse et al. 2003, 

Uzawa et al. 2003, Viguet-Carrin et al. 2006). 

There are three forms of ER-resident lysyl hydroxylase, LH1, LH2, and LH3 (Valtavaara 

et al. 1997, Valtavaara et al. 1998). While LH1 adds hydroxyl groups to 36 lysine residues in the 

main triple helix of type I procollagen, it seems that LH2 catalyzes the hydroxylation of one lysine 

in each telopeptide (Kivirikko and Myllyla 1982, Uzawa et al. 1999).  Moreover, the 
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multifunctional enzyme, LH3, contains hydroxylysyl galactosyltransferase and 

galactosylhydroxylysyl glucosyltransferase as well as lysyl hydroxylase activities (Heikkinen et 

al. 2000). It has been recently demonstrated that the primary function of LH3 in type I collagen is 

glucosyltransferase activity (Sricholpech et al. 2011). Several hydroxylysine residues in collagen 

proteins undergo O-linked glycosylation (Aguilar et al. 1973, Spiro 1969).  

N-linked glycosylation also occurs on asparagine residue in the triplet sequence C-

propeptide of type I procollagen through membrane-bound oligosaccharyltransferase and 

undergoes a series of processing events to produce the wide variety of high mannose and complex 

oligosaccharide structures (Kaplan et al. 1987). These processing events begin in the ER and 

continue as the protein moves through the Golgi compartments (Lamande and Bateman 1995). 

 

Figure 1-6: Hydroxylation of proline and lysine residues in type I collagen.  

P4 H =  prolyl 4 -hydroxylase; P3 H =  prolyl 3 -hydroxylase; LH =  lysyl hydroxylase (Hulmes 

2 0 0 8). 
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1.4.2.1.1. Chain-chain recognition, initial association, and helix stability 

The C-propeptide domains of two proα1(I) chains and one proα2(I) chain initiate trimerization 

containing two critical events: specific recognition of chains to guarantee correct chain 

stoichiometry and formation of a stable center to initiate of triple-helical folding (Dion and Myers 

1987, Doege and Fessler 1986, Lees et al. 1997, Schofield et al. 1974). The procollagen C-

propeptide domains contain a chain recognition sequence to ensure that each procollagen molecule 

contains the correct combination of three chains. This is particularly important when distinct 

procollagens are expressed in the same cell, for instance, synthesis of type I, III, and V 

procollagens in skin fibroblasts (Lees et al. 1997). The secondary structure of C-propeptide of type 

I procollagen is composed of 4 alpha helixes and 12 beta sheets (Figure 1-7). The resulted 

conformation of these structures allows each type I C-propeptide chain to precisely interact with 

other chains and form accurate heterotrimer at the early stages of biosynthesis, as demonstrated in 

a recent structural study (Sharma et al. 2017). In addition to chain recognition sequence, correct 

C-propeptide folding is crucial for chain-chain recognition and trimerization and the subsequent 

helix folding (Lamande et al. 1995). Determination of three-dimensional (3D) structure for type I 

and III procollagen C-propeptide homo- and heterotrimers provides insights in the chain-chain 

recognition and interactions (Barnes et al. 2019, Bourhis et al. 2012, Sharma et al. 2017) (Figure 

1-8).  This flower-shaped structure contains a stalk, a base, and three petals. Residues 8-29, 

corresponding to the first alpha helix (Figure 1-7), contribute to form the alpha-helical three-

stranded coiled-coil structure of the stalk section (Figure 1-8). The base of the C-propeptide trimer 

structure consists of highly conserved residues 30-76, including three firmly bound calcium ions 

and one chloride ion in the center (Sharma et al. 2017). The other essential features of the base of 

the C-propeptide is intra-chain (Cys41-Cys73) and one interchain (Cys47-Cys64) disulfide bond 

(Sharma et al. 2017) (Figure 1-7). The more two intrachain disulfide bonds (Cys81-Cys244, 

Cys152-Cys197) stabilize the petal region, including the reminder of residues (Sharma et al. 2017). 

These disulfide bonds play critical roles in the initial stages of procollagen assembly (Doege and 

Fessler 1986, Schofield et al. 1974). The chain recognition sequence is also present in the petal 

region and contributes to the proα(I) chains to distinguish each other accurately. This region 

contains a long ((12 residues) and a short (3 residues) stretch of highly variable hydrophilic amino 
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acids on either side of a central conserved hydrophobic motif (Lees et al. 1997). The variable 

hydrophilic and polar residues such as glutamic acid, aspartic acid, serine, and threonine in the 

chain recognition region are specific for each chain (Bourhis et al. 2012, Pace et al. 2001) (Figure 

1-7). They are able to form hydrogen bonds or salt bridges within C-propeptide domains of type I 

procollagen heterotrimer (Sharma et al. 2017). Formation of salt bridges between Glu143 in α1(I) 

chain and α2(I)-Lys129, both in recognition sequence, as well as α1(I)-Arg42 and α2(I)-Glu130 

could assist heterotrimer stabilization (Sharma et al. 2017).  

Furthermore, given the formation of a stable nucleus, there is convincing evidence of the 

presence of four heptad repeats at the start of the procollagen C-propeptides, which are separated 

from the main triple helix by the C-telopeptide (McAlinden et al. 2003). The first and fourth 

residues of the heptad peptide are typically small hydrophobic amino acids, whereas the sixth and 

eighth ones are often charged, resulting in association of α chains in a rope-like structure 

(McAlinden et al. 2003). It should be noted that these domains play an essential role in the correct 

alignment of collagen chains (McAlinden et al. 2003). Therefore, it is not surprising that mutations 

in this domain can have a severe impact on procollagen biosynthesis and result in autosomal 

dominant osteogenesis imperfecta. 

In addition to the structural components that drive correct assembly and trimerization, 

several ER-chaperones contribute to the trimerization of proα-chain C-propeptide (Figure 1-9). 

Protein disulfide isomerase is one of the well-studied chaperones which mainly catalyzes the 

formation of inter- and intra-chains disulfide bonds in the C-propeptide domain of procollagen 

chains which in turn give rise to stabilization of alpha chain trimer (Freedman et al. 1994). In 

addition to disulfide bond formation, this enzyme is involved in triple helix proline hydroxylation 

as a β subunit of prolyl 4-hydroxylase (Freedman et al. 1994). 

Binding immunoglobulin protein (BiP), so-called heat shock protein A5 (HSPA5) or  78 

kDa glucose-regulated protein (GRP-78), is another molecular chaperone involved at the 

beginning of the protein folding and assembly in the lumen of the endoplasmic reticulum (Figure 

1-9). The primary function of BiP is recognition of misfolded or unfolded C-propeptide within the 

ER and delivery of these mutant proteins to cytoplasmic proteasomes to degrade (Lamande et al. 

1995). Additional chaperone proteins which assist C-propeptide folding and are associated with 

quality control of collagen assembly, are Grp94 and calnexin (Figure 1-9) (Chessler and Byers 
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1993, Ware et al. 1995). It has been demonstrated that C-propeptide mutations increase Grp94 as 

well as BiP in osteogenesis imperfecta cells, which indicating that Grp94 may also play a role in 

interacting with misfolded C-propeptide domains (Chessler and Byers 1993). Release of these 

chaperone proteins occurs with the completion of the folding process and serves as one of the 

signals that the procollagen molecules can be exported from ER to final destination (Malhotra and 

Kaufman 2007). 

 

Figure 1-7: Primary and secondary structure of type I procollagen C-propeptide. 

Numbering initiates after the cleavage site and is based on the proα1(I) C-propeptide chain. 

Cysteine residues, including (1-4, 5-8, 6-7), are numbered as pairs with similar color, as they 

involved in intra-chain disulfide bonds. Two remaining cysteine residues that are required for 

inter-chain disulfide bonds are in different colors. Proα2(I) C-propeptide lacks Cys47. The 

discontinuous chain recognition sequence is shown in green letters. Asparagine residue in the N-

glycosylation site is indicated by * (Modified from (Bourhis et al. 2012)). 
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Figure 1-8: Three-dimensional structure of type I collagen C-propeptide heterotrimer.  

Side view of the heterotrimer structure of C-propeptide type I collagen consisting of two α1 (beige 

color) and one α2 (green color) chains indicates the stalk, base, and petal regions. Disulfide bonds 

are in yellow. The bound calcium ions (light blue spheres) are present in the base region. (Taken 

from (Barnes et al. 2019)).  
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1.4.2.1.2. Helix folding 

After C-propeptide folding, the main triple helix commences folding from C- to N-terminal 

end in a zipper-like manner. The critical point is that the amino acid sequence of collagen will 

allow it to fold into a triple helix in vitro without any chaperones at 30-34ºC, but not at body 

temperature. However, there are specialized chaperones in vivo that make the procollagen folding 

thermodynamically favorable at body temperature by preferentially binding to the native triple 

helix (Makareeva and Leikin 2007). In addition to the hydroxylation of proline residues, Prolyl 4-

hydroxylase keeps the triple helix stable at 37ºC, monitors collagen conformation, and regulates 

secretion (Berg and Prockop 1973). There is also evidence of the contribution of P4H in preventing 

the secretion of type I collagen molecules with abnormal main triple helix (Chessler and Byers 

1992). 

As only trans-peptide bonds can be incorporated into the triple helical domains, the 

presence of the high number of proline and hydroxyl proline with a cis conformation in the main 

triple helix of newly synthesized procollagen molecules can be problematic. However, there are 

some proteins in ER with cis-trans isomerization activity, which are able to accelerate the process 

of changing conformation (Smith et al. 1995, Steinmann et al. 1991). One of these proteins would 

be a stable complex of three proteins in the ER, called CRTAP (cartilage associated protein), P3H1 

(proline 3 hydroxylase 1), and cyclophilin B (CYPB) (Figure 1-9). This protein complex contains 

a typical chaperone and peptidylprolyl isomerase activity (Vranka et al. 2004). CRTAP and P3H 

are involved in 3-hydroxylation of Pro986 in the α1 chain of type I procollagen, which can play as 

a chaperone binding site for the triple helical domain, but not necessary for stabilizing triple helix 

(Mizuno et al. 2008). There is convincing evidence that CYPB can travel with procollagen and 

HSP47 to the cis Golgi network and interact with heat shock protein 47 (HSP47) chaperone 

proteins (Smith et al. 1995). Moreover, CYPB as a potent peptidylprolyl isomerase might enhance 

proline peptide bond isomerization. It has been demonstrated that inhibition of CYPB by 

cyclosporine A as well as deficiencies in CRTAP and P3H1 can cause slower isomerization of the 

proline peptide bond and over hydroxylation and over glycosylation of lysine residues in triple 

helical domains of type I procollagen (Steinmann et al. 1991). FKBP65 (FK506 binding protein 

65) is a general chaperone in ER which mainly functions in the isomerization of the proline peptide 
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bond, thereby stabilizing the procollagen triple helix and preventing the accumulation of 

aggregated procollagen (Ishikawa et al. 2008, Kay 1996).  

HSP47 (SERPINH1) is a 400-amino acid heat shock protein that is specifically expressed 

in the endoplasmic reticulum of collagen-producing cells (Saga et al. 1987). Unlike the other 

chaperone proteins in ER discussed above, HSP47 is enhanced by ER stress and plays a vital role 

in stabilizing the triple helix through the preferential binding to Gly-X-Y repeats with arginine at 

the Y position in the folded triple helix (Ishida et al. 2006). HSP47 contributes by maintaining the 

proα chains in an unfolded state during the early stages of collagen biosynthesis, preventing the 

formation of aggregates containing nascent procollagen (Figure 1-9). In addition, HSP47 has the 

other role in the transition of procollagen molecules to Golgi compartment, at which point it 

dissociates and is recycled as a result of a decrease in local pH (Satoh et al. 1996). It has been 

demonstrated that in hsp47-/- mice, collagen folding is impaired, and unfolded collagens are 

retained in the ER (Nagai et al. 2000). 

1.4.2.2. Procollagen trafficking within the Golgi apparatus  

Procollagen molecules transit from ER to Golgi complex only when they are folded correctly. This 

transport requires budding of carriers called ER to Golgi intermediate compartments (ERGICs), 

also referred to vesicular tubular clusters (VTCs) which were performed by coat protein complex 

II (COPII) (Figure 1-9). COPII consists of multiple subunits like GTPases, GTPase activators, and 

scaffold proteins which is able to attach to ER membranes, curve them and form the vesicles 

(Fromme and Schekman 2005). Although COPII is extremely important for budding, it has no role 

in loading large molecules as procollagen into vesicles. Recent studies indicated that some distinct 

adaptor proteins could be effective for trafficking long procollagen into larger vesicles (Saito et al. 

2009, Saito et al. 2011, Wilson et al. 2011). Melanoma inhibitory activity 3 (Mia3, also known as 

TANGO1) acts as a chaperone protein for efficient packaging and secretion of type I, II, III, IV, 

and IX through its SH3 (Src homology 3)- like domain (Saito et al. 2009, Wilson et al. 2011). 

Cutaneous T-cell lymphoma-associated antigen 5 (cTAGE5) is another recently characterized 

cargo that can interact with MIA3 via its coiled-coil motifs (Saito et al. 2011). More recently, Sly1 

(sec1 family domain-containing protein 1), Syntaxin-17, and TFG (trafficking from ER to Golgi 

regulator) are reported to be a part of a dedicated pathway for collagen export (McCaughey et al. 

2016, Nogueira et al. 2014). 
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Figure 1-9: Biosynthesis of type I procollagen.  

(1) After co-translational translocation of procollagen chains into the lumen of the rough 

endoplasmic reticulum, C-propeptide domains of type I procollagen chains (two proα1(I) and one 

proα2(I)) form a trimer and fold through the contribution of the ER chaperones, such as calnexin, 

BiP, and PDI. (2) Nucleation of the triple helix is initiated from the C-terminal end, by the 

assistance of the CRTAP/P3H1/CYPB complex. (3) Propagation of the triple helix towards the N-

terminal end with the contribution of HSP47. (4) After completion of folding, procollagen with 

HSP47 is transported to the cis-Golgi network. At this compartment, HSP47 dissociates 

procollagen. (5) Transportation of procollagen through the Golgi stack. (6) After the secretion of 

procollagen into the extracellular space, the N- and C-propeptides domains are cleaved by 

ADAMTS2 and BMP1/mTLD, respectively. Mature collagens finally assemble into fibers 

(Schematic reproduced with permission from Professor John Bateman, Murdoch Children’s 

Research Institute). 
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Transport of procollagen in Golgi in the cis-to-trans direction is performed by “cisternal 

maturation” model in which procollagen can travel across the Golgi stacks without leaving the 

lumen of the Golgi cisternae (Bonfanti et al. 1998). The bundles of procollagen are then dissociated 

from the trans-Golgi as secretory vacuoles to go through the plasma membrane and extracellular 

matrix (Canty and Kadler 2005). 

1.4.2.3. Procollagen processing, fibril formation and crosslinking 

A key step in the formation of collagen fibrils is the proteolytic processing of  procollagen 

after secretion by the action of two essential enzymes (Leung et al. 1979): metalloproteinases of 

ADAMTS (A disintegrin and metalloproteinase with thrombospondin repeats) and BMP1/Tolloid-

like families (Hopkins et al. 2007, Le Goff et al. 2006). ADAMTS-2 is mainly responsible for the 

N-terminal processing of type I procollagen (Colige et al. 1997). In contrast, BMP1/Tolloid-like 

zinc-dependent proteinases cleave the carboxyl-propeptides from the type I procollagen (Kessler 

et al. 1996, Li et al. 1996). The self-assembled collagen fibers are then cross-linked by covalent 

bonds between α-chains in adjacent collagen fibers. Formation and maturation of the covalent 

cross-links is the final stage in type I collagen biosynthesis to keep the supramolecular assembly 

stable, and it confers on them considerable tensile strength. The two critical enzymes involved in 

cross-link formation of type I collagen are lysine hydroxylase (LH) and lysyl oxidase (LO) (Figure 

1-10). LH catalyzes hydroxylation of specific lysine in N- and C-terminal telopeptides, which are 

cross-linking sites in collagen molecules (Saito and Marumo 2010). 

Lysyl oxidase is essential to initiate the process of fibril formation by converting lysine or 

hydroxyl lysine in telopeptide domains to peptidyl aldehydes containing 

dehydrodihydroxylysineonorleucine, dehydrohydroxylysineonorleucine as immature cross-links 

and pyridinium and pyrrole as mature ones, the predominant type of cross-link in bone (Figure 1-

10) (Eyre et al. 1984). Therefore, this enzymatic process results in collagen fibrillogenesis through 

the formation of various intra- and intermolecular covalent bonds. These molecular crosslinks are 

required for collagen fibrils to display their physical and mechanical features and to form a stable 

network (Gelse et al. 2003). In addition to biomechanical properties, collagens contribute to a 

range of functions from interacting with integrins, glycoproteins, discoidin-domain receptors, and 
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proteoglycan receptors to store and deliver cytokines and growth factors (Hay 1981, Levine and 

Nishiyama 1996, Vogel 2001, Yamaguchi et al. 1990). 

 

 

Figure 1-10: Cross-linking formation pathways in the type I collagen.  

LH2 and LO are two essential enzymes to initiate this process.  

deH-DHLNL= dehydrodihydroxylysineonorleucine; Pyr=pyridinium; Prl=Pyrrole 

deHHLNL=dehydrohydroxylysineonorleucine; (Saito and Marumo 2010). 

 

 

 

 

 

 



41 

 

1.5. Inherited skeletal dysplasias 

There are more than 430 recognized genetic skeletal diseases (Bonafe et al. 2015), with a broad 

clinical spectrum ranging from prenatal lethal to later onset conditions involving the cartilage, 

bone, tendon, muscle, and ligaments. The mutations affecting most skeletal dysplasias can be 

widely categorized into genes encoding the bone and cartilage growth regulation, genes involved 

in metabolic pathways of bone and cartilage, and genes encoding the structural proteins of bone 

and cartilage (Bateman 2001, Krakow 2015). Mutations in growth factors receptors such as 

fibroblast growth factor receptor 3 (FGFR3) perturb endochondral bone growth regulation (Deng 

et al. 1996). FGFR3 signaling negatively regulates bone growth and activation mutations in 

FGFR3 lead to achondroplasia (Vajo et al. 2000). Bone metabolism and homeostasis can also be 

perturbed by mutations in transmembrane channels such as T cell immune regulator 1 (TCIRG1) 

and chloride voltage-gated channel 7 (CLCN7) in severe forms of osteopetrosis (Sobacchi et al. 

1993, Susani et al. 2004). Mutations in several key transcription factors in bone development, such 

as SHOX (short stature homeobox ) and SOX9 (SRY-related HMG-box) result in Langer type 

mesomelic dysplasia and campomelic dysplasia, respectively (Kwok et al. 1995, Zinn et al. 2002). 

Given the role of the cartilage as an intermediate in endochondral bone formation, 

mutations in each step of chondrocyte growth and differentiation can indirectly affect bone 

development. Skeletal dysplasias are also commonly caused by mutations in the genes involved in 

generating cartilage ECM (Table 1-2) which has essential roles during the process of endochondral 

ossification (Barat-Houari et al. 2016, Bateman et al. 2005, Chapman et al. 2003, Deng et al. 2016, 

Gibson and Briggs 2016, Majava et al. 2007). Importantly, in the context of the studies presented 

in this thesis, heterozygous mutations in genes encoding bone ECM specific type I collagen chains 

(COL1A1 and COL1A2) cause different types of osteogenesis imperfecta that we will discuss in 

detail in the following sections.    

1.5.1. Osteogenesis imperfecta  

Osteogenesis imperfecta (OI), or brittle bone disease, was the first genetic disorder due to collagen 

defects (McKusick 1956). This genetically heterogeneous group of disorders is relatively common 

(1/15000-1/20000 births), presenting with the hallmark skeletal abnormalities such as fragility and 

bone deformity (Kang et al. 2017) (Figure 1-11).   Based on clinical severity, OI classified into 
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four groups (Sillence and Rimoin 1978) (Table 1-3). Patients with OI type 1 have mild to moderate 

bone fragility and little or no specific skeletal deformity. The other common phenotypic 

manifestations of these patients are blue sclerae and hearing loss. Patients with OI type 2 most 

commonly die before or shortly after birth, mostly owing to poor rib formation and the 

compromised ability to breathe. OI type 3 patients manifest moderate to severe bone fragility with 

blue sclerae at birth and frequently hearing loss and abnormal dentition. OI type 4 patients with 

mild to moderate bone deformity have normal sclerae, hearing loss, and abnormal dentition. 

Approximately 2000 genetic mutations have been identified which are involved in developing OI. 

Around 15% of OI cases are commonly autosomal recessive mutations in components of the 

collagen biosynthesis and pivotal osteogenic transcription factors and signaling pathways (Table 

1-3). However, the majority of the OI mutations are autosomal dominant in the genes encoding 

the type I procollagen chains, COL1A1, and COL1A2 (Kang et al. 2017), which will be discussed 

in much more details in the next section. 
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Table 1-2: Osteo- and Chondrodysplasias caused by mutations in ECM genes. 

 

 

 

 

 

 

 

 

 

Gene Protein Group: Representative Disorders 

Collagens 

COL1A1 Type I collagen  Osteogenesis imperfecta (types 1-4), Caffey dysplasia  

COL1A2 Type I collagen  Osteogenesis imperfecta (types 1-4) 

COL2A1 Type V collagen  Achondrogenesis Type II, Spondyloepiphyseal dysplasia 

congenita, Kneist dysplasia, Stickler syndrome type 1 

COL9A1 Type  IX  collagen  Multiple epiphyseal dysplasia type 6 

COL9A2 Type  IX  collagen  Multiple epiphyseal dysplasia type 2 

COL9A3 Type  IX  collagen  Multiple epiphyseal dysplasia type 3 

COL10A1 Type  X  collagen  Metaphyseal dysplasia Schmid type 

COL11A1 Type  XI  collagen  Stickler syndrome type 2, Marshall syndrome, 

Fibrochondrogenesis type 1 

COL11A2 Type  XI  collagen  Otospondylomegaepiphyseal dysplasia,  

Fibrochondrogenesis type 2 

ECM structural proteins 

HSGP2 Perlecan Dyssegmental dysplasias, Schwarz-Jampel syndrome 

ACAN Aggrecan Spondyloepiphyseal dysplasia Kimberley type,  

Spondyloepimetaphyseal dysplasia aggrecan type 

COMP Cartilage oligomeric 

matrix protein 

Pseudoachondroplasia, Multiple epiphyseal dysplasia type 

1 

MATN3 Matrilin 3 Multiple epiphyseal dysplasia type 5 

MGP Matrix gamma-

carboxyglutamic acid 

Keutel syndrome 

FBN1 Fibrillin 1 Marfan syndrome, Acromicric dysplasia, Weill-

Marchesani 

FBN2 Fibrillin 2 Contractural arachnodactyly 
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Figure 1-11: Radiographs from newborns with OI.  

(A) Complete under-mineralization of the bones in OI type 2. (B) Lateral view of reduced 

ossification of the skull. (C) Anterior-posterior view of chest representing narrowness and rib 

fractures. (D) Under-mineralized and poorly modeled of long bones in anterior-posterior view of 

the lower extremities (Taken from (Krakow 2015)).  
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Table 1-3: Classification of osteogenesis imperfecta (modified from (Lamandé and 

Bateman 2019)). 

Clinical 

Type 

Phenotype Inheritance Gene/protein 

Defect 

Protein Defect 

OI type 1  Mild to 

moderate 

bone fragility 

with blue 

sclerae and 

hearing loss 

AD COL1A1 

COL1A2 

Collagen I 

haploinsufficiency 

OI type 2 Prenatally 

lethal form, 

severe bone 

fragility, 

short stature, 

long bone 

bowing 

AD 

 

 

AR 

COL1A1 

COL1A2 

 

CRTAP 

LEPRE1/P3H1 

PPIB/CYPB 

Collagen I structural 

mutations 

 

Collagen post-

translational 

modification and 

folding machinery 

OI type 3 Moderated to 

severe bone 

deformity 

with blue 

sclerae, 

frequently 

hearing loss 

and 

abnormal 

dentition 

AD 

 

 

AR 

COL1A1 

COL1A2 

 

CRTAP 

LEPRE1/P3H1 

PPIB/CYPB 

FKBP10/FKBP65 

SERPINH1/HSP47 

PLOD2/ LH2 

 

CREB3L1/OASIS 

 

 

 

SEC24D 

 

 

 

BMP1 

 

 

 

WNT1 

 

 

SERPINF1/PEDF 

 

 

Collagen I structural 

mutations 

 

Collagen post-

translational 

modification and 

folding machinery 

 

 

 

Protein 

folding/endoplasmic 

reticulum stress sensor 

 

COPII vesicle 

component – collagen 

secretion  

 

Proteolytic removal of 

procollagen N-

propeptide 

 

Wnt cell signaling 

pathway 

 

Signaling and collagen 

binding protein, 

essential for 
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TMEM38B/TRIC-B 

 

 

SP7/OSX 

mineralization 

 

Endoplasmic reticulum 

cation channel.  

 

Transcription factor, 

bone formation 

OI type 4 Mild to 

moderate 

bone fragility 

with normal 

sclerae, 

hearing loss 

and 

abnormal 

dentition 

AD 

 

 

AR 

COL1A1 

COL1A2 

 

WNT1 

 

 

CRTAP 

FKBP10/FKBP65 

PPIB/CYPB 

 

 

SERPINF1/PEDF 

 

 

 

 

SPARC 

 

 

 

 

SP7/OSX 

 

Collagen I structural 

mutations 

 

Wnt cell signaling 

Pathway 

 

Collagen post-

translational 

modification and 

folding machinery 

 

Signaling and collagen 

binding protein, 

necessary for 

mineralization 

 

Collagen binding 

/extracellular matrix 

assembly 

 

 

Transcription factor, 

bone formation 
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1.6. Type I collagen mutations 

Mutations in COL1A1 and COL1A2 genes are the main cause of autosomal dominant forms 

of osteogenesis imperfecta. There are two major categories of mutations in these two genes, loss 

of function mutations that cause a decrease in the synthesis of normal type I collagen protein and 

structural mutations that result in misassembly and instability in collagen chains. 

Type I collagen haploinsufficiency is the most common cause of OI type 1, caused by the 

introduction of a premature termination codon (PTC). PTCs result from single nucleotide 

substitutions that change amino acid codons to termination codons. Moreover, insertions or 

deletions, or exon splicing mutations cause a translational frameshift and introduce a downstream 

PTC. The presence of premature stop codons can lead to mRNA surveillance process and 

nonsense-mediated decay, which rapidly degrades the aberrant mRNAs through intracellular 

exonucleases (Fang et al. 2013, Trcek et al. 2013). Although these mutations result in functional 

haploinsufficiency of type I collagen, the protein is structurally normal. 

1.6.2. Structural mutations in collagen type I  

In contrast to milder OI phenotype caused by haploinsufficiency mutations, most of the 

severe variants (types 2, 3, and 4) are caused by mutations that produce structurally abnormal proα 

chains that have compromised assembly or abnormal folding of the triple helix. As with collagen 

mutations in other connective tissue diseases, these structural mutations generally fall into two 

functional categories: triple helix and C-propeptide mutations (see below).  

1.6.2.1. Glycine missense mutations in the triple helical domain of COL1A1 and COL1A2 

The most common type I collagen mutations are single base substitutions that introduce a 

larger side chain amino acid for one of the glycine residues that generally occur as every third 

amino acid in the triple helix. In effect, any of the 338 helix glycine residues in either the proα1 or 

proα2 chain of type I procollagen is a potential site for a disease-producing mutation. Analysis of 

Database of Osteogenesis Imperfecta Variants (www.le.ac.uk/ge/collagen) showed that there are 

1683 and 957 variants in COL1A1 and COL1A2 genes, respectively. The clinical severity of 

glycine substitution range from mild to perinatal lethal, which depends on the type and location of 

substitution in triple-helix domains of α chains.   

http://www.le.ac.uk/ge/collagen
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Collagen destabilization is a significant feature of the pathogenic mechanism occurred by 

missense mutations, particularly those in glycine codons. Glycine missense mutations can 

thermally destabilize collagen fibril formation, biosynthesis, and function. Studies on mutant 

collagens expressed in fibroblasts indicated a decrease in melting temperature of α chains 

(Kuivaniemi et al. 1991, Makareeva et al. 2008, Makareeva et al. 2018, Pack et al. 1989).  

Delayed folding of collagen α chains is another outcome of glycine substitutions. As the 

folding of normal type I collagen initiates from the C-terminal of each chain, the nearer mutations 

to the C-terminus, the slower collagen folding (Raghunath et al. 1994). The missense mutations 

may also perturb cis-trans isomerization and post-translational modifications such as increased 

lysine hydroxylation and glycosylation. Moreover, it is demonstrated that the pattern of local 

amino acid sequence could be important in determining the severity of phenotype (Xiao et al. 

2015).  

In addition to their intracellular effects, which are discussed in detail in subsequent 

sections, the structurally abnormal assembled collagen can be secreted by the cell and have 

significant extracellular effects. For example, a procollagen molecule with one mutant proα chain 

can affect the cleavage of the procollagen N-propeptide. This could interfere with the self-

assembly of normal collagen leading to the formation of the thin and irregular collagen fibrils. 

Furthermore, if structurally abnormal collagens are incorporated into fibrils, they may have a 

destabilizing effect and be selectively degraded, or they may alter the interactions of collagen with 

other connective tissue components, disturbing architecture, and stability (Bateman and Golub 

1994). Mutant collagens in the ECM interfere with fibrillogenesis and the following interactions 

with matrix components or mineralization in a dominant negative effect (Forlino and Marini 2000). 

It has been demonstrated that the type I collagen fibril contains three major ligand-binding regions, 

MLBR1, 2, and 3 (Di Lullo et al. 2002). Mutations in MLBR2 and 3 could be lethal (Marini et al. 

2007), as MLBR2 has essential sites for collagen self-assembly, binding by the non-collagenous 

ECM proteins such as integrins, and cleavage by matrix metalloproteinases (Lauer-Fields et al. 

2000, Marini et al. 2007, Prockop and Fertala 1998, Xu et al. 2000). Moreover, MLBR3 is 

important for collagen cross-linking and binding by decorin, heparin, and discoidin domain 

receptor (Hanson and Eyre 1996, Keene et al. 2000, San Antonio et al. 1994, Vogel et al. 1997). 
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However, glycine substitutions in MLBR1 are nonlethal, as the position of this region is toward 

the amino end of type I collagen helix (Marini et al. 2007).  

1.6.2.2. Mutations in the carboxyl-terminal domain of collagen chains 

Correct C-propeptide folding is crucial for chain-chain recognition and trimerization and 

the subsequent helix folding (Lamande et al. 1995), as discussed earlier. There are approximately 

100 mutations in C-propeptide domains of collagen α1 and α2 chains that have been described 

over the last 30 years. Only a few of these have been studied biochemically. Two cases, which 

form the basis of this thesis, have been analyzed in detail in fibroblasts and transfected cells. Both 

have mutations that severely impact the protein structure and folding of the proα1(I) C-propeptide.  

The first patient, OI26, was born at 35 weeks’ gestation and died a few minutes later. Clinically, 

this baby manifested in the typical features of osteogenesis imperfecta type 2 with healing rib 

fractures, well-formed vertebrae, poorly ossified bones, multiple wormian bones in the skull, and 

short and broad long bones with metaphyseal and diaphyseal fractures. The long bones in this baby 

were less crumpled and more normal in appearance compared with typical OI type 2 (Bateman et 

al. 1989, Cole et al. 1990). At the molecular level, the OI26 mutation is a heterozygous single base 

insertion in COL1A1 exon 49 (c.3969_3970insT), which leads to a codon reading frameshift from 

the mutation site (Figure 1-12A) and the appearance of a premature stop codon (PTC). However, 

because the location of the introduced PTC is in the 3’ terminal exons, this does not result in 

nonsense-mediated decay (Fang et al. 2013) and instead results in the synthesis of a structurally 

abnormal propeptide.  The mutant C-propeptide is 37 amino acids shorter than normal, and the 

sequence of the last 104 amino acids is abnormal (Bateman et al. 1989). The conserved Asn1365 

and the chain recognition region are no longer present.  The mutant C-propeptide has an altered 

distribution of cysteines with emerging ectopic Cys1324, Cys1346, Cys1348, and Cys1412, and the 

conserved Cys1370, Cys1415 and Cys1462 removed (Bateman et al. 1989) (Figure 1-12B). 

The second mutation, which will be assessed in this study, was reported in OI64, a baby 

with osteogenesis imperfecta type 2 with a noticeably similar radiological manifestation to OI26 

(Cole et al. 1996). This baby was born at 38 weeks gestation and died within 24 hours because of 

respiratory distress. OI64 had a heterozygous single base mutation in COL1A1exon 49 (c.3936 

G>T), leading to a p.Trp1312Cys substitution in the proα1(I) C-propeptide domain (Figure 1-

12A). This ectopic cysteine possibly interferes with forming disulfide bonds between the 
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conserved cysteine residues in proα1 chains resulting in retardation of the chain formation and 

disturbing procollagen folding (Lamande et al. 1995) (Figure 1-12B).  

In one study on dermis and bone from baby OI26, it was demonstrated that only 20% of 

the normal amount of type I collagen was present in the extracellular matrix (Bateman et al. 1986). 

The collagen chains normally migrated on gels suggesting that the majority of mutant chains were 

degraded intracellularly. This finding could explain the distinct radiological features of this patient 

compared to the other prenatal lethal osteogenesis imperfecta cases where mutant type I collagen 

chains with excessive post-translational modifications secreted and deposited into the extracellular 

matrix (Bateman et al. 1989). 

Fibroblast studies on both OI26 and OI64 patients indicated a slowed triple helix folding, 

which in turn led to increased post-translational hydroxylation and glycosylation of lysine in the 

proα1(I) and proα2(I) chains. Over-modified chains are present in both cell extracts and secreted 

into the culture medium of OI64 and OI26  fibroblasts cultures, indicating the association of the 

mutant chains with wild-type ones to form type I procollagen triple helix (Lamande et al. 1995). 

Hence, in spite of the delay in chains assembly, mutant proα1(I) could join together with normal 

proα1(I) and proα2(I) to form triple helical collagen.  A small proportion of these collagen proteins 

were also able to be secreted into the ECM of OI26 and OI64 fibroblast cultures and incorporated 

into ECM collagen (Lamande et al. 1995). The reduced deposition of the collagen matrix by OI26 

fibroblasts was similar to the severe matrix reduction in the OI26 patient’s dermis and bone, as 

discussed earlier (Bateman et al. 1986).  The other deleterious consequences of these two 

mutations is a reduction in type I collagen production, which is not due to decreased synthesis of 

mutant and normal proα1 chains, but increased intracellular degradation of chains by an 

endoplasmic reticulum-associated pathway (Lamande et al. 1995). 

Other studies have described a heterozygous 5bp deletion in COL1A1 in a family with 

osteogenesis imperfecta type 1, which leads to the deletion of a cysteine residue required for 

intrachain disulfide bonds and extension of the chain by 84 amino acids. Biochemical analysis of 

their skin fibroblasts indicated that there is a decrease in the production of type I procollagen as a 

result of possible rapid degradation of misfolded type I collagen chains in ER without signs of 

post-translational over modification or intracellular retention (Willing et al. 1990). However, 

intracellular degradation pathways were not clarified in this study.  
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One recent in vitro study on seven mutations in COL1A1 C-propeptide provided new 

insights on the pathology of OI (Barnes et al. 2019). These mutations included three OI type 3 

missense mutations (p.Gly1175Ser, p.Trp1275Cys, and p.Asp1413Asn), two OI type 4 missense 

mutations (p.Thr1298Ile and p.Pro1444His), and two OI type 2 mutations (p.Gly1281Val and del 

p.Cys1462(244)). The defective C-propeptide type I collagen resulted in delayed folding, chain 

over-modification, and mislocalization in the ER lumen. Extracellular processing of procollagen 

with these mutations was also perturbed, suggesting the contribution of the C-propeptide mutations 

to disturbed extracellular matrix function (Barnes et al. 2019). 

Other C-propeptide mutations include deletion of Glu1337 and Tyr1338, and two amino 

acid substitutions (p.Asp1277His, p.Leu1338Arg) in three infants with prenatal lethal osteogenesis 

imperfecta (Chessler et al. 1993), one cysteine substitution [p.(Cys1299Trp)] involved in 

interchain disulfide bond in a family with mild OI (Pace et al. 2001), substitution leucine1464 with 

proline in the highly conserved region of C-propeptide domain, resulting OI type 3 (Oliver et al. 

1996), one glutamic acid substitution [p.(Glu1361Lys)] involved in salt bridge formation, leading 

OI type 4 (Roughley 2016), and OI mouse model termed Aga2 (abnormal gait 2) with a C-terminal 

frameshift mutation (Lisse et al. 2008).  

Unlike proα1(I) C-propeptide domain, a few proα2(I) C-propeptide mutations have been 

identified that mostly show a milder phenotype than those in proα1(I). This may be due to the 

ability of proα1(I) chains to form homotrimers and thus exclude co-assembly with mutant pro-

α2(I) chains (Pace et al. 2008). Likewise, given that proα2(I) represents one-third of fully 

assembled type I collagen, proα2(I) defects will affect 50% of these collagens (Pace et al. 2008). 

The first report of mutations in proα2(I) C-propeptide was a homozygous COL1A2 frameshift 

mutation in exon 52 in a patient with osteogenesis imperfecta type 3, which had heterozygous 

parents with normal phenotype. Biochemical analysis showed mutant pro-α2 chains with altered 

terminal 33 amino acids are not able to form intrachain disulfide bonds, possibly leading to the 

accumulation of misfolded collagen in the ER and rapid degradation. As a result, three wild-type 

proα1 chains form the homotrimer, leading to a moderately severe form of osteogenesis imperfecta 

(Pihlajaniemi et al. 1984). A similar phenotype was also observed in the OI mouse model with a 

homozygous mutation in the C-propeptide domain of proα2(I) (Chipman et al. 1993). Indeed, the 

formation of proα1 homotrimer does not result in osteogenesis imperfecta, the severe skeletal 
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phenotype in these patients originates from the intracellular accumulation of mutant proα2(I) 

chains and the cellular changes as a consequence of high destruction of these chains (Forlino et al. 

2011). 

A small number of mutations have been reported that result in a defect in the C-propeptide 

cleavage site, leading to delayed processing of the procollagen to collagen and following fibril 

formation. These substitution mutations mostly which show mild osteogenesis imperfecta with 

normal growth, light grey sclerae, hearing and cardiopulmonary examinations, but high bone mass 

phenotype, include proα1(I) (p. Asp1219Asp) (Lindahl et al. 2011), proα1(I) (p.Asp1219Glu) 

(Pollitt et al. 2006), proα1(I) (p.Ala1218Thr) , proα2(I) (p.Ala1119Thr) (Lindahl et al. 2011).  

Since mutations in the C-propeptide affect folding and secretion, we need to consider the 

impact of this on proteostasis and the induction of an ER-stress response, the unfolded protein 

response (UPR), in the pathophysiology. 

1.7. Unfolded protein response 

In order to understand the possible impact of misfolded mutant collagens at the cellular level, we 

need to consider the complex machinery that deals with cellular protein folding.  The central 

component of this protein folding and homeostasis network is the ER. Most secretory and 

membrane proteins are translated on ribosomes attached to the ER, and they transported into the 

ER lumen. Newly synthesized proteins then are exposed to a network of quality-control processes, 

so-called proteostasis, to maintain the function of the proteome (van Anken and Braakman 2005). 

This network includes the chaperone proteins, enzymes involving in glycosylation, oxidation, and 

reduction, which cause proper folding, modification, and assembly of the multiprotein complex 

before the transition to the Golgi apparatus and secretory vesicles. Accumulated misfolded proteins 

in the ER bind the chaperone BiP, which has been previously sequestered from the ER luminal 

domain of the three canonical ER stress receptors (Figure 1-13). Activated stress sensors which 

cause unfolded protein response (UPR), trigger a cascade of adaptive responses including 

attenuation of translation, transcriptional modification to decrease a load of incorrectly folded 

proteins (Hetz et al. 2011, Tsang et al. 2010). Components of ER stress signaling play roles not 

only in normal development and physiology but also in molecular pathology of disease due to   
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Figure 1-12: Schematic view of DNA and amino acid structure of proα1(I) C-propeptide 

domain in normal, OI26 and OI64 mutant cells.  

A) Proα1(I) C-propeptide domain is encoded by three terminal exons (Exon 49-51) of the COL1A1 

gene. OI26 mutation (c.3969_3970ins T) in exon 49 of COL1A1 (red) led to frameshift mutation 

(p.Val1324Cys fs*105) and altered codons from the mutation site (orange). OI64 mutation 

(c.3936G>T) in exon 49 of COL1A1 (red) resulted in a missense mutation in the amino acid 

sequence (p.Trp1312Cys). B) Normal 246-amino acids C-propeptide domain of proα1(I) contains 

eight conserved cysteine residues, involving three intra-chain and two inter-chain disulfide bonds. 

Numbering is based on the full-length proα1(I) chain. There is also one conserved Asp residue 

(Asp1365), which is a site for N-linked glycosylation (   , GlcNAc and   , mannose). The other 

important region in the C-propeptide domain is the chain recognition sequence (purple block), 

which plays an essential role in accurate chain selection. OI26 frameshift mutation has more 

deleterious effects on the C-propeptide domain of proα1(I), including shorter amino acid sequence, 

the removal of three last cysteine residues, appearance of four ectopic cysteine residues (red 

letters), removal of Asp1365 and chain recognition sequence. In OI64 mutant proα1(I), there is an 

ectopic cysteine (Cys1312, red letter), which possibly disturbs procollagen folding by interfering in 

disulfide bonds.  
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continuous accumulation of mutant mis- or unfolded proteins. Activation of UPR promotes the 

two protein degradation processes, ER-associated degradation (ERAD), and autophagy (Ding and 

Yin 2008, Morito and Nagata 2015, Yorimitsu and Klionsky 2007). The final stage of a long term 

UPR can have harmful impacts on cells through mechanisms such as apoptosis. In this section, we 

will discuss UPR sensors and their role in normal development and pathological situations, and 

whether there is any relation between the retention of the mutant misfolded ECM proteins and 

UPR activation and connective tissue disease pathophysiology.   

 

Figure 1-13: The unfolded protein response (UPR).  

Activated IRE1α can cause selective mRNA decay and upregulation of many critical UPR genes 

involved in folding, ER-associated degradation (ERAD), autophagy, and quality control of protein. 

Activated PERK leads to a decrease in the general protein synthesis, an increase in phosphorylation 

of eIF2α, and translation of ATF4 mRNA, which in turn, stimulates the expression of genes 

required for amino acid metabolism, autophagy, and apoptosis. Activated ATF6 also promotes the 

expression of some ER chaperones, ERAD, and autophagy-related genes (Hetz et al. 2015).  
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1.7.1. The IRE1α signaling pathway 

Inositol-requiring kinase 1 (IRE1α) is an ER transmembrane protein that contains an ER 

luminal domain, a transmembrane domain, and a cytoplasmic domain harboring serine/threonine 

kinase and endoribonuclease activities (Hetz et al. 2011) (Figure 1-14). Upon an increase in the 

unfolded protein in ER, BiP is sequestered from the luminal domain of IRE1α, which leads to 

homodimerization of IRE1α in the ER membrane and autocatalytic phosphorylation of its 

cytoplasmic domain as well as activation of its ribonuclease activity. The target of the 

endoribonuclease domain is Xbp1 (X-box binding protein 1) mRNA, which results in different 

splicing and producing an alternative carboxyl-terminal domain in protein, called XBP1s (Figure 

1-15). This protein is a transcriptional factor containing a basic leucine zipper which elevates the 

transcription of the genes involving in UPR containing luminal ER protein chaperones, disulphide 

isomerases, and proteins involved in induction of apoptosis particularly CCAAT/enhancer-binding 

protein homologous protein (CHOP), and ER-associated degradation (ERAD) pathway (Figure 1-

13) (Todd et al. 2008). Moreover, XBP1s has indirect roles in the regulation of the ER and Golgi 

biogenesis by promoting the activity of enzymes related to phospholipid biosynthesis (Sriburi et 

al. 2007). It has also been reported that XBP1s has a potential role in osteoblast differentiation 

through the induction of Sp7, which encodes osterix, a zinc-finger-containing transcription factor 

(Horiuchi et al. 2016). During endochondral ossification, XBP1 is also necessary for chondrocyte 

proliferation and the timing of chondrocyte maturation and matrix mineralization (Cameron et al. 

2015b). Null mutations in Ern1 (endoplasmic reticulum to nucleus signaling 1), coding IRE1α, 

also showed a decrease in expression of alkaline phosphatase, an osteoblast marker in mice 

(Horiuchi et al. 2016).  

There is also evidence that the endonuclease domain of IRE1α can degrade various 

mRNAs, including ER-localized mRNA, ribosomal RNA, and microRNAs through the 

mechanism called IRE1-dependent decay of mRNA (RIDD) resulting in a reduced overload of the 

protein synthesis (Hollien et al. 2009) (Figure 1-13). 

The interaction of the phosphorylated kinase domain of IRE1α with tumor necrosis factor 

receptor-associated 2 also plays a direct role in signaling through the activation of JUN N-terminal 

kinase (JNK), nuclear factor kappa-B (NFκB) and extracellular signal-regulated kinase (ERK). 

Activated JNK can be effective in regulating autophagy and promoting apoptosis (Oh and Lim 
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2009). Autophagy may function to remove damaged organelles and unfolded protein aggregates 

in ER stress (Maiuri et al. 2007) (Figure 1-13). It should be noted that BAX (BCL2 associated X) 

inhibitor 1 and members BCL2 family have a modulating role in IRE1α activity (Lisbona et al. 

2009). 

1.7.2. PERK signaling pathway 

Protein kinase-like endoplasmic reticulum kinase (PERK) is a type 1 transmembrane 

protein (~120 kDa) which contains a cytoplasmic serine/threonine kinase and an ER luminal 

domain attached to BiP in a normal situation (Figure 1-14). The increase in unfolded proteins in 

the ER leads to autophosphorylation, oligomerization, and activation of the PERK kinase domain 

with dissociation of BiP (Figure 1-13). After that, α subunit of eukaryotic translation initiation 

factor 2 (eIF2α), required for 80S ribosome assembly, is phosphorylated and inactivated, which 

can result in an attenuation of general protein synthesis. In spite of the suppression of protein 

synthesis, phosphorylated eIF2α promotes the translation of activating transcription factor 4 

(ATF4), which belongs to the cyclic AMP response element-binding protein (CREB)/ATF family 

(Harding et al. 2000). ATF plays an important role in activating genes involved in the control of 

the UPR, including chaperones like BiP and Grp94, genes involved in glutathione biosynthesis, 

resistance to oxidative stress such as the transcription factor Nrf2 (nuclear factor-like 2), and amino 

acid metabolism and transport (Harding et al. 2003). In addition to its roles in protecting the cell 

from a variety of stresses, ATF4 also activates the transcription of Ddit3 encoding 

CCAAT/enhancer-binding protein homologous protein (CHOP), which is related to ER stress-

mediated apoptosis (Zinszner et al. 1998). Interestingly, CHOP has a role in dephosphorylation of 

eIF2α by induction of eIF2α-directed phosphatase GADD34 (growth arrest and DNA damage-

inducible protein 34) and eIF2α –directed phosphatase CReP which cause forming a negative loop 

to regulate the level of eIF2α phosphorylation (Ron and Harding 2012). 

There is evidence that PERK is not fundamental for early embryonic development, but PERK null 

mice show diabetes mellitus because of a loss of pancreatic beta cells, skeletal dysplasia, and 

growth retardation, indicative of a significant role in skeletal development (Zhang et al. 2002). 

Perk-/- mice had a decrease in expression of several mature osteoblast markers such as bone 

sialoprotein, osteocalcin, type I collagen, and alkaline phosphatase, but not osteopontin 
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demonstrating that PERK is necessary to the maturation of osteoblasts. Intriguingly, ATF4 

elevates the expression of osteoblastic genes, including osteocalcin, via its interaction with 

RUNX2, and induces transport of amino acid and type I collagen synthesis in osteoblasts 

(Tominaga et al. 2008). 

1.7.3. ATF6 signaling pathway 

Activating transcription factor 6 (ATF6) is a type II transmembrane protein (~ 90 kDa) 

with a luminal domain attached to BiP and a cytoplasmic domain containing basic leucine zipper 

(bZIP) (Figure 1-14). Upon an increase in unfolded proteins, Bip is sequestered from the luminal 

domain of ATF6. ATF6 is then catalyzed by site-1(S1P) and site-2 proteases (S2P) after 

translocation from ER to Golgi. S2P causes the release of the ATF6 cytoplasmic domain (~ 50 

kDa) from the Golgi, which can move into the nucleus and act as a transcription factor targeting 

genes involved in ER quality control, including Hspa5 encoding BiP, Xbp1 and ERAD 

components, and CHOP (Figure 1-13). Studies on AFT6 null mice demonstrated that unlike XBP1, 

the effect of ATF6 on the maintenance of the ER homeostasis is highly insignificant (Horiuchi et 

al. 2016).  

There are five transcription factors with the same structure and function as ATF6: old 

astrocyte specifically induced substance (OASIS) (Kondo et al. 2005), BBF2 human homolog on 

chromosome 7 (BBF2H7) (Kondo et al. 2007), Luman (DenBoer et al. 2005), CREBH (cAMP-

responsive element-binding protein H) (Omori et al. 2001), and CREB4 (Nagamori et al. 2005). 

In contrast to ATF6, each of the family members has tissue- or cell-specific functions; for instance, 

CREBH expressed in liver and CREB4 in spermatids are necessary for ER stress conditions 

(Kondo et al. 2005). Several specific-tissue ATF6 factors have been previously demonstrated, 

including OASIS in osteoblasts, BBF2H7 in chondrocytes, and Luman in immune cells. OASIS 

indicates highly specialized functions in skeletal development. Human OASIS induces the 

expression of ER-Golgi secretory pathway-related genes in osteoblasts (Horiuchi et al. 2016). 

Deficiency for OASIS is one of the causes of severe recessive OI in humans (Symoens et al. 2013). 

In mice, OASIS, which is encoded by Creb3l1, is a membrane-bound transcription factor and has 

a specific expression in osteoblasts. Null Creb31l mice studies indicated that OASIS is required to 
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induce the type I collagen in osteoblasts and its loss leads to severe osteopenia because of impaired 

collagen production (Murakami et al. 2009).  

 

Figure 1-14: Functional domains in ER stress receptors.  

Inositol-requiring kinase 1 (IRE1α), protein kinase-like endoplasmic reticulum kinase (PERK), 

and activating transcription factor 6 (ATF6). bZIP=basic leucine zipper; GLS=Golgi localization 

sequences; TM=transmembrane domain; TAD=transcriptional activation domain (Taken from 

(Hetz et al. 2011)). 

 

Figure 1-15: Regulation of XBP1s expression.  
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Overview of protein structure XBP1u (unspliced) and XBP1s (spliced). ZIP=leucine zipper; 

HR=hydrophobic region; TP=translational pausing (Taken from (Hetz et al. 2011)). 

In summary, the presence of misfolded proteins in cells commonly triggers cellular 

adaptive response, called the unfolded protein response, which attempts to return the cell to protein 

folding homeostasis.  Protein translation is attenuated, and the degradation of misfolded proteins 

by proteasomal ER-associated degradation (ERAD), and autophagy are stimulated, which will be 

discussed in detail in the following section. 

1.7.4. ER-associated degradation 

ER-associated degradation (ERAD) includes a series of events that mediate recognition, 

cytosolic retrotranslocation, and ubiquitin-dependent proteasomal degradation of misfolded or 

misassembled proteins produced in ER (Morito and Nagata 2015). The misfolded or unassembled 

protein which fails to attain their normal structure is identified and targeted by several ER-resident 

proteins such as BiP, protein disulfide isomerase (PDI), EDEM1 (ER degradation enhancing 

alpha-mannosidase like protein 1), calnexin, and ERdj4.  Subsequently, an ERAD complex, which 

is a protein penetration channel including Derlin, Sec61, and ERAD ubiquitin ligase HRD1 (HMG-

CoA reductase degradation 1), mediates retrograde translocation and ubiquitylation of misfolded 

proteins. Finally, the cytosolic side of the complex delivers ubiquitylated unfolded proteins to the 

26S proteasome to be degraded (Figure 1-16) (Morito and Nagata 2015).  

1.7.5. Autophagy  

Three types of autophagy have been identified so far (macro-autophagy, chaperone-mediated 

autophagy, and micro-autophagy). Macro-autophagy is the prominent autophagy pathway 

occurring in skeletal tissues (Chagin 2016). The earliest intermediates in this pathway are 

phagophores which require membranes originated from ER, the ER-Golgi intermediate 

compartment, recycling endosomes, plasma membrane, the Golgi complex, and lipid droplets to 

form and elongate. 
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The first conserved signaling pathway regulating autophagy is mediated by the mammalian target 

of rapamycin complex 1 (mTORC1) which has an inhibitory role on autophagy through the 

phosphorylation of proteins like autophagy-related protein (ATG) 1 and ATG13, acting upstream 

 

 

Figure 1-16: The overview of events including protein degradation by ERAD.  

(A) Synthesis of proteins by ribosomes attached to ER, transport via Sec61 translocon, adding 

oligosaccharide chains and formation of disulfide bonds by PDI and correct folding through the 

activity of BiP. (B) Isolation of misfolded proteins by lectins and ERAD components, such as 

EDEM 1, ERdj5, BiP, and calnexin, and delivery of these proteins to ERAD complex containing 

HRD1, Derlin 1 complex. (C) Retro-translocation and ubiquitylation of the targeted proteins by 

ERAD complex. (D) Degradation of polypeptide portion by the 26S proteasome (Taken from 

(Morito and Nagata 2015)).   
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in the formation of the phagophore. However, there are mTORC1-independent pathways, 

including low levels of inositol triphosphate, which are able to induce autophagy by activating 

AMP-activated protein kinase (AMPK). Low levels of inositol triphosphate result in decreasing 

calcium flow from the ER to mitochondria, inhibiting mitochondrial oxidative phosphorylation, 

reducing ATP levels, and activating AMPK (Cardenas et al. 2010). It has been demonstrated that 

there are a group of signals which induce activation of ATG1-ULK1 (Unc-51-like kinase) and the 

ATG6 orthologue Beclin 1 to stimulate class III phosphatidylinositol 3-kinase (also known 

VPS34) via phosphorylation of phosphatidylinositol 3-phosphate (PI3P) which can contribute to 

binding of ATG12-ATG5-ATG16L1 complex (Dooley et al. 2014). After conjugation of LC3 to 

PE (LC3-II), the membrane extends and engulfs parts of the cytoplasm, finally resulting in the 

autophagosome formation (Rubinsztein et al. 2015). Some proteins like p62, NDP52 (nuclear 

domain 10 protein 52), and NBR1 (next to BRCA1 gene 1 protein) establish a bridge between LIR 

(LC3-interacting region) domain of LC3-II and UBA (ubiquitin associated domain) domain of 

specific ubiquitinated cargo such as protein aggregates and confer protein substrate to select the 

autophagy pathway. Finally, lysosomes are merged into autophagosomes, leading to the 

degradation of protein aggregates (Figure 1-17) (Rubinsztein et al. 2015).   

1.7.6. The apoptotic pathway as a result of the chronic ER stress 

Under chronic ER stress, ATF4 is upregulated by sustained PERK signaling. Activation of 

PERK may also elevate the expression of death receptor 5 (DR5), which leads to caspase-8 induced 

cell death (Figure 1-18). Moreover, ATF6 elevates the expression of the CHOP, a pro-apoptotic 

transcription factor, and inhibits the expression of anti-apoptotic BCL-2. Activated ATF6 also 

produces reactive oxygen species (ROS) and depletes ATP to increase cell death (Han et al. 2013, 

Lu et al. 2014a, Marciniak et al. 2004). 

In addition, IRE1α changes from a homodimeric state into oligomeric structures under 

chronic ER stress, which can be a crucial stage to switch to its apoptotic program through RIDD 

(referred to section 1.7.1) (Ghosh et al. 2014). Persistent RIDD activity induces the activation of 

some proteins involved in pro-inflammation and pro-death like inflammasome and caspase-1 by 

upregulation of pro-apoptotic targets such as thioredoxin-interacting protein (TXNIP) and caspase-  
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Figure 1-17: Schematic view of the autophagy pathway.  

This contains nucleation, elongation, completion, and lysosome fusion and degradation of protein 

aggregates. AMPK, AMP-activated protein kinase; mTORC1, mammalian target of rapamycin 

complex 1; ULK, Unc-51-like kinase; VPS34, phosphatidylinositol 3-kinase VPS34; PI3P, 

phosphatidylinositol 3-phosphate; PE, phosphatidylethanolamine; LIR; LC3-interacting region; 

UBA, ubiquitin-associated domain (Taken from (Rubinsztein et al. 2015)). 
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2 (Lerner et al. 2012). Persistent IRE1α also causes activation of apoptosis signal-regulating kinase 

1 (ASK1) and its downstream target JNK through binding the adaptor protein TNF receptor-

associated factor 2(TRAF2) (Figure 1-18). 

The terminal stage of sustained UPR is activation of at least four distinct BH3-only proteins 

(BID, NOXA, BIM, and PUMA), which are pro-death proteins with a short alpha helix known as 

the BCL-2 homology 3 (BH3) domain. Binding these proteins to mitochondrial receptors involve 

two pro-apoptotic proteins, BAX and BAK, leading to their homodimerization, permeabilization 

of the outer mitochondrial membrane and release of cytochrome c to the cytosol for initiating 

apoptosis (Figure 1-18) (Hetz et al. 2015). There is a strong relationship between ER calcium 

regulation and the BCL-2 family proteins resident in the ER membrane. Anti-apoptotic proteins 

like BCL-2 and BCL-XL decrease the levels of basal calcium in the ER through the IP3 receptors 

that are in the opposite of the pro-apoptotic protein BAX (Hetz et al. 2015).  

TMBIM (transmembrane BAX inhibitor motif-containing protein 4) or the 26 kDa Bax-

inhibitor 1 (BI-1) family is another cell death regulator through the control of ER calcium release 

by the inositol 3-phosphate (IP3) receptors (Figure 1-18) (Rojas-Rivera et al. 2012). BI-1 consists 

of six or seven transmembrane domains that have been demonstrated that functionally and 

physically interact with the BCL-2 family. 

1.8. Is the UPR involved in the pathophysiology of ECM protein misfolding 

disorders?  

There are two global mechanisms involved in the molecular pathology of connective tissue 

disorders. Firstly, mutations that diminish the production of ECM proteins disturb matrix integrity 

mainly because of quantitative ECM defects. Secondly, mutations that modify protein structure 

may decrease the secretion of protein and create dominant negative effects on the structure, 

formation, and stability of ECM. Evidence is mounting that ER stress resulting from retention of 

misfolded proteins may also play an important role in the pathology of diseases. The best evidence 

for this is for collagen X misfolding mutations. 
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Figure 1-18: ER stress-mediated apoptosis.  

Under the chronic ER stress, both PERK (the blue pathway) and IRE1α (the green pathway) result 

in cell dysfunction, inflammasome activation, and apoptosis through the several signaling 

pathways (Taken from (Hetz et al. 2015)).  
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Mutations in the C-terminal trimerization domain of the type X collagen chains cause 

metaphyseal chondrodysplasia type Schmid. Several studies showed the retention of the misfolded 

type X collagen and activation of the canonical UPR pathways (Cameron et al. 2015a, Cameron 

et al. 2011, Rajpar et al. 2009, Tsang et al. 2007, Wilson et al. 2002, Wilson et al. 2005). Studies 

in transfected cells proposed that mutant type X collagen chains were able to induce quality control 

mechanisms, as the expression of ER chaperones such as XBP1s mRNA and BiP increased. They 

were also degraded intracellularly (Wilson et al. 2002, Wilson et al. 2005).  Using transgenic mice 

with a 13bp deletion in the C-terminal domain of COL10A1 revealed the accumulation of 

incorrectly folded chains in hypertrophic chondrocytes, and activation of UPR, which in turn 

blocked chondrocyte differentiation and delayed endochondral ossification (Tsang et al. 2007).  

Cameron and his colleagues assessed the growth plates of knock-in mouse model carrying a 

mutation in the C-terminal domain of collagen X and detected an increase in expression of key 

genes including PERK, IRE1α, and ATF6 as well as induction of chaperone proteins such as BiP 

and Grp94. Derlin3, as the main part of ERAD machinery, also has been upregulated in these 

models. More importantly, gene expression profile in chondrocytes of these models changed to be 

more proliferative. Therefore, at the cellular level, the features of chondrocytes were similar to 

those of proliferative chondrocytes, including small, flattened cell shape and distinct nuclei 

structure (Cameron et al. 2011). It has been recently suggested that the PERK pathway was the 

main pathological pathway activated by the misfolded collagen X and that C/EBP-β, an essential 

regulator of chondrocyte differentiation, was the key downstream target that disrupted the 

differentiation (Cameron et al. 2015a). To better understand the likely role of UPR induction in 

the cartilage pathology, a specific transgenic mouse model was generated (Rajpar et al. 2009). In 

this model, UPR was not induced in growth plate cartilage by misfolded type X collagen, but by 

expressing mutant thyroglobulin, a protein not expressed in cartilage. The activated UPR led to 

pathological phenotypes similar to metaphyseal chondrodysplasia type Schmid, demonstrating a 

direct correlation of pathological UPR signaling to the clinical phenotype of disease (Rajpar et al. 

2009). The well-defined role of the activated UPR in the pathology of mutant type X collagen 

disorder raises the question of whether UPR could have a strong link to the pathology of the other 

ECM disorders resulting from mutations causing protein misfolding.  

The role of ER stress in misfolded COMP and matrilin-3 causing pseudoachondroplasia 

and multiple epiphyseal dysplasia have been studied (Hecht et al. 2004, Jayasuriya et al. 2014, 



67 

 

Leighton et al. 2007, Merritt et al. 2007, Schmitz et al. 2008). COMP with a mutation in the 

calcium-binding domain (D469del) is retained in the ER and caused apoptosis (Posey et al. 2009, 

Suleman et al. 2012). Likewise, chondrocyte death and loss of bone growth were the final 

outcomes of COMP mutations in a number of in vivo and in vitro studies, whereas details of ER 

stress induction were not clarified (Posey et al. 2018). In contrast, the expression of the ER stress 

markers such as BiP and CHOP enhanced because of a mutation in the C-terminal domain of 

COMP. The downstream consequences of this UPR were a decrease in chondrocyte proliferation 

and increase in apoptosis (Pirog et al. 2014). A similar story occurs in misfolded matrilin-3 with 

the induction of ER stress and subsequently reduced chondrocyte proliferation and increased 

apoptosis (Jayasuriya et al. 2014, Leighton et al. 2007). 

Although there is convincing evidence of incorrect folding, intracellular retention, and 

UPR activation in response to mutant type II collagen (Donahue et al. 2003, Hoornaert et al. 2006), 

similar to COMP and matrilin-3, the precise mechanisms downstream UPR have not been defined. 

Studies in patients and in transgenic mouse models of chondrodysplasia containing mutations in 

the triple helical domain of type II collagen indicate intracellular accumulation of the mutant 

protein, and distention of ER in chondrocytes (Donahue et al. 2003, Hoornaert et al. 2006), which 

suggested possible effects of these mutations on activation of UPR and ER stress. In addition, 

thermal instability, reduced secretion and UPR induction in cells with C-terminus of triple helix 

mutations have been proved in some in vivo and in vitro studies (Chakkalakal et al. 2018, Chung 

et al. 2009, Hintze et al. 2008, Jensen et al. 2011). 

Moreover, studies in mouse models with chondrodysplasia and mutations in C-terminal 

domain of collagen type II revealed intracellular protein retention (Esapa et al. 2012, Zankl et al. 

2004), induction of UPR markers (Furuichi et al. 2011, Kimura et al. 2015, Ricks et al. 2013) and 

apoptosis (Kimura et al. 2015). In contrast to previous mouse model studies, there is no evidence 

of canonical UPR induction in a zebrafish mutant, but the intracellular accumulation of mutant 

type II collagen in the ER of chondrocyte cells results in cell death and impairment of cartilage 

growth (Neacsu et al. 2014). 

Mutations in COL4A3/A4/A5 lead to Alport syndrome (Deltas et al. 2012, Hudson et al. 

2003). A study on the transgenic mouse and transfected cells for one missense substitution 

(G1334E) in α3(IV) revealed intracellular retention, increased UPR markers, including BiP, 

CHOP, eIF2α (Pieri et al. 2014). Likewise, mutations in COL4A1/A2 are associated with 
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multisystem disorders such as cerebrovascular disease and intracerebral hemorrhage. Several in 

vivo and in vitro model studies indicated that these mutations can lead to collagen accumulation in 

the ER and activation of unfolded protein response including BiP, PERK, ATF6 and CHOP 

(Firtina et al. 2009, Gould et al. 2007, Jeanne et al. 2012). 

Despite the possible role of UPR activation by COMP, matrilin-3, type II, and IV collagens, 

the link between these mutations, and downstream outcomes of UPR pathways and the 

comparative impact of extracellular outcomes is not defined.  

1.8.1. Type I collagen mutations and ER stress? 

Several studies have indicated a possible link between UPR activation and ER 

accumulation of misfolded type I collagens. However, precise downstream mechanisms of UPR 

are unclear and may depend on location and type of mutations. Data from several in vivo and in 

vitro studies indicated that missense substitutions in triple helical domain of type I collagen result 

in delayed triple helix folding, helix instability and intracellular retention which possibly affects 

matrix deposition with no increase in expression levels of canonical UPR markers (Makareeva et 

al. 2018, Mirigian et al. 2016).  These mutant type I collagens lead to the upregulation of non-

canonical ER stress markers, including chaperons αβ crystallin, HSP47, eiF2α, and CHOP 

(Makareeva et al. 2018, Mirigian et al. 2016). Indeed, the toxic collagen aggregates trigger 

aggregated protein response (APR), which leads to degradation of the protein by autophagosome, 

but not by the proteasome (Ishida et al. 2009, Mirigian et al. 2016) (Figure 1-19). It is worthwhile 

to note that the upregulation of CHOP/Gadd153 was linked to a lethal form of OI mouse model 

(BrtlIV), whereas an increase in αβ crystalline expression was detected in non-lethal OI form 

(Forlino et al. 2007a, Forlino et al. 2007b). Conversely, it has recently been reported upregulation 

of several UPR markers such as BiP, PDI, XBP1s, phospho-PERK and ATF4 in patients’ 

fibroblasts with different type I collagen helix mutations (Besio et al. 2018). However, the 

important point was the different expression patterns of these UPR components in different 

mutations, for instance, the expression of BiP increased in 3 out of 5 cells with mutations in type 

I collagen α1 or α2 chains (Besio et al. 2018). Intriguingly, the upregulation of BiP was observed 

in mutations with lethal OI phenotype, highlighting that mutation specificity has likely effects on 

the strength and nature of the ER stress response. However, in a study conducted in our laboratory 

on fibroblasts from patients with a range of type I collagen helix mutations, there was no evidence 
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of increased levels of ER stress markers (Bateman et al., unpublished data). These data suggest 

that further detailed studies are required to clarify the possible role of ER stress pathways in OI 

resulting from helix mutations (Besio et al. 2018).  

In contrast to the helix mutations which on balance are thought to cause toxic collagen 

aggregation and aggregated protein response (Figure 1-19), mutations in the C-propeptide that 

affect initial trimerization are believed to elicit a more canonical unfolded protein response (Figure 

1-19). Levels of BiP and Grp94 increased in the patient’s fibroblasts containing C-propeptide 

mutations in proα1 (I) (Chessler and Byers 1993). Likewise, in the two patients with mutations in 

C-terminal domains of proα1(I), studied in this thesis (OI26 and OI64), the BiP was elevated and 

bound to mutant type I procollagen (Lamande et al. 1995). Similarly, in a mouse model for 

osteogenesis imperfecta termed Aga2 (abnormal gait 2) with a frameshift mutation in C-propeptide 

domain of proα1(I), there was an increase in the levels of BiP, Hsp47 and CHOP with activation 

of caspases-12 and -3 together with increased rates of apoptosis both in vitro and in vivo (Lisse et 

al. 2008). To further investigate the degradation of procollagen molecules with mutations in C-

terminal non-collagenous propeptide, mouse cells were transfected with a proα1(I) expression 

construct containing a frameshift mutation in the C-terminal domain. It has been demonstrated that 

the ERAD mechanism through the cytoplasmic proteasome complex (Figure 1-19) had an 

important role in degrading procollagen chains with mutations in the C-propeptide domain, 

affecting assembly and generating misfolded or unfolded procollagen (Fitzgerald et al. 1999, 

Ishida et al. 2009). 

Despite the upregulation of some UPR markers in response to mutant C-propeptide of 

proα(I) chains, detailed mechanisms involved in downstream of ER stress and the ultimate 

pathological consequences of these mutations need to be defined. Thus the molecular effects of 

OI26 and OI64 as two mutations in the C-propeptide domain of type I collagen were assessed in 

human bone cells on a dish. All OI studies have been performed on mice, transfected cell lines, 

and patient fibroblasts, but not on bone cells. Using the human fibroblast or mouse model for OI 

studies was due to the unavailability of patients’ bone cells. Fibroblasts and transfected cell lines 

are not osteoblasts, and thus their cellular machinery and gene expression differ. Likewise, cells 

in vivo are influenced by their environment, such as their extracellular matrix niche (Avior et al. 

2016). It could be of particular importance to evaluate the effects of the OI mutations directly on 
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the bone cells. The focus of my study is the generation of OI bone models from human induced 

pluripotent stem cells.  

 

  

Figure 1-19: Suggested ER stress response to misfolded type I procollagen.  

A) Unfolded protein response (UPR), which gives rise to ER-associated degradation (ERAD), 

targeting and degrades misfolded C-propeptides through the proteasome. There is another 

mechanism known aggregated protein response to degrade insoluble mutant collagen aggregates, 

resulted from mutations in the main triple helix. These collagens are targeted for autophagy and 

are degraded by lysosomes. (B) Activation of UPR and induction of elevated ER stress response 

(red) to decrease the load of collagens with C-propeptide mutations. (C) An increase in 

accumulation of insoluble collagen aggregates with triple helix leads to activate aggregated protein 

response (APR) and to induce a poorly defined form of the ER stress response (red) without BiP 

upregulation (Makareeva et al. 2011). 
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1.9. Induced pluripotent stem cells: an overview 

The breakthrough of human pluripotent stem cells (hPSCs) including human embryonic 

stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs) has opened new areas in 

disease modeling, drug screening and regenerative medicine (Takahashi et al. 2007, Thomson et 

al. 1998). Indefinite self-renewal capacity and potential of differentiation into three germ layers 

are two main features of hESCs and hiPSCs, which make them invaluable new research and 

potentially, clinical resources (Kang et al. 2016) (Figure 1-20). In addition, creating isogenic 

control cell types from hPSCs by gene editing methods can minimize the confounding effects of 

different genetic backgrounds, which occur with patient mesenchymal stem cells (MSCs) and other 

disease model systems (Barruet and Hsiao 2016).  

In 2007, Yamanaka and his colleagues obtained iPSCs from human fibroblasts using the 

defined transcriptional factors such as (octamer-binding transcription factor 4) OCT4, SOX2 

(SRY-box 2), Kruppel-like factor 4 (KLF4), and c-MYC (myelocytomatosis oncogene homolog) 

which are required for upregulation of genes involved in reprogramming, and the maintenance of 

“stemness” (Takahashi et al. 2007). Later, alternative methods of generating hiPS such as using 

NANOG and LIN28 instead of KLF4 and c-MYC were also established (Hussein and Nagy 2012, 

Yu et al. 2007).  

During the previous decade, a variety of methods for viral and non-viral transduction of 

reprogramming factors have been developed. The lentiviral-based system is the most commonly 

used method because of the high efficiency and reproducibility, yet since this method has the risks 

of immunogenicity, oncogene reactivation, insertional mutagenesis uncontrollable silencing of 

reprogramming genes make it difficult to apply for human (Jang et al. 2014). To achieve the safe 

reprogramming, alternative approaches such as plasmids (Okita et al. 2008), bacterial artificial 

chromosome (BAC) vectors (Woltjen et al. 2009), Cre/loxP system (Sommer et al. 2009), and 

minicircle vectors (Jia et al. 2010) have been used which are able to partially prevent transgene 

integrations. More recently and importantly, new other strategies of delivery of reprogramming 

factors including protein transduction (Kim et al. 2009), episomal vectors (Okita et al. 2011), non-

integrating viral vectors like Sendai virus (Ando et al. 2015), transfection of modified mRNA 

transcripts (Warren et al. 2010), and small molecule compounds (Hou et al. 2013) has been 

developed that are able to enhance the accuracy, efficiency and reproducibility. It has been 
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demonstrated that the efficacy of these methods ranges from 0.01%-5%, which depends on several 

factors, including the type of target cells, the gene delivery methods, culture conditions, and the 

combination of reprogramming factors. The different cell types were used for iPSC generation, 

such as fibroblasts, hepatocytes, and mature B cells, depending on the levels of DNA methylation, 

epigenetic memory, maintenance of the pluripotent phenotype and gene expression of the cell type 

(Spitalieri et al. 2016). 

 

Figure 1-20: Schematic view of hiPSCs generation for disease modeling and drug screening 

purposes.  

Human induced pluripotent stem cells (hiPSCs) are generally originated from somatic cells using 

reprogramming vectors to apply for disease modeling and drug discovery. (Taken from (Spitalieri 

et al. 2016)). 
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1.9.1. Human induced pluripotent stem cell-based disease modeling  

The strategy of generating disease-specific iPSC lines was first reported in 2008, consisting 

of screening genetic mutations in patients, dedifferentiating patient-specific cells into stem cells, 

and re-differentiating them into one or more cell types phenotypically developing the disease 

(Dimos et al. 2008, Park et al. 2008). During the recent decade, there are many reports in which 

genetic disorders have been recapitulated in vitro. Some of these human model studies have been 

shown in Table 1-4. HiPS technology also contributed to reprogram adult somatic cells from 

patients with skeletal dysplasias, particularly the ones affecting chondrocytes (Table 1-4). 

However, there have been a few studies to generate bone disease models from hiPS cells (Deyle 

et al. 2012, Pini et al. 2018). Marfan syndrome is a genetic disorder engaging skeletal, ocular, and 

cardiovascular organs. Mutations in gene FBN1 located on chromosome 15, which encodes 

fibrillin-1 can cause impairment in osteogenesis and increase in transforming growth factor β 

(TGFβ) signaling. It has been reported that osteogenic, but not chondrogenic differentiation is 

inhibited by activation of TGFβ signaling in both human embryonic stem cell and hiPSCs derived 

osteoblasts with an FBN1 mutation (Quarto et al. 2012). Recently, iPSC model for Andersen’s 

syndrome, a rare disease affecting bone, heart, and muscle, was generated to evaluate the loss of 

function effects of K+ channel Kir2.1 on osteogenic and chondrogenic differentiation (Pini et al. 

2018). There is also one study indicating the generation of iPSC-derived OI type 4 in vitro bone 

disease model caused by SERPINF1 (Belinsky et al. 2016).   

The complexities of the bone development make in vitro iPSC derived bone differentiation 

challenging. Several osteogenic differentiation protocols have been described, and these are 

discussed below as a background to our approach. 

1.9.2. Differentiation of human pluripotent stem cells into osteoblasts 

During recent years, several methods have been tested to differentiate PS cells (hES and hiPS) into 

osteoblasts. In order to generate osteoblast-like cells from PSC-derived mesenchymal stem cells, 

several monolayer- and EB formation-based protocols have been developed (Ahn et al. 2006, 

Belinsky et al. 2016, Deyle et al. 2012, Karner et al. 2007, Ko et al. 2014, Villa-Diaz et al. 2012). 

In most of these protocols, monolayer cultures have been generally used with FBS dependent basic  
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Table 1-4: Summary of published human iPSC models. 

Disease model 

cells 

Disease Affected 

gene(s) 

References 

Osteoblasts  Marfan syndrome FBN1 (Quarto et al. 2012) 

Osteogenesis 

imperfecta type 4 

SERPINF1 (Belinsky et al. 

2016) 

 Wilson  ATP7B (Liu et al. 2019) 

Chondrocytes Achondroplasia FGFR3 (Yamashita et al. 

2014) 

Achondrogenesis type 

2 

COL2A1 (Okada et al. 2015) 

Fibrodysplasia 

ossificans progressiva 

ACVR1 (Matsumoto et al. 

2013) 

Fibrodysplasia 

ossificans progressiva 

ACVR1 (Nakajima et al. 

2018) 

Hypochondrogenesis COL2A1 (Okada et al. 2015) 

Spondyloperipheral 

dysplasia 

COL2A1 (Okada et al. 2015) 

Andersen’s Syndrome Kir2.1 (Pini et al. 2018) 

Lethal metatropic 

dysplasia 

TRP4 (Saitta et al. 2014) 

Osteoarthritis  (Kim et al. 2011b) 

Thanatophoric 

dysplasia type 1 

FGFR3 (Yamashita et al. 

2014) 

Neonatal-onset 

multisystem 

inflammatory disease 

NLRP3 (Yokoyama et al. 

2015) 
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Familial 

osteochondritis 

dissecans 

ACAN (Xu et al. 2016) 

Hepatocyte cells A1AT deficiency A1AT  (Yusa et al. 2011) 

Familial 

hypercholesterolemia  

LDLR  (Cayo et al. 2012) 

Glycogen storage 

disease  

G6PC  (Rashid et al. 2010) 

Wilson’s disease ATP7B  (Zhang et al. 2011b) 

Haemophilia A Deficiency of 

factor VIII 

(Jia et al. 2014) 

Neural cells Adrenoleukodystroph

y 

ABCD1  (Jang et al. 2011) 

Amyotrophic lateral 

sclerosis 

C9orf72, 

SOD1, FUS 1 

and TDP43  

(Chen et al. 2014, 

Sareen et al. 2013) 

Alzheimer’s disease Sporadic/ 

APP, PS1, 

PS2/ Trisomy 

21 

(Israel et al. 2012, 

Shi et al. 2012) 

Ataxia telangiectasia ATM  (Lee et al. 2013) 

Autism spectrum 

disorder (1-5) 

15q11-q13.1 

duplication, 

(3;11) 

(p21;q22) 

translocation 

(Griesi-Oliveira et 

al. 2015) 

Bipolar disorder - (Madison et al. 

2015) 

Down syndrome Trisomy 21 (Hibaoui et al. 2014) 
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Fragile X syndrome FMR1  (Sheridan et al. 

2011) 

Friedreich ataxia FXN  (Soragni et al. 2014) 

Parkinson’ disease Sporadic/LRR

K2, PINK1 

and SNCA  

(Sanchez-Danes et 

al. 2012) 

Rett syndrome MeCP2/CDK

L5  

(Kim et al. 2011a) 

Spinal muscular 

atrophy 

SMN1  (Ebert et al. 2009) 

Schizophrenia - (Brennand et al. 

2011) 

Timothy syndrome CACNA1C  (Pasca et al. 2011) 

GM1 gangliosidosis GLB1  (Son et al. 2015) 

Huntington’s disease Expanded 

CAG repeats 

in HTT  

(Juopperi et al. 

2012) 

Hutchinson-Gilford 

progeria syndrome 

LMNA  (Zhang et al. 2011a) 

Myotonic dystrophy Expanded 

CTG repeats 

in DMPK  

(Xia and Ashizawa 

2015) 

Wolfram syndrome WFS1 (Lu et al. 2014b) 

Niemann-pick disease 

type C1 

NPC1  (Lee et al. 2014) 

Blood cells Β-thalassemia HBB  (Papapetrou et al. 

2011, Xu et al. 

2015) 

Sickle cell disease HBB  (Zou et al. 2011) 
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Chronic 

granulomatous 

disease 

NADPH 

oxidase  

(Jiang et al. 2012) 

Cardiomyocytes  Long QT syndrome KCNH2/ 

KCNQ1/SCN

5A  

(Itzhaki et al. 2011) 

Pompe disease GAA  (Huang et al. 2011) 

Megakaryocytes Wiskott-aldrich 

syndrome 

WASP  (Ingrungruanglert et 

al. 2015) 

Epithelial cells Cystic fibrosis CFTR  (Lee et al. 2012) 

Myogenic cells Duchene muscular 

dystrophy 

Dystrophin  (Goudenege et al. 

2012) 
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media containing β-glycerol phosphate, ascorbic acid, and dexamethasone (Karner et al. 2007, Ko 

et al. 2014). Dexamethasone is used to activate Wnt/ βcatenin signaling dependent Runx2 

expression.  Ascorbic acid-2-phosphate and L-ascorbate are also significant to enhance type I 

collagen secretion and activate type I collagen/integrin-mediated intracellular signaling. In 

addition, β-glycerophosphate can play a role in increasing hydroxyapatite structure in the 

extracellular matrix (Langenbach and Handschel 2013). In the other studies, the embryoid body 

(EB) formation from hiPS cells has been used for in vitro osteogenic differentiation. It is assumed 

that all-trans retinoic acid treatment in hiPS cell-derived EBs and subsequent culture of single-cell 

dissociated EBs in osteogenic media can result in osteoblast differentiation (Bilousova et al. 2011, 

Kawaguchi et al. 2005, Ko et al. 2014, Liu et al. 2019, Zhu et al. 2019). Some reports have also 

been published which applied direct osteogenic differentiation protocol to generate bone from iPS 

cells using different exogenous factors such as adenosine (Kang et al. 2016) and combinations of 

osteogenic stimulating factors (Phillips et al. 2014). In the latter approach, skin fibroblasts- and 

bone marrow stromal cells-derived iPS cells were differentiated toward osteogenic fate using a 

monolayer culture with different conditions. It was found that bone-forming cells were 

successfully generated from these iPS cells by incubation with bFGF+BMP4 and/or 

dexamethasone+ascorbic acid 2-phosphate (Phillips et al. 2014).  

Given that osteogenesis imperfecta (OI) is likely to involve developmental, as well as 

structural defects in bone, it is important for our OI study to explore a differentiation protocol that 

produces osteoblasts via an early osteogenic pathway. There have been several approaches to the 

in vitro differentiation of hPSCs into osteoblasts that have taken a more developmental approach, 

attempting to recapitulate the key steps during embryonic bone formation.  This requires the 

application of our understanding of how bone develops during embryonic stages and which germ 

layers are committed to generating bone (for more details, see section 1.1). Several protocols have 

recently been established to differentiate hiPS cells into mesodermal intermediates and, 

subsequently, osteoblasts using a combination of osteogenic factors, small molecules, and growth 

factors (Kang et al. 2016, Kanke et al. 2014). To generate a sclerotome population from human 

induced pluripotent stem cells, it is required to inhibit signaling pathways to block differentiation 

into unwanted lineages and simultaneously stimulate other pathways. This would commit the cells 

to differentiate into sclerotome using the variety range of growth factors and small molecules (Loh 

et al. 2016, Xi et al. 2017). In one of these approaches, in vitro differentiating cells expressed 
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sclerotome markers after the 6-day differentiation of hiPSCs. Following the osteogenic 

differentiation of these sclerotome cells for 28 more days, osteoblast-like cells demonstrated 

increased expression of some osteoblast markers (Xi et al. 2017). Loh and his colleagues 

established a highly efficient and reproducible protocol to create mesodermal lineages including 

sclerotome in nine different hiPS and hES cells. This method includes a 6-day protocol to achieve 

sclerotome from human pluripotent stem cells, followed by injecting sclerotome to mice to 

produce ectopic bone (Loh et al. 2016) (Figure 1-21). The promising data of this study convinced 

us to apply the well-characterized sclerotome protocol for our studies in developing human iPSC-

derived bone OI disease models. The development of this in vitro protocol to produce osteoblast-

like cells is described in Chapter 4. 

Our studies will be the first that uses the human OI iPSC derived bone model in a dish to 

explore the precise molecular effects of type I collagen trimerization mutations. To achieve this, 

we will generate two C-propeptide mutants (OI26 and OI64), causing OI type 2, and isogenic 

control iPS cell lines using gene targeting approaches. We will develop an osteogenic 

differentiation protocol in order to produce OI and isogenic control iPSC-derived human bone 

cells. This study will broaden our knowledge about possible deleterious effects downstream of 

trimerization mutations in human bone cells and will illuminate the paths to find new therapeutic 

approaches. 
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Figure 1-21: Schematic view of developing connective tissues such as bone from iPSC.  

A) This method applies small molecules and growth factors to stimulate (green) some essential 

signaling pathways and inhibit (red) the others to acquire sclerotome via the paraxial mesoderm-

somite pathway. Day 6 sclerotome was then subcutaneously injected in immunodeficient mice to 

gain ectopic bone. iPSC, induced pluripotent stem cells;  TGFβ, transforming growth factor; FGF2, 

fibroblast growth factor 2; PI3K, phosphatidylinositol 3-kinase; BMP, bone morphogenic protein; 

HH, hedgehog (Taken from (Loh et al. 2016) with some modifications). B) Generation of in vivo 

human bone-like structure after subcutaneous injection of hiPSCs-derived sclerotome into 

immunodeficient mice. Proliferative and hypertrophic chondrocytes, as well as ossification (white 

arrow) regions, are indicated in this figure (Taken from (Loh et al. 2016)). 

A 

B 
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1. 11. Research aims 

Aim 1: To use genome editing to generate an osteogenesis imperfecta patient type I 

procollagen C-propeptide mutation (OI26) in human iPS cells to produce a mutant OI line with a 

matching isogenic control iPS.  

Aim 2: To characterize the pluripotency and differentiation potential of OI26 mutant iPSC 

and also another type I procollagen C-propeptide mutation (OI64) mutant and isogenic control 

iPSCs     

Aim 3: To establish a protocol to differentiate human iPS cells into osteoblast-like cells to 

produce in vitro disease models of these OI mutations  

Aim 4: To use the mutant and isogenic iPSC-derived osteoblast-like cells (OI26 and OI64) 

in vitro disease models to define the OI molecular pathology resulting from these two patient type 

I collagen C-propeptide misfolding mutations which prevent type I procollagen assembly. 
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Chapter 2 

Materials and methods  
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2. Materials & general methods 

This chapter describes the general methods used in several chapters. Specific methods are 

described in detail in the relevant results chapters. 

2.1. Reagents  

Table 2-1: List of reagents and specialized consumables used in this thesis.  

Item Company 

2-Log DNA Ladder New England Biolabs 

96-well DNA binding Unifilter plate Whatman 

96-well V-shape collection plate Whatman 

A8301 (TGFβ signaling inhibitor) In Vitro Technologies 

(Tocris) 

Activin (TGFβ signaling stimulator) Bio-Scientific (R&D) 

AEBSF Roche 

Alizarin Red S Sigma 

Alpha-MEM Life Technologies 

ApaI restriction endonuclease NEB 

APEL2 Medium StemCell Technologies 

Azidohomoalanine Thermo Fisher Scientific 

BbsI restriction endonuclease New England Biolabs 

Beta-Mercaptoethanol Life Technologies 

bFGF (FGF2) Lonza Australia  

BigDye cycle sequencing kit Applied Biosystems 

Brilliant III Ultra-Fast SYBR® Green 

QPCR Master Mix 

Agilent Technologies 

Buffer PB Qiagen 

Buffer PE Qiagen 

C59 (WNT signaling inhibitor) In Vitro Technologies 

(Tocris) 

Cell Strainer, 40µM Falcon 

CHIR 99021 (WNT signaling stimulator) In Vitro Technologies 

(Tocris) 

Chondroitinase ABC  AMS Biotechnology 

Click-IT Alexa Fluor 647 and 555 DIBO 

alkyne 

Thermo Fisher Scientific 

Collagenase II Worthington Biochemical  

Confix Green Australian Biostain 

Coomassie Brilliant Blue R-250 Bio-Rad 

Corning® Transwell® polyester 

membrane cell culture inserts 

Corning 

Distilled H2O Life Technologies 
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Direct-zol™ RNA MiniPrep Plus kit Zymo Research  

Disposable Polypropylene Pellet Pestles  Thomas Scientific 

DMEM 1× Life Technologies 

DMEM/F-12 Invitrogen 

dNTP Roche 

DNase I recombinant  Roche 

DyeEx 96 Kit Qiagen 

EcoRI restriction endonuclease New England Biolabs 

E.coli DH10B Thermo Fisher Scientific 

EDTA Invitrogen 

Eosin Y Sigma 

Essential 8 Medium Life Technologies 

Foetal Bovine Serum (FBS) GE Healthcare Life Sciences 

Fungizone (Amphotericin B) Life Technologies 

GelRed Nucleic Acid Stain Biotium 

Glutamax Life Technologies 

Glass strips, Ultramicrotomy Emgrid Australia  

GoTaq® Hot Start PCR kit Promega 

Harris hematoxylin Grale Scientific 

Hyaluronidase Sigma 

Hybond-LFP PVDF Transfer 

membrane 

Amersham  

(GE Healthcare) 

LDN193189 (BMP signaling inhibitor) Sapphire Bioscience (Tocris) 

Matrigel  Invitrogen 

Mini Blot Module  Thermo Fisher Scientific 

mMESSAGE mMACHINE T7 ULTRA 

transcription kit 

Thermo Fisher Scientific 

N-Ethylmaleimide Roche 

NuPAGE LDS sample buffer Life Technologies 

NEBuffer 4 New England Biolabs 

Neutral Buffer Formalin (Confix Green) Australian Biostain  

Nitrocellulose membrane GE Osmonics  

Non-essential amino acid Life Technologies 

NuPAGE 4-12% Bis-Tris Protein Gels Life Technologies 

NuPAGE® 3-8% Tris-Acetate Protein 

Gels 

Life Technologies 

Orange G Sigma 

Paraformaldehyde Millipore 

Paraffin embedding cassette Technoplast 

PBS Invitrogen 

PD0325901 (MEK/ERK signaling 

inhibitor) 

Sapphire Bioscience (Tocris) 

Pepsin Sigma 

Penicillin/Streptomycin Life Technologies 

PIK-90 (PI3K signaling inhibitor) Merck  
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PmeI restriction endonuclease  New England Biolabs 

PureYield™ Plasmid Midiprep and 

Miniprep System 

Promega 

ProLong™ Gold Antifade Mountant Invitrogen 

Proteinase K Promega 

Propidium Iodide Sigma 

Purmorphamine (Hedgehog signaling 

stimulator) 

Sigma 

QIAquick gel purification kit Qiagen 

QuantiTect® Reverse Transcription Kit Qiagen 

Quick ligase New England Biolabs 

RNase Away® Molecular BioProducts 

Rock Inhibitor Y-27632 StemCell Technologies 

SmaI restriction endonuclease New England Biolabs 

Superfrost Plus histology slides LabServe 

TOPO® TA Cloning® Kit Life Technologies 

TRIZOL Reagent Invitrogen 

TryPLE Life Technologies 

XbaI restriction endonuclease New England Biolabs 

 

2.2. Methods 

2.2.1. Ethical and regulatory approvals 

All experiments related to the human iPSCs have been approved by the Institutional Human 

Research Ethics Committee (HREC).  Our studies on patient fibroblast-derived iPSC are covered 

by HREC approval #35121A, and the use of healthy donor peripheral blood cell-derived iPSC for 

gene-editing is covered by HREC approval # 2504.   Genome-editing and other recombinant DNA 

approaches have been approved by the Institutional Biosafety Committee Approval #261-2017. 

2.2.2. Human pluripotent stem cell culture 

For feeder cell-dependent hiPSC cultures, 1.3×104-2×104 cells/cm2 mitotically inactivated 

mouse embryonic fibroblasts (MEFs) were seeded into T25 flask (ThermoFisher Scientific)   

containing 4 ml 1× DMEM (Life Technologies) containing 10% FBS (GE Healthcare Life 

Sciences), 2 mM GlutaMax (Life Technologies) and 1% Pen/Strep solution (Life Technologies). 

After 24 hr culture at 37ºC under 95% air,  5% CO2, feeder media was removed, and hiPS cells 

were seeded onto the MEFs in hiPS media containing DMEM/F12 (Invitrogen), with 20% 
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knockout serum replacement (Invitrogen), 2 mM GlutaMax, 1% nonessential amino acid 

(Invitrogen) stock, 0.1 mM β-mercaptoethanol (Invitrogen) and 50 ng/ml basic-FGF (PeproTech).  

Cultures were continued at 37°C, under 5% CO2 until confluent.  

For feeder-free cultures, 0.7% Matrigel basement membrane matrix (Invitrogen) in 2ml 

DMEM/F12 (Invitrogen) was coated on each well of 6-well plates (ThermoFisher Scientific) at 

least 30 minutes before hiPS cell culture. After removing the media, hiPS cells were expanded on 

Matrigel in Essential E8 media (Life Technologies) and were stored at 37°C, 5% CO2 incubator to 

reach 70-80% confluency. 

For passaging the iPS cells, after aspirating the media, cell layers were washed briefly with 

PBS (Invitrogen), followed by treatment with 0.5 mM EDTA (Invitrogen) or by TryPLE solution 

(Life Technologies) for 4 minutes at 37°C, 5% CO2. After removing the dissociation solution, hiPS 

media (for feeder dependent cultures) or E8 media (for feeder-free culture) was added directly onto 

the cells, followed by tapping the plates to dislodge the cells. Then, the cells were collected, plated 

into new MEFs or Matrigel-coated plates at the desired split ratio (usually 1/4 or 1/6 of total 

volume) and cultured in a 37°C, 5% CO2 incubator. The cells not used for further expansion were 

re-suspended in 90% CJ2 Freeze Mix (100X CJ2 (0.01mM CaCl2, 2.68mM KCl, 1.47mM 

KH2PO4, 6.54mM K2HPO4.3H2O, 0.5mM MgCl2.6H2O, 5.5mM D-glucose), 20X choline chloride 

(382mg/ml choline chloride in sterilized H2O), 10% (v/v) DMSO) after washing with PBS, chilled 

on ice, and frozen in a  controlled rate freezer (Asymptote, Grant EF600) to reach -80°C before 

being transferred to liquid nitrogen tank for long term storage. 

2.2.3. DNA-based methods 

2.2.3.1. DNA extraction by centrifugation 

Confluent cells in the 6-well plate (ThermoFisher Scientific) were rinsed twice with PBS. 

Lysis buffer (500µl, 100mM Tris pH 8.0, 200mM NaCl, 5mM EDTA pH 8.0, 0.2% (w/v) SDS, 

water, 200µg/mL proteinase K) was added into each, followed by incubation at 37oC for overnight 

or 60oC for 2-3 hours.  The lysis buffer was then transferred into microtube, and 1500µL DNA 

precipitation buffer (150mM NaCl in 100% ethanol) was added, mixed thoroughly and incubated 

at room temperature for 30 minutes. Subsequently, the mixture was centrifuged in a microfuge 
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(Eppendorf) at 20000 ×g, 4oC for 15 minutes, followed by washing pellet with 1ml 70% ethanol at 

20000 ×g, 4oC for 5 minutes. After air-drying out pellet to remove remaining ethanol, 200µL pre-

warmed (70oC) TE buffer was added to the DNA pellet. The DNA concentration was calculated 

using the Nanodrop spectrophotometer (Thermo Scientific). The DNA samples were then stored 

at -20oC for further PCR analysis. 

2.2.3.2. Manifold DNA extraction  

To collect DNA from cells growing on 48 well plates (ThermoFisher Scientific), a 

Manifold DNA extraction method was performed. The cells were rinsed twice with PBS. Lysis 

buffer (100µL) was added to each well, followed by overnight incubation at 37oC. Buffer PB 

(500µL, Qiagen) was added to the cell lysate in each well, and the suspension was transferred into 

96-well DNA binding Unifilter plate (Whatman). The liquid was passed through vacuum manifold 

until all the suspension was filtered, and DNA was adsorbed by DNA-binding filter. The filter was 

rinsed with 400µL of Buffer PE (Qiagen). 70µL of pre-warmed (70oC) TE buffer (10mM Tris-Cl 

(pH 8.0), 1mM EDTA) was added directly to the filter, and a manifold vacuum was applied to 

elute the DNA into collection plate (PS-Microplate 96-well v-shape). The DNA concentration was 

calculated using the Nanodrop spectrophotometer (Thermo Scientific). The DNA samples were 

then stored at -20oC for further PCR analysis. 

2.2.3.4. Polymerase chain reaction (PCR) 

Polymerase chain reaction (PCR) was performed in a 20 µl reaction containing 1× 

GoTaq reaction buffer (Promega), 1.5mM MgCl2 (Promega), 250 µM dNTPs (Roche), 0.05U 

GoTaq G2 Hot Start polymerase (Promega), 5 ng forward and reverse primers and up to 50 ng 

DNA template. PCR was carried out using Applied Biosystems (Veriti 96) thermocycler. Unless 

otherwise specified, mixtures were routinely incubated using a Touchdown thermocycling 

program with a gradient annealing temperature from 56°C to 63°C containing a denaturation step 

of 95°C for 1 minute, 14 cycles of 94°C for 20 seconds, 63°C for 20 seconds, 72°C for 20 seconds, 

16 cycles of 94°C for 20 seconds, 56°C for 20 seconds, 72°C for 20 seconds, and a final 7 minutes 

extension at 72°C. PCR products were analyzed by agarose gel electrophoresis. 
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2.2.3.5. Agarose gel electrophoresis 

Size-fractioning of DNA was performed by agarose gel electrophoresis. DNA was 

mixed with Orange G loading dye, containing 2 mg/ml Orange G powder (Sigma-Aldrich) and 

30% glycerol (Sigma-Aldrich), and loaded onto 1-2% agarose gels consisting of 10000× GelRed™ 

(Biotium). These were electrophoresed on the electrophoresis tank (Plaztek Scientific) containing 

0.5× TBE buffer and subjected to 100 V in a Bio-Rad Mini-Sub GT gel tool for one hour. Bands 

were visualized under UV light using the Eagle Eye II system (Stratagen).  A 2-log DNA ladder 

(0.1-10.0 kb, NEB) was included on the gel to allow for size comparisons. 

2.2.3.6. DNA sequencing 

BigDye™ Terminator v3.1 Cycle Sequencing kit (Applied Biosystems) was performed to 

sequence DNA plasmid with inserts as well as PCR products in a 20 µl reactions containing 2 µl 

BigDye reaction Mix, 3 µl BDT Sequencing Buffer, 10 ng/µl of either forward or reverse primer 

and 200 ng/µl of plasmid DNA or 20-50 ng/µl of PCR product. Then, sequencing mixture was 

incubated in Veriti™ 96-well Thermal Cycler (Applied Biosystems) using the following 

thermocycling conditions: 1 cycle of 96°C for 1 minute, followed by 25 cycles of 96°C for 10 

seconds, 50°C for 5 seconds, and 60°C for 4 minutes. Following the sequencing reaction, DyeEx 

96 Kit (Qiagen) was applied for removing dye terminators from the sequencing reaction, according 

to the manufacturer’s instructions. After air-drying, the samples were submitted to the Applied 

Genetic Diagnostics Laboratory, Department of Pathology, University of Melbourne, or 

Translational Genomics Unit, Murdoch Children’s Research Institute, for capillary electrophoresis 

analysis. 

2.2.4. Molecular cloning methods 

2.2.4.1. Bacterial culture conditions 

Bacterial cultures were grown in LB broth (10g bactro-tryptone, 5g bactro-yeast extract, 

10g NaCl up to 1L, pH7.0) supplemented with the antibiotic for selection purposes which will be 

specific for each bacteria. These cultures were routinely shaken at 300rpm, 37°C overnight. 
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2.2.4.2. Transformation of bacteria 

Chemically competent bacterial cells, E.coli DH10B (Thermo Fisher Scientific), were 

applied for the proliferation of plasmid DNA. Routinely, up to 100 ng plasmid DNA was mixed 

with 50 µl aliquots of DH10B cells and incubated on ice for 30 minutes, followed by heat-shocking 

in a water bath at 42°C for 45 seconds with shaking and immediate incubation on ice for 2 minutes. 

Cells were then diluted with 300 µl Super Optimal broth with Catabolite repression (SOC) medium 

or LB broth and incubated at 37°C with shaking for up to one hour. After that, the cell mixture 

was plated on selective agar plates, followed by incubating at 37°C overnight. 

2.2.4.3. Preparation of plasmid DNA 

To extract a high volume of plasmid DNA for screening colonies with ligated insert, one 

appropriate colony was removed from each agar plate and grown in 100 ml of LB medium 

supplemented with the antibiotic, specific for either plasmid at 37°C shaking at 300 rpm overnight. 

After centrifugation of 99 ml of culture at 5000 × g for 10 minutes, plasmid DNA was extracted 

from the cell pellet using PureYield™ Plasmid Midiprep System (Promega) as per manufacturer’s 

guideline.  DNA was eluted in 600 µl nuclease-free water and quantified by Nanodrop® ND-1000 

(Thermo Fisher Scientific) and stored at -20°C. For the long-term storage of the colonies with 

inserts, 700 µl of the remaining 1 ml of culture was mixed with 300 µl glycerol (Sigma-Aldrich) 

and stored at -80°C.  

2.2.4.4. Transfection of human induced pluripotent stem cells 

Transfection of hiPS cells was performed using the Neon® Transfection kit (Thermo 

Fisher Scientific) as per manufacturer’s instructions. Briefly, hiPS cells were cultured in MEFs-

coated plates, as mentioned in Section ‘2.2.2’. After reaching 80% confluency, cells were split 

with TryPLE, counted by Countess™ II Automated Cell Counter (Life Technologies) and re-

suspended in Buffer R at a final concentration of 1.0 × 107 cells/ml, followed by adding the 

required amount of each construct, which should not exceed more than 10% of total volume. 

Electroporation was performed by Neon® Transfection System machine (Thermo Fisher 

Scientific) in 100 µl tips with the following conditions: 1050 V, 30 ms, two pulses.  
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2.2.5. RNA-based methods 

2.2.5.1. RNA extraction 

RNA was extracted from cells using TRIzol. Briefly, TRIzol™ Reagent (Invitrogen, 1 

ml TRIzol per 10 cm2 culture dish) was added to the cells, followed by pipetting up and down 

several times to lyse the cells. After incubation for 10 minutes at room temperature, chloroform 

(Merck, 1:5 (v/v)) was added to the mixture. Then, the tube was vigorously shaken by hand for 15 

seconds, incubated at room temperature for 5 minutes, and centrifuged 12000 ×g for 15 minutes 

at 4°C. Subsequently, the aqueous phase of the mixture was carefully removed and transferred to 

a fresh microfuge tube containing glycogen (Roche, 20 µg/µl).  After adding isopropanol (Merck, 

1:1 (v/v)) to the suspension and incubation for 10 minutes at room temperature, samples were spun 

down 12000 ×g for 10 minutes at 4°C. The pellet was washed twice with 1 ml of 75% ethanol 

(Merck) and was centrifuged at no more than 7500 ×g for 10 minutes at 4°C, followed by removing 

any remaining ethanol and air-drying the pellets. Re-suspension of the pellet in an appropriate 

volume of RNase-free dH2O was the final step in RNA extraction. The concentration of RNA 

samples was calculated using a Nanodrop® ND-1000 spectrophotometer (Thermo Fisher 

Scientific). The RNA samples were then stored at -80oC for further analysis.  

2.2.5.2. RNA extraction by Direct-zol™ RNA MiniPrep Plus 

For RNAseq analysis, RNA was extracted from cells using a Direct-zol™ RNA MiniPrep 

Plus kit (Zymo Research) as per manufacturer’s instructions with some modifications. Briefly, 1 

ml TRIzol per 10 cm2 culture dish was added to the cells, followed by pipetting up and down 

several times to lyse the cells. After incubation for 10 minutes at room temperature, chloroform 

(Merck, 1:5 (v/v)) was added to the mixture. The tube was vigorously shaken by hand for 15 

seconds, incubated at room temperature for 5 minutes, and centrifuged 12000 ×g for 15 minutes 

at 4°C. An equal volume of absolute ethanol was added to the aqueous phase in a new microfuge 

tube, followed by transferring the mixture into a Zymo-spin™ IIC Column in a Collection Tube 

(Zymo Research) and spinning 15000 ×g for 30 seconds at room temperature. DNase I treatment 

was performed by washing the column through RNA Wash Buffer, adding an 80µl mixture of 

DNase I (6U/µl, Zymo Research) and DNA Digestion Buffer (75µl) and incubating at room 

temperature for 25 minutes. Subsequently, 400µl Direct-zol™ RNA PreWash was added to the 
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column and centrifuged 15000 ×g for 30 seconds at room temperature. The final wash step was 

carried out by adding 700µl RNA Wash Buffer to the column, spinning for 2 minutes, and 

transferring the column into an RNase-free tube. RNA was then eluted by adding 50µl of 

DNase/RNase-Free Water directly to the column filter and centrifuging 15000 ×g for one minute 

at room temperature. The RNA integrity was then assessed using a TapeStation 2200 (Agilent 

Technologies). 

2.2.5.3. Synthesis of cDNA  

QuantiTect® Reverse Transcription Kit (Qiagen) was used for cDNA synthesis from 

extracted RNA, according to the manufacturer’s instructions. In brief, 500ng-1000ng of RNA per 

sample was added to 2µL gDNA Wipeout buffer (Qiagen), followed by adding RNase-free water 

into the mixture to the final volume of 14µL. The mixture was incubated for 2 minutes at 42oC, 

then immediately placed on ice. A mixture of 4µL RT buffer (Qiagen), 1µL RT primer mix 

(Qiagen), and 1µL reverse transcriptase (Qiagen) was added into the RNA mixture, followed by 

incubation for 15 minutes at 42oC and 3 minutes at 95oC. The cDNA was stored at -20oC freezer. 

2.2.5.4. Quantitative PCR 

Quantitative PCR (qPCR) primers were designed using online Primer-Blast software at the 

National Centre for Biotechnology Information (https://www.ncbi.nlm.nih.gov/tools/primer-blast) 

and were purchased from Sigma-Aldrich. The sequence of qPCR primers used in this study can be 

found in Table 2-2. qPCR was performed using Brilliant III Ultra-Fast SYBR® Green QPCR 

Master Mix (Agilent Technologies) in a 10 µl reactions per well in a 384-well plate (4titude) 

containing 5 µl 2× SYBR Green Master Mix, 1 µl cDNA (totaling ~ 200 ng of cDNA) and 4 µl of 

1 µM primer stock (forward and reverse primers). Reactions were performed in technical triplicate 

to ensure reliability. To test the reagent contamination, non-template control was also included. 

After the preparation of qPCR plates by arraying cDNAs and gene-specific primers, they were 

sealed and spun 1000 rpm for 1 minute. Thermal cycling was conducted on LightCycler® 480 II 

(Roche), as follows: initial dissociation at 95°C for 5 minutes, followed by 45 cycles of 

amplification and SYBR signal detection (denaturation at 95°C for 10 seconds, annealing at 60°C 

for 10 seconds and extension at 72°C for 10 seconds), with a final series of steps to produce a 

melting curve at the end of each run. Serial dilutions of cDNA were used to produce a standard 

https://www.ncbi.nlm.nih.gov/tools/primer-blast
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curve for each reference and target gene.  qPCR data was collected using LightCycler® 480 SW 

1.5.1 software and exported into Microsoft Excel for analysis. To quantitate samples, the efficiency 

of the amplification curve of the target and reference gene was first calculated for each reaction as 

per the following formula: 

E = -1 + 10(-1/slop), ‘slope’ is the linear regression of the standard curve. 

There are several formulae used to analyze the qPCR data. The formula which we used in 

the project, is Mean Normalized Expressions (MNE) since this takes into consideration the real-

time efficiencies of both reference and target gene and offers information on relative gene 

expression: 

MNE =
(Ereference)CTreference,mean

(Etarget)CTtarget,mean
   , Ct (threshold cycle) is referred to the number of the 

fractional cycle required for the fluorescent signal, which reaches the threshold.  

Table 2-2: Primers for quantitative PCR; related to the present study. 
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2.2.5.5. RNA sequencing analysis 

Triplicate RNA samples were extracted from cultured human osteoblasts and OI26-M (mutant) 

and OI26-IC (isogenic control) micromasses at day 27 of osteogenic differentiation using Trizol 

and Direct-zol™ RNA MiniPrep Plus (see 2.2.5.2). RNA quality control, sequencing library 

preparation, and sequencing were done at the Genomics Centre, Murdoch Children’s Research 

Institute. The RNA integrity was assessed using a TapeStation 2200 (Agilent Technologies) then 

sequencing libraries prepared using Illumina’s TruSeq stranded total RNA protocol. Samples were 

sequenced using an Illumina NextSeq 500 sequencer. Transcript level abundances were quantified 

from the 75 bp paired end reads using Salmon v0.12.0 and the ENSEMBL GRCh38 version of the 

human transcriptome. Gene level counts were obtained using the tximport R package (Soneson et 

al. 2015). Genes that had expression levels of at least 1 count per million in at least three samples 

in the comparison were kept for further statistical analysis. The data were TMM normalized 

(Robinson and Oshlack 2010), and Voom transformed (Law et al. 2014). Differentially expressed 

genes were identified using the R Bioconductor limma package (Ritchie et al. 2015). Heatmaps 

were generated using the gplots and RColorBrewer packages. For canonical ER stress pathway 

analysis, the list of relevant DEGs up- or downregulated in OI26-M compared to OI26-IC were 

analyzed by Ingenuity Pathway Analysis (Ingenuity® Systems, www.ingenuity.com).  

2.2.6. Protein-based methods 

2.2.6.1. Fluorescent-activated cell sorting (FACS)  

Fluorescent-activated cell sorting (FACS) was performed on human cultured cells, as 

described elsewhere (Howden et al. 2016, Loh et al. 2016). Generally, the cells were harvested by 

TrypLE Express (Life Technologies), and washed with FACS buffer containing PBS (Invitrogen) 

and 3% FBS (GE Healthcare Life Sciences), followed by filtering the cells with FACS buffer 

through 5 ml Polystyrene Round-bottom Tube with Cell-Strainer Cap (Falcon) using 

centrifugation at 400 ×g, 4°C for 3 minutes.  The cells were re-suspended and stained in FACS 

buffer with a variety of cell and experiment-based surface marker antibodies, as listed in Table 2-

3. Subsequently, cells were washed twice in FACS buffer (1.5 mL/individual stain) and collected 

by centrifugation at 400 ×g, 4°C for 3 minutes. The washed cells were then re-suspended in 300 

µL FACS buffer containing propidium iodide (diluted 1/1000, Sigma-Aldrich) to assess cell 

http://www.ingenuity.com/
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viability and were analyzed on a FACSAria Fusion (BD Bioscience) by FACS Core Facility at 

Murdoch Children’s Research Institute. After analyzing 10000 events per sample by FACSDiva 

(Becton Dickinson) and gating the live cells based on forward and side scatter analysis, the positive 

cells for the desired cell surface markers were sorted as a single cell and plated on 96-well plates 

(ThermoFisher Scientific). When performing flow cytometry without cell sorting, all cell 

preparation steps were identical to those used for FACS, except that Analyzer LSRII or LSR 

Fortessa X-20 machines (BD Bioscience) were applied.  

2.2.6.2. Immunocytochemistry  

Immunostaining was performed on the cells according to previously published papers (Loh 

et al. 2016, Tchieu et al. 2017). Briefly, cells were washed three times with PBS and fixed in 4% 

paraformaldehyde (Sigma-Aldrich) in PBS for 20 minutes at room temperature, followed by 

washing with PBS three times. Cells were permeabilized using a solution containing 0.05% Triton 

X-100 (Sigma-Aldrich) in PBS for 10 minutes at 4°C and washed three times with PBS. Following 

permeabilization, the cells were incubated in blocking solution consisting of 3% bovine serum 

albumin (BSA, Sigma-Aldrich) in 0.1% PBST (PBS + Tween-20, Sigma-Aldrich)  for 30 minutes 

at room temperature and then stained overnight at 4°C with primary antibodies diluted in 1% BSA 

in 0.1% PBST. After washing the cells with PBS three times, they were stained with secondary 

antibodies diluted in 1% BSA in 0.1% PBST for one hour at RT, followed by washing three times 

with PBS. The cells were then stained with DAPI (1µg/ml in PBS) for 5 minutes to counterstain 

the nucleus and washed with PBS prior to visualizing by fluorescent microscopy (Olympus IX70).  

Images were captured using QCapture Pro software (version 5.0.0.26) and analyzed by ImageJ 

software (Schindelin et al. 2012). Primary and secondary antibodies used for immunostaining were 

listed in Table 2-3.  
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Table 2-3: Antibodies used for flow cytometry and Immunostaining.  

Antibody  Company  Catalogue 

number/Clone 

number 

Dilution  Specificity    

Flow cytometry 
FITC Mouse 

IgG1 κ Isotype 

Control 

BD Pharmingen 555748/MOPC-21 1/100 Negative control 

APC Mouse 

IgG1 κ Isotype 

Control 

BD Pharmingen 555751/MOPC-21 1/100 Negative control 

Brilliant Violet 

421 Mouse IgG1 

κ Isotype 

Control 

BioLegend 400157/ MOPC-21 1/100 Negative control 

PE Mouse IgG1 

κ Isotype 

Control 

BioLegend 400112/MOPC-21 1/100 Negative control 

PE/Cy7 Mouse 

IgG1 κ Isotype 

Control 

BioLegend 400126/MOPC-21 1/100 Negative control 

Alex Fluor 647 

Mouse IgM κ 

Isotype Control 

BioLegend 401618/MM-30 1/100 Negative control 

FITC anti-

human CD9 

antibody 

BD Pharmingen 555371/M-L13 1/20 Pluripotency marker 

APC anti-

human CD324 

(E-Cadherin) 

antibody 

BioLegend 324107/67A4 1/40 Early Endoderm marker 

PE anti-human 

CD13 antibody 

Invitrogen  MHCD1304/TUK1 1/40 Early mesoderm marker 

PE/Cy7 anti-

human CD184 

(CXCR4)  

antibody 

BioLegend 306514/12G5 1/40 Endoderm marker 

PE/Cy7 anti-

human CD326 

(EpCAM)  

antibody 

BioLegend 324222/9C4 1/100 Pluripotency/endoderm 

marker 

Alex Fluor 647 

anti-human 

BioLegend 330706/TRA-1-81 1/50 Endoderm marker 
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TRA-1-81 

antibody 

Brilliant Violet 

421 anti-human 

CD326 

(EpCAM)  

antibody 

BioLegend 324220/9C4 1/50 Pluripotency/Endoderm 

marker  

PE anti-human 

CD34  antibody 

BioLegend 343515/581 1/40 Blood Mesoderm 

marker 

Brilliant Violet 

421 anti-human 

CD45 antibody 

BioLegend 304032/H130 1/40 Blood Mesoderm 

marker 

 

Immunocytochemistry  
Goat anti-

SOX17 

R&D Systems AF1924 1/500 Endoderm marker 

Mouse anti-

NANOG 

eBiosience 14576980/h.NANOG.1 1/200 Pluripotency marker 

Rabbit anti- 

OCT-4A 

Cell Signaling 

Technology 

C30A3 1/400 Pluripotency marker 

APC anti-

human CD326 

(EpCAM)  

antibody 

BioLegend 324208/9C4 1/50 Pluripotency marker  

Mouse anti-

Nestin 

Millipore MAB5326 1/300 Ectoderm marker 

Mouse anti-

SOX2 

R&D systems MAB2018 1/300 Ectoderm marker 

Mouse anti-

PAX6 

DSHB Pax6  1/300 Ectoderm marker 

AlexaFluor 

Donkey anti-

Mouse 594  

Life 

Technologies 

A21203 1/1000 Secondary antibody 

AlexaFluor 

Donkey anti-

Goat 647 

Invitrogen A21447 1/1000 Secondary antibody 

AlexaFluor 

Goat anti-

Rabbit 488 

Life 

Technologies 

A11008 1/1000 Secondary antibody 

AlexaFluor 

Donkey anti-

Rabbit 488 

Life 

Technologies 

A21206 1/1000 Secondary antibody 

Immunohistochemistry   
Polyclonal anti-

Rabbit LF-67 

(Fisher et al. 

1995) 

 1/500 Type I collagen 

telopeptide-specific 

Goat anti-

Grp94 

ThermoFisher 

Scientific 

PA5-18534 1/150 ER-specific  

AlexaFluor 

Donkey anti-

Rabbit 488 

Life 

Technologies 

A21206 1/200 Secondary antibody 

AlexaFluor 

Donkey anti-

Goat 594  

Abcam A21203 1/200 Secondary antibody 
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2.2.7. Cell staining methods 

2.2.7.1. Alizarin Red staining and quantification  

Alizarin Red staining procedure was performed to detect calcium deposits during the 

osteogenic differentiation process. In brief, the cell cultures were washed twice with PBS and fixed 

in 1× Confix Green (Australian Biostain) for one hour at room temperature. Following wash with 

sterile water, 2% Alizarin Red solution (2gr Alizarin Red S in MQ water, pH 4.1-4.3) was added 

on the cells for 20 minutes at room temperature. Then, the cells were washed several times with 

sterile water to remove background, followed by an evaluation of calcium deposit under an 

inverted microscope. To quantify alizarin red staining, 800µl of 10% glacial acetic acid (Merck) 

was added to each well of the 6-well plate (ThermoFisher Scientific) for 30 minutes incubation 

with shaking at room temperature. The cell layer was then scraped from the plate and transferred 

with acetic acid to a 1.5µl microfuge tube, followed by 30 seconds vortex. The tube was sealed by 

paraffin, heated to 85°C for 10 minutes, and immediately transferred to the ice for 5 minutes. After 

spinning at 20,000g for 15 minutes and removing 500µl of supernatant into the fresh tube, 200µl 

10% ammonium hydroxide was added to the supernatant in order to neutralize the acid. Finally, 

150µl aliquots of neutralized supernatant were read in triplicate at 405 nm in clear V-bottom 96-

well plate (Greiner Bio-One) (Gregory et al. 2004). 

2.2.8. Statistical analysis  

The p values for qPCR and alizarin red semi-quantification were calculated by multiple t-

test analysis in GraphPad Prism v7.0. p < 0.05 was considered statistically significant. Statistics 

for RNA-seq analysis was conducted by built-in algorithms of the packages applied. 
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3. Generating osteogenesis imperfecta patient iPS cells with COL1A1 C-

propeptide mutations and isogenic controls 

3.1. Introduction 

This chapter aimed to generate OI26 and OI64 heterozygous mutant (Figure 1-12) human 

induced pluripotent stem cell lines and the related isogenic controls, which will be used to reveal 

the molecular pathology of the disease. To achieve this goal, we used the CRISPR-Cas9 gene 

editing methodologies.  

The CRISPR-associated Cas9 genome editing system is derived from a prokaryotic 

adaptive immune response to phages or plasmids (Makarova et al. 2006). About 20 nucleotides of 

heterologous DNA of phage, called spacer, is taken and inserted into the prokaryotic genome to 

elongate the CRISPR cassette. The well-known system used for genome editing is the type II 

CRISPR in which DNA will be digested by the interaction of crRNA (CRISPR RNA) generated 

from the spacer, tracrRNA (trans-activating CRISPR RNA) involving in the formation of mature 

crRNA, and CRISPR-associated endonuclease or Cas9 protein. This system cuts DNA proto-

spacer, which corresponds to the spacer with a small triplet motif called PAM (proto-spacer 

adjacent motif). The PAM motif is an essential part of the CRISPR/Cas9 system for choosing a 

site of cleavage and distinguishing between the native sequence of DNA spacer and the 

heterologous protospacer sequence (Figure 3-1). For instance, Cas9 in Streptococcus pyogenes 

system recognizes a target sequence of 23 nucleotides containing 20 bases of a guide sequence 

(crRNA or protospacer) and three bases of PAM motifs (5’-NGG-3’ or 5’-NAG-3’, Figure3-1) 

(Agrotis and Ketteler 2015). The resulting DNA break introduced by Cas9 activity triggers the 

eukaryotic repair system containing the non-homologous end-joining pathway (NHEJ) or 

homology-directed repair (HDR) (Figure 3-1). While the NHEJ has DNA repair activity during 

G1, S and G2 phases of the cell cycle and plays a crucial role in generating  the variable insertions 

and deletions (indels) which can reduce the rate of knock-in process, the HDR pathway results in 

accurate repair through the site-specific integration of exogenous DNA template into the genome 

and is limited to the S and G2 phases of cell cycle (Figure 3-1).  

In addition to the conventional CRISPR-Cas9 method, there is an important recently 

published protocol demonstrating a new approach to decrease the rate of indel mutation during the 
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cell repair system (Gutschner et al. 2016). This method comes from the fact that APC/Cdh1 

complex as the main cell cycle- controlling E3 ubiquitin ligase promotes the ubiquitination and 

the following degradation of various proteins such as Geminin, the replication initiating factor, 

during the late M and G1 phases of the cell cycle. Therefore, fusing the nuclear localization motif 

of Geminin to Cas9 converts it into a substrate of the APC/Cdh1 complex and controls the Cas9 

activity in a cell-cycle dependent temporal manner (Gutschner et al. 2016, Howden et al. 2016). 

The OI26 mutation was introduced into the control iPS cell line (OI26-IC, Table 3-2) by this Cas9-

Gem gene targeting approach (Hosseini Far et al. 2019) (Figure 3-2).  The OI64 mutant and 

isogenic control were produced using a different approach through simultaneous reprogramming 

and conventional CRISPR/Cas9 genome editing because fibroblasts were available from this 

patient (Howden et al. 2019). 

3.2. Specific methods 

3.2.1. Designing gRNA, repair template, and primers 

Guide RNA (gRNA) is a short (~20 nucleotides) synthetic RNA that is bound to target 

sequence in genome and is identified by Cas9 for further genome editing. As the optimal gRNA 

design is important for successful genome editing, there are a variety of web-based tools available 

for designing gRNA. In the present study, E-CRISP. Version 5.3 (http://www.e-crisp.org/E-

CRISP) will be used to design the gRNA through inputting the exon 49 DNA sequence of COL1A1 

and opting three-nucleotide NGG as a PAM motif, necessary for Cas9 activity. The design tool 

outputs a collection of candidate gRNAs with corresponding predicted off-target sites. The best 

gRNA is selected from this list based on the highest score, the least base mismatches, and the 

proximity of gRNA to the mutation site. The top and bottom gRNAs for introducing OI26 mutation 

binds in the region containing the mutation site. gRNA sequences were listed in Table 3-1 and 

ordered from www.sigmaaldrich.com. The top and bottom gRNAs have been annealed to each 

other (50 µM each) by 10× oligo annealing buffer, containing 100mM Tris/HCl (pH 8), 10mM 

EDTA and 1M NaCl, and incubation 95°C for 5 minutes, followed by 10 minutes at room 

temperature. Then, the annealed gRNA has been stored at -20°C freezer. 

 

http://www.e-crisp.org/E-CRISP
http://www.e-crisp.org/E-CRISP
http://www.sigmaaldrich.com/
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Figure 3-1: The mechanism of genome editing using the CRISPR/Cas9 system.  

Cas9 protein recognizes the PAM motif and crRNA bound to target DNA and induces double-

stranded DNA break which triggers host-mediated DNA repair mechanisms including non-

homologous end joining (NHEJ)-mediated repair or homology-directed repair (HDR) (Agrotis and 

Ketteler 2015). 
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Figure 3-2: Schematic diagram of Cas-9 genome editing to produce the OI mutations.   

Cas9 mediates DNA cleavage through the attachment of gRNA to the target sequence and the 

identification of the PAM motif. The resulting double-stranded break trigger host-mediated DNA 

repair mechanisms, including homology-directed repair using a double-stranded repair template 

(1000 bp) containing two homology arms, the OI26 mutation and nine synonymous base 

substitutions (green letters) which is specific for mutant allele compared to the wild-type allele. 

Finally, the heterozygous OI26 mutation will be detectable in some cells by PCR screening and 

DNA sequencing. 
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GeneBlock double-stranded oligonucleotide repair template, so-called homology-directed 

repair (HDR or repair template), has been designed in SnapGene®. Version 4.0.5 tool and 

purchased from Integrated DNA Technologies. The designed HDR template contains two 

homology arms which are necessary for recombination process in homology-directed repair, and 

encompass the altered nucleotide sequence in the middle including the mutation and nine 

synonymous variations which are critical for screening the mutant allele versus wild-type one, and 

for minimizing the possibility of Cas9 re-cutting after homologous recombination.  The complete 

sequence of the HDR template for OI26 and OI64 mutations can be found in Appendix 3.  

For PCR screening of all generated cell lines, reverse primers specific for mutant and wild-

type allele, and forward primer, which is bound to a sequence outside the repair template, and for 

DNA sequencing, forward and reverse primers surrounding the mutation site have been designed 

in SnapGene®. Version 4.0.5 tool and ordered from www.sigmaaldrich.com (Table 3-1).     

 

Table 3-1: gRNA sequence, and primers used for PCR screening and sequencing of OI26 

and OI64 clones.  

Primers names Sequence (5’        3’) 

gRNA (Top) for OI26 CACCGACAAGAGGCATGTCTGGTT 

gRNA (Bottom) for OI26 AAACAACCAGACATGCCTCTTGTC 

gRNA (Top) for OI64 GCTGATGTACCAGTTCTTCT 

gRNA (Bottom) for OI64 AGAAGAACTGGTACATCAGC 

M13 Forward GTAAAACGACGGCCAGTG 

M13 Reverse AGCGGATAACAATTTCACAC 

U6 Primer GGGCAGGAAGAGGGCCTAT 

Primer rev1 (specific for mutant) CTCGTCTGACTAAACAGTGTCGT 

Primer rev2 (specific for wild 

type) 

TCTCGCCGAACCAGACATGCCTC 

Primer Fwd1 CTGGTTTCGACTTCAGCTTCCTG 

Primer Rev5 TCGGCGCGGATCTCGATCTCGTT 

Primer Fwd2 GATGTGCCACTCTGACTGGAAG 

Primer Rev4 CTGTGTCTGAACCACTATCAGGG 

  

http://www.sigmaaldrich.com/
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3.2.2. Plasmids used for molecular cloning  

pSMART-sgRNA (Lucigen), pUC19 (Addgene), and pDNR-SPCas9-Gem (Addgene) 

were commercially available (For details, see their maps in Appendix 4). The important expression 

vector to screen the accuracy of electroporation is called pEFBOS_GFP (Gift from Prof. Ed 

Stanley at Murdoch Children’s Research Institute) which is a 6.2 Kb pUC-based plasmid with one 

origin of replication, the gene encoding green fluorescent protein (GFP), and EF1α promoter 

(Appendix 4). 

3.2.3. In vitro transcription of pDNR-SPCas9-Gem  

To generate the polyadenylated and capped Cas9-Gem mRNA, the mMESSAGE 

mMACHINE T7 ULTRA transcription kit (Thermo Fisher) was used according to the 

manufacturer’s instructions. It should be noted that restriction endonuclease PmeI (NEB) was 

applied to linearize the vector prior to transcription.  

3.2.4. Restriction digests 

Restriction endonuclease digests of plasmid DNA to linearize the templates for ligation 

of gRNA and HDR template was carried out in a 100 µl reaction containing 20 units of BbsI (NEB) 

for cutting pSMART-sgRNA and SmaI (NEB) for linearization of pUC19, 10 µl of corresponding 

buffer and 5 µg of each plasmid DNA, followed by incubation of digests at 37°C overnight. The 

digests were loaded onto 1% agarose gel, and DNA bands with the suitable size were excised from 

the gel under UV trans-illuminator by a sterile scalpel and placed into a 1.5 ml microfuge tube. 

DNA was extracted from the agarose gel through the QIAquick gel purification kit (Qiagen), eluted 

in 50 µl of MQ water and quantified by Nanodrop® ND-1000 (Thermo Fisher Scientific). 

To screen for the accuracy of ligation of gRNA in pSMART-sgRNA after midi 

preparation of plasmid DNA, double digestion was performed in a 20 µl reaction containing 1 unit 

of ApaI (NEB), 2 µl of 10× Cut Smart buffer (NEB) and 1 µg of plasmid DNA which were 

incubated at 25°C for an hour, followed by adding 1 unit of BbsI (NEB) and incubating at 37°C 

for one more hour.  
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Double digestion was used in screening for the presence of ligated HDR in pUC19 after 

midi preparation of plasmid DNA in a 20 µl mixture including 1 unit of EcoRI (NEB) and XbaI 

(NEB), 1 µl of 10× NEB buffer 3.1 and 1 µg of plasmid DNA. Samples were digested at 37°C for 

3 hours and electrophoresed on 1% agarose gel for one hour to detect the inserts. 

3.2.5. Ligations  

Plasmids were routinely ligated to insert DNA at a molar ratio of 3:1 (insert:vector), in a 

20 µl reaction containing 10 µl of 2× Quick ligase buffer and 1 µl Quick ligase (NEB), followed 

by incubation of mixture at room temperature for 5 minutes before transformation into bacterial 

cultures. 

3.2.6. Transfection of human induced pluripotent stem cells and fibroblasts 

To generate OI26 hiPS cell line, transfection of OI26-IC hiPS cell line (Table 3-2) (Vlahos 

et al. 2018) was performed using Neon® Transfection kit (Thermo Fisher Scientific), as mentioned 

in Section 2.2.4.4, by adding 90µl of the cell suspension (~1×106 cells) to a microtube containing 

5µg Cas9-Gem mRNA, 5µg pUC19+HDR, 2µg pSMART+gRNA, and 0.2 µg pEFBOS_GFP 

(Hosseini Far et al. 2019) (Figure 3-3A). The electroporated cells were immediately plated on the 

MEFs-coated 6-cm dishes (ThermoFisher Scientific) containing hiPS media and Rock inhibitor 

(diluted 1/1000, Stem Cell Technology) for three days at 37°C, 5% CO2. After 72-hour cell culture, 

fluorescent activated cell sorting (Section 2.6.1) was performed on the prepared cells using GFP 

and brilliant violet 421 conjugated anti-human CD326 (EpCAM) (Biolegend, catalog number # 

324219, diluted 1:30) to detect double positive cells for these two markers. It was assumed that 

the level of GFP expression reaches the maximum in the transfected cells within three days after 

electroporation (de Los Milagros Bassani Molinas et al. 2014), which could be effective on cell 

sorting. Moreover, EpCAM is considered as a stem cell surface marker with high and selective 

expression in iPS cells (Kuan et al. 2017). According to FACS data, GFP+EpCAM+ single cel1s 

were sorted and plated in MEFs-coated 96-well plates (ThermoFisher Scientific) to reach 

confluency prior to detecting and confirming the correct OI26 heterozygous clones (Figure 3-3B). 

To find OI26 heterozygous clones, each confluent single clone was split and re-plated on two 
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separate wells of 96-well plate: one for maintaining the low density of single clones on culture 

media and the other for PCR screening with high-density cells (Figure 3-3C). 

To generate OI64 mutant and isogenic control hiPSC lines from OI64 patient’s fibroblasts 

using simultaneous reprogramming and gene targeting, according to the previously published 

paper (Howden et al. 2019, Howden et al. 2015). Roughly 1×106 of TryPLE-harvested OI64 

fibroblasts was transfected by Neon® Transfection kit (Thermo Fisher Scientific) and 100 µl 

Neon® Tip (ThermoFisher Scientific) using 2µg of each episomal reprogramming vectors (pEP4 

E02S ET2K, pEP4 E02S EN2L, pEP4 E02S EM2K and pSimple-miR302/367), 1.5µg pSMART-

COL1A1sgRNA, 5µg SpCas9 mRNA and 5µg EBNA1 mRNA, which improves transfection of 

reprogramming plasmids. Following electroporation, cells were transferred into a single 10-cm 

Matrigel-coated plate (ThermoFisher Scientific) and cultured in fibroblast medium until 4 days 

after transfection. Then the medium was switched to E7 medium (ThermoFisher Scientific) 

supplemented with 100mM sodium butyrate and changed every second day, as described 

previously (Chen G. et al. 2011). Following the appearance of the first iPSC colonies at day 14, 

sodium butyrate was removed from the medium. Allele-specific PCR and sequencing were used 

to identify targeted corrected clones and mutant uncorrected clones. 

3.2.7. Allele-specific sequencing 

When screening the heterozygous clones with frameshift mutation, normal sequencing 

procedure led to messy results from the mutation site to the end. To prevent this, PCR reaction 

was performed by forward and reverse primer across the mutation site, as mentioned in Section 

2.3.4. Then, TOPO® TA Cloning® Kit for sequencing (Life Technologies) was applied to ligate 

the PCR products in a specific vector and transfer them into competent cells, as per the 

manufacturer’s recommendations. After culturing bacterial cells, as mentioned in Section 2.4.2, 

colony PCR was carried out for 10 random colonies with commercial M13 forward and reverse 

primers corresponding with the sequences in TOPO vector, followed by running PCR products on 

the gel to check the accuracy of the ligation reaction. The resulted PCR products were prepared 

and sent for sequencing, according to Section 2.3.6. 
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Figure 3-3: A workflow of generating OI26 heterozygous cell lines from the 

transfection step and single cell sorting to screening and maintaining.  

A) Electroporation of pSMART+gRNA (red spiral lines), pUC19+GeneBlock repair 

template (purple spiral lines), and pEFBOS_GFP plasmid (green spiral lines) as well as 

Cas9-Gem (orange spiral lines) into OI26-IC iPS cell line (blue circles). B) Sorting 

GFP+EpCAM+ iPS cells (green circles) on the third day after transfection. C) Splitting 

the confluent single clones into two parts: two-third for PCR screening and DNA 

screening, and one third for maintaining culture until revealing the correct heterozygous 

OI26 clones (purple-blue circles). D) The confirmed heterozygous clones were 

distinguished from maintenance plates, expanded and stored at liquid nitrogen.  
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3.2.8. Single nucleotide polymorphism (SNP) array analysis 

To check possible chromosome abnormalities, the targeted clones were cultured 

in T-25 flasks (ThermoFisher Scientific) to reach the 80% confluency and harvested by 

EDTA solution. Subsequently, the cell pellet was sent to Victorian Clinical Genetics 

Service (VCGS, Murdoch Children’s Research Institute) for SNP analysis via Illumina 

Infinium CoreExome-24 v1.1 with 0.5 Mb resolution. The gene-edited cell lines were 

also compared to the corresponding parental lines using SNPduo 

(http://pevsnerlab.kennedykrieger.org/SNPduo). 

3.2.9. In vitro differentiation potential of IPS 

The potential of hiPS cell lines into three main germ lines; endoderm, ectoderm, 

and mesoderm, was evaluated by three separate in vitro differentiation protocols. The 

endoderm differentiation protocol was modified from Loh and colleagues (Loh et al. 

2014). In brief, iPSCs were split onto 24-well plate (ThermoFisher Scientific) in feeder-

free condition with Essential 8 media or in feeder dependent condition with hiPS media 

and low-density MEFs to give around 20% confluency on the day before the start of 

differentiation. On the day of differentiation, media was changed to either Essential 6 

media (E6 media, ThermoFisher) or APEL media containing 100ng/ml Activin A (R&D 

Systems), 2 µM CHIR (Tocris Bioscience) and 50nM PIk90 (EMD Millipore). After the 

first day of differentiation, the media was changed to E6 media with 100ng/ml Activin A 

and 1µM LDN193189 (Cayman Chemical). Subsequently, media change was performed 

every day with the same ingredients as Day 1 media until the completion of differentiation 

at day 5. The differentiated cells in some wells were harvested and collected for flow 

cytometry, as described in Section 2.6.1 with endoderm-specific surface markers such as 

CXCR4 and EpCAM (as listed in Table 2-3), and the other wells, at least one well per 

cell line, was fixed by 4% paraformaldehyde and prepared for immunocytochemistry 

(Section 2.6.2) with SOX17 (Table 2-3), endoderm-specific primary antibody.  

Neuroectoderm differentiation protocol was assessed using a recently published 

protocol (Tchieu et al. 2017). Briefly, 70-80% confluent iPS cells were split on Matrigel-

coated 24-well plates (ThermoFisher Scientific) at a concentration of 2.5-3.0 × 105 cells 

per cm2 with Essential E8 containing 10mM ROCK inhibitor on the day before the start 

http://pevsnerlab.kennedykrieger.org/SNPduo
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of differentiation. On Day 0, iPS cells should be in a high-density monolayer. Following 

one PBS wash, APEL media containing 500nM LDN 193189 (Cayman Chemical), 

10mM A8301 (Tocris Bioscience), and 5mM C59 (Tocris Bioscience) was added to the 

cells for three days (0-72 hours) with everyday media change. After 72 hours of starting 

differentiation, C59 was removed from new-made media, and treating cells continued 

with 500nM LDN 193189, 10mM A8301 from Day 3 to Day 12. It should be noted that 

media was changed every other day until the end of the differentiation on Day 12. To 

check the neuroectoderm markers such as PAX6, Nestin, and SOX2, the differentiated 

cells at Day 10 were split and re-plated on 48-well plates (ThermoFisher Scientific) for 

immunostaining. After two days on differentiation media, cells were washed with PBS 

three times and fixed by 4% paraformaldehyde and prepared for immunocytochemistry. 

It should be noted that if the cell lines have been adapted in feeder dependent condition, 

MEF-coated plates and hiPS media was used prior to initiating ectoderm differentiation. 

The mesoderm differentiation protocol was modified from Ng and her colleagues 

(Ng et al. 2016).  Differentiation of hiPS cell lines was performed through the swirl 

embryoid body (EB) method in APEL medium supplemented with 10 ng/ml FGF2 

(PeproTech), 25 ng/ml vascular endothelial growth factor (VEGF, PeproTech), 25 ng/ml 

stem cell factor (SCF, PeproTech), 20 ng/ml bone morphogenetic protein 4 (BMP4, R&D 

Systems) and 10 ng/ml Activin A (R&D Systems) for the first 4 days. Subsequently,  the 

differentiation medium on the swirl EBs was switched to APEL medium containing 30 

ng/ml insulin-like growth factor 2 (IGF2, PeproTech), 10 ng/ml FGF2, 50 ng/ml VEGF, 

20 ng/ml BMP4 and 50 ng/ml SCF. On day 8 , EBs were moved onto Matrigel-coated, 6-

well plates (ThermoFisher Scientific) in APEL medium including 50 ng/ml VEGF, 100 

ng/ml SCF, 50 ng/ml interleukin (IL)-3 (PeproTech), 25 ng/ml IL-6 (PeproTech), 25 

ng/ml thrombopoietin (TPO, Peprotech), 25 ng/ml FLT3 receptor ligand (FLT3L, 

PeproTech), 3 U/ml erythropoietin (EPO, PeproTech), 10 ng/ml FGF2, 50 ng/ml SCF and 

20 ng/ml insulin-like growth factor 2 (IGF2, PeproTech). The medium was changed every 

three days thereafter. For FACS analysis, on day 22, the EBs were dissociated into a 

single-cell suspension using and Collagenase type I (Worthington). 
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3.3. Results 

3.3.1. Generating OI26 induced pluripotent stem cell line 

We initially applied a conventional CRISPR/Cas9 method to introduce the OI26 mutation 

in the control hiPS cell line. After the transfection of hiPS cells using pSPCas9-2A-BB-

GFP+gRNA and pUC19+repair template constructs, 48 single GFP positive clones were 

sorted. PCR screening indicated that ~15% of total clones were heterozygous for this 

mutation (data not shown). However, sequencing revealed that while this targeting 

method introduced the OI26 mutation in one allele, it resulted in a single base deletion on 

the other allele (data not shown). Thus, we applied the Cas9-Gem approach to introduce 

a heterozygous OI26 mutation in the COL1A1 gene in a control hiPS cell line (Hosseini 

Far et al. 2019). 

3.3.1.1. Validation of gRNA and repair template constructs  

Double digestion of pSMART constructs revealed that one out of eight DNA 

constructs possibly contained gRNA insert (Figure 3-4A and B). To verify the presence 

of gRNA insert in the pSMART plasmid, the DNA plasmid was sequenced using the U6-

forward primer. As shown in Figure 3-4C, the sequencing confirmed that the gRNA 

sequence has been inserted in the pSMART-sgRNA plasmid. Moreover, five out of six 

pUC19 constructs appeared to have a repair template, as they indicated two bands on the 

gel after double digestion (Figure 3-4D and E). To confirm the data, all five plasmid DNA 

extracts have been sequenced through M13 forward and reverse primers. An example of 

sequencing results has been shown in Figure 3-4F, indicating the insertion of the HDR 

template containing OI26 mutation and nine synonymous alterations in the pUC19 

plasmid.  

3.3.1.2. Screening transfected OI26-IC cell line to detect OI26 heterozygous cells  

OI26-IC cell line was transfected and single cell sorted, as described in 3.2.14. FACS 

results revealed that 12% of transfected cells express both GFP and EpCAM markers, 

resulting in sorting 304 single cell clones (Figure 3-3B). PCR screening was performed 

on DNA extracted from 304 confluent individual clones using allele-specific reverse 

primers and the same forward primer for both mutant and wild-type alleles. Importantly,  
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Figure 3-4: Generation of gRNA and homology-directed repair template constructs. 

A) Overview of plasmid maps of pSMART+gRNA. B) The detection of one 2219bp-

band (orange arrow) on the gel using double digestion method, indicating gRNA insertion 

in the pSMART plasmid (DNA ladder: 0.1-10kb). C) DNA sequencing to validate the 

gRNA insertion of samples from Lane 9 (orange arrow). D) The plasmid map of pUC19 

with a 1000 bp-double stranded HDR template (red block). E) Double digestion of 

pUC19+HDR leads to the detection of two bands on the gel in the position of 1000 bp 

and 2686 bp providing the insertion of the HDR template (blue arrows). F) DNA 

sequencing to validate the accuracy of HDR insertions of samples from Lane 1 on the gel. 

Green and red arrowheads show synonymous alterations and the mutation, respectively. 

Refer to Appendix 4 to see the map of the pUC19 and pSMART plasmid in more detail. 
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forward primer (Fwd 1, Table 3-1) was designed so that it binds to DNA sequence out of 

the inserted HDR template to ensure PCR would correctly amplify both mutant and wild-

type alleles. Moreover, as mentioned earlier, this template contains nine synonymous 

mutations which are specific for the mutant allele, since 3’OH of designed mutant-

specific reverse primer is not able to bind to wild-type allele at all, and vice versa (Figure 

3-5A). After running PCR products on the 2% agarose gel, mutant-specific bands were 

observed in 12 of 304 clones (4%) analyzed from which 7 clones (2.3% of total clones 

analyzed) also showed wild-type specific bands on the gel. In other words, about 60% of 

targeted clones were possibly heterozygous mutants, and the remaining could be 

homozygous for the OI26 mutation (Figure 3-5A). Their DNA sequence across OI26 

mutation was assessed regarding the existence of indel mutation affected by NHEJ 

activity within the Cas9 cutting site. Therefore, sequencing was carried out for the 

possible heterozygous PCR products amplified by forward and reverse primer across the 

mutation (Fwd 2 and Rev 4, see primers sequence in Table 3-1). Sequencing data 

demonstrated while homologous recombination has occurred in one allele of two 

heterozygous clones without any indel mutation in another allele, the remaining five 

heterozygous clones included one indel mutation in one allele despite successful targeting 

on the other allele. To confirm the sequencing above, PCR products from two 

heterozygous cell lines were sub-cloned by TOPO cloning method to sequence each allele 

separately. As shown in Figure 3-5B, nine synonymous modifications are detectable in 

the mutant sequence which do not make any changes in amino acid sequence between 

mutant and wild-type alleles. However, insertion of T (OI26 mutation) in the mutant allele 

led to a frameshift mutation and alterations of amino acid sequence from the site of 

mutation to the end compared to the wild-type allele. 

3.3.2. Generating OI64 iPSCs and gene-corrected isogenic control iPSC 

The OI64 iPS line (OI64-M) was generated by iPS Core Facility (Murdoch Children’s 

Research Institute, Melbourne, Australia) from patient fibroblasts, using episomal 

reprogramming plasmids containing four important reprogramming factors c-MYC, 

SOX2, KLF4, and OCT4 (Howden et al. 2019). To generate OI64 isogenic control (OI64-

IC), simultaneous reprogramming, and transfection with conventional CRISPR/Cas9 

genome editing reagents were used (Howden et al. 2019, Howden et al. 2016). Episomal  
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Figure 3-5: PCR screening and allele-specific sequencing to detect OI26 mutant 

clones. 

 A) PCR results indicated heterozygosity for OI26 mutation in seven clones (green 

double-headed arrows on the gel) and homozygosity in five clones (red arrows on the 

gel). B) The DNA sequencing of two heterozygous clones revealed frameshift mutation 

leading to alterations in DNA and amino acid sequence from the site of mutation (red 

letter) compared to the wild-type sequence. Nine synonymous mutations (green letter) in 

the mutant allele are detectable, coding the same amino acid residues as wild-type allele. 
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reprogramming plasmids, in vitro transcribed mRNA encoding SpCas9,  a plasmid 

encoding a COL1A1-specific gRNA, and a single-stranded oligodeoxynucleotide (ODN), 

containing four synonymous alterations and one correction site, for HDR of the patient-

specific mutation were co-transfected into patient fibroblasts. After isolation and 

expansion of individual iPSC colonies, PCR screening was performed using a primer that 

covers the 3 bp synonymous change in the HDR repair template (Figure 3-6A). Gene-

corrected iPSCs were also confirmed by Sanger sequencing of amplicons generated using 

primers that bind within the COL1A1 gene but outside of the repair ODN. This analysis 

revealed that the gene-corrected iPSC clone obtained from this experiment had undergone 

biallelic HDR as specified by homozygous insertion of the one bp synonymous change 

(Fig. 3-6B). 

3.3.3. Characterization of OI26-M, OI64-IC, and OI64-M iPS cell lines 

Following the generation of OI26-M, OI64-IC, and OI64-M cell lines (Table 3-2), they 

were characterized according to scientific guidelines published in the Stem Cell Research 

Journal (https://www.journals.elsevier.com/stem-cell-research/lab-resources/scientific-

guidelines-for-lab-resources).  The pluripotency content of these cells was validated by 

both qualitative and quantitative analyses. Moreover, their ability to differentiate into 

ectodermal, endodermal, and mesodermal lineages was evaluated through the expression 

analysis of a variety of specific markers for each germline. It should be noted that all 

characterization procedures had been successfully performed on OI26-IC (Table 3-2) as 

parental cell line of OI26-M clone and published by iPS Core Lab (Murdoch Children’s 

Research Institute, Melbourne, Australia) (Vlahos et al. 2018). We also published two 

papers describing the generation and characterization of OI26-M (Appendix 1), OI64-M, 

and OI64-IC (Appendix 2) hiPSC-lines (Hosseini Far et al. 2019, Howden et al. 2019). 

To check chromosome integrity, all generated clones were checked by SNP array 

analysis. The SNP report confirmed that there were no chromosome abnormalities in 

these clones (Appendix 5). Moreover, to ensure that there is no mycoplasma 

contamination, the supernatant of the confluent cell culture for each clone were 

mycoplasma tested. Appendix 6 shows negative mycoplasma test results.  

 

https://www.journals.elsevier.com/stem-cell-research/lab-resources/scientific-guidelines-for-lab-resources
https://www.journals.elsevier.com/stem-cell-research/lab-resources/scientific-guidelines-for-lab-resources
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Figure 3-6: Generation of OI64 isogenic control cell line by CRISPR-Cas9 method.  

A) Overview of targeting exon 49 of COL1A1 to generate isogenic control iPS cell line 

from OI64 fibroblasts using sgRNA (yellow highlight) and one 195 bp single-stranded 

repair template containing four synonymous alterations (green letter) and correction site 

(red letter). B) Confirmation of gene-corrected (OI64-IC) and mutant heterozygous iPS 

clones (OI64-M) by sequencing. Orange colored ‘X’ indicates tryptophan and cysteine 

residues in OI64 heterozygous cells.    
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Table 3-2: Induced pluripotent stem cell (iPS) cell lines used in the present study. IC, isogenic control; M, mutant. 

Generated iPS 

cell line 

Cell line 

name in this 

study 

Parental cell 

line 

Mutation Affected 

gene/Exon 

Mutant/ 

Isogenic control 

Reprogramming/Gene 

targeting method 

MCRIi001-A-

OI26  
OI26-M 

MCRIi001-A 

iPS cell line 

c.3969_3970insT/ 

p.Val1324Cys.fs*

105 

COL1A1/ 

exon 49 
Mutant Cas9-Gem 

MCRIi001-A OI26-IC 
Healthy donor’s 

peripheral blood 
- - 

Isogenic control 

for OI26-M 
Sendai Virus reprogramming 

MCRIi018-A OI64-M 
OI64 patient 

fibroblast cells 

c.3936G>T/ 

p.Trp1312Cys 

COL1A1/ 

exon 49 
Mutant Episomal reprogramming vectors 

MCRIi018-B OI64-IC 
OI64 patient 

fibroblast cells 
- - 

Isogenic control 

for OI64-M 

Episomal reprogramming 

vectors/     CRISPR/Cas9 
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3.3.3.1. Assessment of morphology in OI26-M, OI64-IC, and OI64-M iPS cells 

The morphology of the generated iPS clones was ascertained by observing the 

colonies under the bright-field microscope (Olympus IX70) with a magnification of 10× 

after culturing the OI26-M clone in feeder-dependent and OI64-IC and OI-64-M iPS cells 

in feeder-free condition for three days. As indicated in Figure 3-7, the colonies from all 

three cell lines had discrete and well-defined boundaries.  

 

 

Figure 3-7: Morphology of OI26-M, OI64-IC, and OI64-M iPS cell lines. 

Bright-field images from these colonies taken by 10× magnification. Scale bar, 100 µm.    

3.3.3.2. Quantitative and qualitative analyses of pluripotency in the three iPS 

clones 

To establish the pluripotency of these clones, a series of molecular markers were 

evaluated by flow cytometry and immunocytochemistry. Pluripotent stem cells express a 

series of pluripotency genes such as OCT4, NANOG, TRA1-81, EpCAM, and CD9 

(Robinton and Daley 2012). In the present study, to qualitatively assess the specific 

pluripotency markers, including OCT4 and NANOG, immunocytochemistry was 

performed on OI2-M, OI64-IC and OI64-M iPS cell lines. All three cell lines were 

positive for these nuclear markers. Sparse labeling observed in the OI26-M cell line 

compared to the others was due to a different culture condition compared to OI64-M and 

OI64-IC iPS cell lines (feeder-dependent versus feeder-free, respectively) (Figure 3-8).  

To quantitatively investigate the pluripotency, the confluent cell populations for 

each clone were prepared for flow cytometry using three specific pluripotency surface 
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markers; EpCAM, CD9, and TRA1-81. Flow cytometry results revealed that these 

markers were highly expressed in approximately 90-98% of cells in three iPS clones, 

which is consistent with immunocytochemistry data (Figure 3-9). Taken together, the 

colonies from OI26-M, OI64-IC, and OI64-M cell lines, which were analyzed for the 

expression of a group of pluripotency markers, indicated the high expression of OCT4, 

NANOG, EpCAM, TRA1-81, and CD9.  

3.3.3.3. In vitro differentiation  

The ability of the OI26-M, OI64-IC (isogenic control), and OI64-M (mutant) iPS 

cell lines to differentiate into three main germ layers is of particular importance for iPS 

characterization. Therefore, three distinct protocols were applied for endoderm, 

mesoderm, and ectoderm differentiation (Loh et al. 2014, Ng et al. 2016, Tchieu et al. 

2017). After 5-day endoderm differentiation (Loh et al. 2014), immunocytochemistry 

results revealed that the majority of the cells in each cell line expressed endoderm-specific 

marker; SOX17 (Figure 3-10). In order to confirm these results, flow cytometry was 

carried out on the cells using two endoderm markers (EpCAM and CXCR4), one 

pluripotency marker (CD9), and one mesoderm marker (CD34). As indicated in Figure 

3-10, while EpCAM and CXCR4 were highly expressed on more than 90% of the 

differentiated cells in each clone, CD9 and CD34 had a negative expression (Figure 3-

11). Therefore, the competency of the iPS cells to differentiate into endoderm was 

confirmed using this protocol. 

To differentiate the iPS clones into the mesodermal lineage, a blood 

differentiation protocol was used (Ng et al. 2016). Bright-field microscopy images after 

three weeks of differentiation demonstrated the propagation of round-shaped blood cells 

from each colony in monolayer cultures of three iPS cell lines. The other mesoderm 

structures like vessels were also detected in some areas of cultures (Figure 3-12A). 

Moreover, flow cytometry data indicated that more than 30-40% of total mesoderm 

differentiated cells were CD45 positive, specific cell surface marker for blood (Figure 3-

12B). 

The differentiation of these iPS clones into neuroectodermal lineage was 

performed by a 12-day protocol (Tchieu et al. 2017). The results from 
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immunocytochemistry revealed that three ectoderm specific markers; Nestin, PAX6, and 

SOX2, were highly expressed in the majority of differentiated cells in each clone (Figure 

3-13). In other words, OI26-M, OI64 mutant, and isogenic control iPS clones had the 

ability to convert into neuroectodermal cells. 

 

 

Figure 3-8: Analysis of pluripotency markers.   

Expression of OCT4 and NANOG on OI26-M, OI64-IC, and OI64-M iPS clones. DAPI 

was used to counterstain the nucleus. Scale bars, 100 µm. 
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Figure 3-9: Analysis by flow cytometry of pluripotency markers in the colonies from 

OI26-M, OI64-IC, and OI64-M iPS cells.  

Positive expression of EpCAM, TRA1-81, and CD9 surface markers on 90-98% of the 

cell population in each cell line. APC, PE/Cy7, and GFP isotype antibodies were used as 

negative controls for accurate gating of the cell population.  
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Figure 3-10: Analysis of endoderm marker expression in the differentiated cells 

from OI26-M, OI64-IC, and OI64-M iPS cells by immunocytochemistry.  

Expression of SOX17 (nuclear marker) on the differentiated cells of three iPSC clones. 

DAPI was used to counterstain the nucleus. Scale bars, 100 µm. 
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Figure 3-11: Analysis by flow cytometry of endoderm and mesoderm markers in the 

differentiated cells from OI26-M, OI64-IC, and OI64-M iPS cells.  

More than 90% of the cell population in each cell line shows the positive expression of 

two endoderm markers (EpCAM and CXCR4). Pluripotency marker (CD9) and 

mesoderm marker (CD34) were used as negative controls to ensure the accuracy of 

endoderm differentiation.  
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Figure 3-12: Bright-field microscopy and analysis of mesoderm marker expression 

in the differentiated cells from OI26-M, OI64-IC, and OI64-M iPS cells by 

immunocytochemistry.  

A) Bright-Field microscopy of round-shaped blood cells which are proliferating from the 

central colony in each cell line. The magnification of images was 20×, Scale bars, 100 

µm. B) Expression analysis of CD45, as a specific marker for blood, in each cell line. 

Propidium iodide (PI) was used for accurate gating. 
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Figure 3-13: Analysis of ectoderm markers expression in the differentiated cells 

from OI26-M, OI64-IC, and OI64-M iPS cells by immunocytochemistry.  

Expression of nestin as a cytoplasmic marker (A), PAX6 (B), and SOX2 (C) as nuclear 

markers OI26-M, OI64-IC, and OI64-M iPS clones. DAPI was used to counterstain the 

nucleus. Scale bars, 100 µm. 
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3.4. Discussion  

Generation of knock-in and/or gene-corrected human induced pluripotent cell 

lines has become a powerful tool in disease modeling and drug screening, as they can be 

differentiated into disease-related cell types. Comparisons between mutant and isogenic 

control iPS cell lines are of great value for disease modeling, as both have an identical 

genetic background, and thus differences can be ascribed to the patient-specific mutation. 

To study the molecular mechanisms of OI, OI26-M iPSC (with parental isogenic control 

iPSC) and OI64-M and gene-corrected OI64-IC isogenic control iPS cell lines were 

produced (Hosseini Far et al. 2019, Howden et al. 2019).  

In our first attempt to introduce the OI26 mutation in hiPS cells, we applied the 

conventional CRISPR-Cas9 approach. We revealed while this targeting method has 

generated the mutation in one allele successfully (~15% of total clones), sequencing 

results showed that it has led to single base deletion on another allele. Thus, in spite of 

broad application and higher effectiveness than the other gene targeting approaches, 

conventional CRISPR-Cas9 system has a critical limitation by creating unwanted 

mutations in one or both alleles which can lead to the ineffective generation of knock-in 

hiPS cell lines (Howden et al. 2016). However, the development of the Cas9-Gem method 

could widely prevail over the limitation by controlling the timing of Cas9 activity during 

the cell cycle (Gutschner et al. 2016). Accordingly, we used this new approach to 

introduce the OI26 heterozygous mutation into the COL1A1 gene (Hosseini Far et al. 

2019). Targeting efficiency observed in the current study was approximately 4%, whereas 

the rate of NHEJ was determined as approximately 1.6% (5 of 304 total clones analyzed). 

Of these, we ascertained two heterozygous clones with one targeted allele and one indel-

free untargeted allele. These data highlight the efficiency and accuracy of the Cas9-Gem 

approach to generate precise heterozygous iPS clones. 

The second mutant iPS cell line, which will be evaluated in the present study, was directly 

generated from the OI64 heterozygous patient fibroblast cells by reprogramming. An 

isogenic control iPS clone for this mutation was created from OI64 patient fibroblasts by 

carrying out gene correction and reprogramming together in a one-step method (Howden 

et al. 2019, Howden et al. 2015).  The heterozygous OI mutation in OI64 clone and gene 

correction in isogenic control cell line was confirmed by sequencing.   
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Following the generation of these cell lines, it was important to characterize them 

based on previously defined criteria prior to proceeding to a disease modeling study 

(Hosseini Far et al. 2019, Howden et al. 2019).  These criteria generally include checking 

genotype, morphology, phenotype, and differentiation potential of iPS cell lines. The 

validation and characterization of the OI26-IC cell line as a parental cell line for OI26-M 

was previously published (Table 3-2) (Vlahos et al. 2018). For the other three cell lines, 

SNP array analysis proved chromosomal integrity in each clone. In our study, the 

morphology of the iPS colonies displayed an even appearance with distinct borders based 

on the published criteria (Robinton and Daley 2012). In addition, the pluripotency of these 

clones was assessed by analyzing a range of molecular markers, including surface 

markers (CD9, EpCAM, and TRA1-81) and nuclear markers (NANOG and OCT4) 

through flow cytometry and immunocytochemistry. As expected, all three cell lines 

generated for our studies displayed the phenotype of pluripotent stem cells (Hosseini Far 

et al. 2019, Howden et al. 2019). 

Finally, the ability of the generated clones to convert into derivatives of three germ 

layers was performed by separate in vitro differentiation. We demonstrated that the 

majority of the cell population in OI26, OI64, and isogenic control iPS cell lines had the 

ability to differentiate into endoderm, mesoderm, and ectoderm lineages. These 

mutant:isogenic control pairs will be used in disease modeling studies in subsequent 

chapters. 
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4. Differentiating human induced pluripotent stem cells into 

osteoblasts 

4.1. Introduction 

Despite producing numerous iPSC-derived in vitro human disease models from 

genetic diseases affecting neural cells, blood, cardiomyocytes, hepatocytes, and 

chondrocytes, there are few studies about human iPS-derived in vitro bone disease 

(Belinsky et al. 2016, Liu et al. 2019) (See section 1.9.1 and Table 1-4 for detailed 

information). Given the likely importance of the stages of bone formation in our OI study, 

among a variety of hiPSCs-based in vitro osteogenic differentiation protocols (See section 

1.9.2), we decided to choose those methods which applied the more developmental 

approach for osteogenic differentiation. There have generally been some complexities in 

establishing a reproducible and efficient protocol to differentiate hiPS cells into 

osteoblasts, as most bones in the human body are developmentally formed through the 

cartilage-intermediate stage. As briefly discussed in section 1.9.2, several iPS-based 

differentiation protocols have been established to achieve osteoblast differentiation via 

the paraxial mesoderm-sclerotome pathway (Loh et al. 2016, Xi et al. 2017). In these 

studies, small molecules were used to differentiate iPS cells to sclerotome, an important 

embryonic precursor for some connective tissues, including cartilage and bone (Loh et al. 

2016, Xi et al. 2017). In one approach, it was found that WNT, BMP, and TGF-β signaling 

are the major regulators of sclerotome development during human embryogenesis. A 34-

days in vitro osteogenic differentiation protocol was established, which included 6-day 

sclerotome differentiation after splitting and re-plating cells at low density on day 4, 

followed by 28-day culturing on commercial osteogenesis differentiation medium (Xi et 

al. 2017). Expression of some osteogenic markers such as COL1A1 and RUNX2 was 

upregulated, and the cells indicated a progressive increase in alizarin red staining (Xi et 

al. 2017). These data suggested that the production of osteoblasts from iPSC via a 

sclerotome intermediate was a promising approach. 

Recently Loh and his colleagues established an efficient and reproducible protocol 

to create mesodermal lineages including sclerotome from hiPS and hES cells (Loh et al. 

2016). This method, which forms the foundation of our approach, includes a 6-day 

protocol to achieve sclerotome. In this stepwise protocol, by stimulating TGFβ, WNT, 
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and ERK signaling, the anterior primitive streak was generated from hiPS cells instead of 

converting into middle primitive streak lineages. Then simultaneous inhibition of TGFβ 

and BMP signaling as well as stimulation of WNT and ERK signaling switched the cells 

into paraxial mesoderm fate. For the induction of early somite, four signaling pathways, 

including TGFβ, WNT, BMP, and ERK, were blocked. To convert the early somite 

progenitors into ventral somite or sclerotome and blocking dorsal somite fate 

(dermomyotome), hedgehog signaling was stimulated, and WNT signaling inhibited. This 

finding indicated that human PSC-derived sclerotome could generate human bone in mice 

in a process mimicking endochondral ossification, as hypertrophic chondrocytes and 

ossification zones, as well as invasion of blood vessels, were detectable in sections. This 

convinced us to apply this well-characterized sclerotome protocol for our studies in 

developing iPSC-derived bone OI disease models. However, as in vitro bone 

differentiation was not described in the Loh et al paper (Loh et al. 2016), we tested several 

protocols for osteogenic differentiation from sclerotome using established osteogenic 

media containing 10% FBS, β-glycerol phosphate, ascorbic acid and dexamethasone 

(Figure 4-1) with modifications in manipulating WNT signaling and cell culture formats.  

4.2. Specific methods 

4.2.1. Cell culture methods for osteoblast differentiation 

Osteogenic differentiation was performed via initial differentiation of isogenic control 

iPS cell line (OI26-IC, Table 3-2) into sclerotome via the paraxial mesoderm-ventral 

somite pathway (Loh et al. 2016) followed by culture in osteogenic medium for 2-3 

weeks. Briefly, iPSC colonies were split by 0.5 mM EDTA and seeded in 6-well plates at 

25,000 cells/cm2 in feeder-free condition with Essential 8 media or in feeder-dependent 

conditions with hiPS media and low-density MEFs (1.3 × 104 cells/cm2). After culture for 

one day, media was changed to APEL-2 media (StemCell Technologies) containing 

30ng/mL Activin A (R&D systems), 4µM CHIR (Tocris), 20ng/mL FGF2 (Peprotech), 

and 100nM PIK90 (Merck Millipore). After 24 hours, media was changed to APEL-2 

media supplemented with 1µM A8301 (Tocris), 3µM CHIR, 20ng/mL FGF2, and 

0.25µM LDN193189 (Sapphire). On day 3 of sclerotome differentiation, the medium was 

replaced with APEL-2 media containing 1µM A8301, 3µM C59 (Tocris), 0.25µM 
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LDN193189 and 0.50µM PD0325901 (Sapphire). On day 4, the media was changed to 

APEL-2 media supplemented with 2µM purmorphamine (Sigma Aldrich), 1µM C59. 

 

 

Figure 4-1: Schematic view of developing mesodermal lineages from hiPS cells. 

Sclerotome as a precursor of connective tissues is generated via paraxial mesoderm-

sclerotome pathway using small molecules and growth factors to stimulate (Green) some 

essential signaling pathways and inhibit (Red) the others. In vitro osteoblast-like cells are 

developed from sclerotome using β-glycerophosphate (β-GP), dexamethasone (Dex), and 

ascorbic acid-2-phosphate (AA2P). TGFβ, transforming growth factor; FGF2, fibroblast 

growth factor 2; PI3K, phosphatidylinositol 3-kinase; BMP, bone morphogenic protein; 

HH, hedgehog (Modified from (Loh et al. 2016)).  
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After day 4, several culture methods were tested for further differentiation along 

the osteoblastic lineage. For the monolayer culture method, the culture of the cells was 

continued on APEL-2 media supplemented with 2µM purmorphamine, 1µM C59 for a 

further two days to achieve sclerotome. On day 6 of sclerotome differentiation, the 

medium was replaced for two days with serum dependent osteogenic media (αMEM + 

10% FBS, 10nM Dexamethasone, 50µg/ml sodium ascorbate, 50µg/ml ascorbic acid-2-

phosphate, 10mM β-glycerophosphate, and 3µM CHIR. Subsequently, osteogenic media 

without CHIR was used for 2-3 weeks with media refreshed every two days. 

In other experiments, the cells were dissociated with 0.5 mM EDTA and cultured 

in micromass cultures, pellet cultures, air-liquid interface (ALI), and re-plated monolayer 

culture. The micromass culture was established by transferring 10µL droplets containing 

200,000 cells onto 48-well plates (ThermoFisher Scientific), and after incubation for 30 

minutes at 37oC, 5%CO2 incubator, 400µL of APEL-2 media supplemented with 2µM 

purmorphamine, 1µM C59 was added carefully to the droplets. The micromasses were 

cultured for two more days in this media and then switched to osteogenic induction media, 

as described earlier.  

Similarly, for ALI culture, the micromass droplets containing 300,000 cells were 

established on the membranes of ALI Transwell 6-well plates (four spots/well) (Corning) 

and cultured with 1 ml of APEL-2 media supplemented with 2µM purmorphamine, 1µM 

C59 in each well underneath the membrane. The ALI micromasses were cultured for two 

more days in this media and then switched to osteogenic induction media, as described 

above. 

Pellet cultures were established by transferring 200,000 cells per 300µL APEL-2 

media supplemented with 2µM purmorphamine, 1µM C59 onto U-bottomed 96-well 

plate (ThermoFisher Scientific), followed by centrifuging at 450 ×g for 3 minutes.  

Replated monolayer cultures were set up by seeding 100,000 cells/cm2 onto Matrigel-

coated 6-well plates (ThermoFisher Scientific) and adding 2ml of APEL-2 media 

supplemented with 2µM purmorphamine, 1µM C59. All cultures formats were incubated 

for 48 hours at 37oC, 5%CO2. The pellets were cultured for two more days in this media 

and then switched to osteogenic induction media, as described earlier.  
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To test the effect of the base medium on osteogenic differentiation, the other air-

liquid interface culture experiment was conducted. However, on day 6 of sclerotome 

differentiation, α-MEM containing 10% FBS was replaced with APEL2 medium in 

osteogenic induction media.  

4.2.2. Protein-based methods 

4.2.2.1 Collagen biosynthetic labeling with Azidohomoalanine (AHA)  

L-Azidohomoalanine (AHA) biosynthetic labeling was performed to detect 

collagens produced by differentiated cells using our procollagen purification methods. 

AHA is a noncanonical amino acid and analog of methionine that replaces methionine in 

newly synthesized protein chains after a 24-hour treatment in Methionine-free medium. 

Confluent cells were treated overnight in α-MEM containing 10% FBS, 250 µM sodium 

ascorbate, and depleted of methionine overnight in the labeling medium consisting of Met 

and Cys-free DMEM (Life Technologies), 20% dialyzed FBS, 250 µM sodium ascorbate 

and 500 µM Azidohomoalanine (AHA, Thermo Fisher Scientific). Secreted and cellular 

procollagens were isolated as previously described (Bateman et al. 1986, Bateman et al. 

1984).  Briefly, media was harvested by adding 500 mM EDTA, 1 mM 4-(2-

aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF, Roche), and 1 mM N-

ethylmaleimide (NEM, Roche) on ice. Procollagen molecules were precipitated with 

100% ammonium sulfate on a rotator (WiseMix) overnight at 4°C. Cellular procollagen 

was extracted by scrapping the cells into 50mM Tris/HCl pH 7.5, 150mM NaCl, 10mM 

EDTA, 1mM AEBSF and 1mM NEM on ice, followed by sonication for 20 seconds 

through ultrasonic processor (Vibra-Cell) and selective precipitation of procollagen with 

25% ammonium sulfate (final concentration) overnight at 4°C. Both media and cell layer 

extracts were centrifuged 20000 ×g for 45 minutes at 4°C. The pellets were then re-

suspended in 50 mM Tris/HCl pH 7.5, 150mM NaCl, 10mM EDTA and rotated overnight 

at 4°C to re-dissolve procollagens. The cell layer samples were centrifuged at 10000 ×g 

and 4°C for 10 minutes, and the pellets, including the extracellular matrix of cells, were 

used for pepsin digestion.  

In order to prepare collagens for analysis, procollagen precipitates from media 

and extracellular matrix of the cells were re-suspended in 0.5M acetic acid, 0.1 mg/ml 
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pepsin, and incubated overnight at 4°C to proteolytically remove the procollagen 

propeptides and non-collagenous proteins. After lyophilization of AHA labeled collagen 

extracts, they were re-suspended in 40µl PBS, divided into two fresh microfuge tubes, 

and mixed 10:1 with Alexa Fluor 647 and 555 dibenzocyclooctyne-alkyne (DIBO-

Alkyne) (Thermo Fisher Scientific). After incubation for 1 hour at room temperature on 

a mixer (Eppendorf), fluorescently labelled collagens were mixed with 2× S20 loading 

buffer (100mM Tris-HCl pH 7.5, 4M urea, 0.4% SDS, 20% sucrose and 0.2% 

bromophenol blue), heated for 10 minutes at 60°C, and run on precast 3-8% Tris-acetate 

mini gels (Invitrogen) until the dye was run off the bottom of the gel to decrease the 

background fluorescence. Gels were scanned for fluorescence by Amersham™ Typhoon 

II scanner (GE Healthcare), and the images were analyzed with ImageQuantTL software 

(GE Healthcare). We also quantified the band intensity using the ratios which were 

corrected for methionine residue abundance in each chain. The methionine content of 

pepsinized α1(I), α2(I), and α1(II) chains are 7, 3 and 7, respectively. 

4.3. Results 

4.3.1. Osteogenic differentiation: setting up a monolayer-based protocol 

4.3.1.1. Stepwise differentiation of iPS cell line into sclerotome  

The control iPS cell line (OI26-IC, Table 3-2) was initially differentiated into 

sclerotome via the paraxial mesoderm-early somite pathway (Loh et al. 2016) (Figure 4-

2A). In order to evaluate the accuracy of this process, gene expression analysis was 

performed in each step of sclerotome differentiation. Pluripotency markers such as 

NANOG and OCT4 (Loh et al. 2016) dropped rapidly after inducing differentiation and 

remained low during subsequent differentiation steps (Figure 4-2B-i). The first step of 

differentiation was the anterior primitive streak (APS) formation from the iPS cell line. 

qPCR results indicated that the expression of MIXL1, as a specific APS marker (Loh et 

al. 2016), highly increased on day one because of stimulation of WNT, TGFβ, and ERK, 

and inhibition of PI3K signaling (Figure 4-2B-ii). On the following day, the induction of 

paraxial mesoderm was assessed by expression analysis of three specific mesoderm 

markers, TBX1, MSGN1, and HAND1 (Loh et al. 2016). While inhibition of BMP4 and 

continuous induction of WNT and ERK upregulated TBX1 and MSGN as two paraxial 



138 

 

mesoderm genes (Loh et al. 2016), the expression of HAND1 dramatically decreased on 

day 2 indicating the suppression of lateral mesoderm lineage (Figure 4-2B-iii). The 

inhibition of WNT, TGFβ, BMP, and ERK would be important to generate somite at day 

3. The expression of three early somite markers, MEOX1, FOXC2, and PAX3 (Loh et al. 

2016), increased at this stage (Figure 4-2B-iv). Sclerotome induction was initiated by 

stimulating hedgehog and blocking WNT signaling for two to three days, which gave rise 

to the upregulation of PAX1 and SOX9 (sclerotome markers) (Loh et al. 2016) and 

downregulation of dermomyotome marker, PAX3 (Figure 4-2B-v). To confirm our data, 

FACS analysis was performed on cells from day 6 of sclerotome differentiation using 

PDGFRα (platelet-derived growth factor receptor) antibody as a sclerotome specific 

surface marker (Loh et al. 2016). Roughly 93% of the cell population demonstrated 

positive expression of PDGFRα (Figure 4-2C). It should be noted that sclerotome 

differentiation was repeated multiple times with comparable results. Having achieved 

efficient sclerotome differentiation, this cell population was used for our subsequent 

attempts at osteoblast differentiation.  

4.3.1.2. From sclerotome to osteoblast: Upregulation of osteoblast and 

mineralization markers  

The capacity of the hiPS-derived sclerotome cells to generate osteoblasts was assessed 

by a 14-day monolayer-based osteogenic differentiation protocol (Figure 4-3A). On day 

6 of sclerotome differentiation, the medium was replaced with osteogenic media 

including αMEM + 10% FBS, 10nM dexamethasone, 50µg/ml sodium ascorbate, 

50µg/ml ascorbic acid-2-phosphate and 10mM β-glycerophosphate as well as 3µM CHIR 

to stimulate WNT signaling for the first four days. WNT pathway plays a critical role in 

the regulation of osteogenic differentiation (Long and Ornitz 2013). Subsequently, as 

extended WNT stimulation could suppress the type I collagen expression (Figure 4-5B), 

osteogenic media without CHIR was used for two weeks. qPCR results from cDNA 

samples of four different time points;  day 0 (undifferentiated iPSC); day 6 (sclerotome); 

day 13 (7 days in osteogenic medium);  and day 20 (14 days in osteogenic medium) 

indicated that the expression of osteogenic markers (Twine et al. 2014) such as COL1A1, 

RUNX2 (runt-related transcription factor 2), SPARC (secreted protein acidic and rich in 
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cysteine, also known osteonectin), BGLAP (bone gamma-carboxyglutamic acid-

containing protein, also known osteocalcin) and SP7 (osterix) were highly induced during 
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Figure 4-2: Sclerotome differentiation from human induced pluripotent stem cells.   

A) Overview of differentiation of control hiPS cells (OI26-IC) into sclerotome using 

small molecules in APEL media, which stimulate (Green) or inhibit (Red) the essential 

signaling pathways in a stepwise manner. B) The normalized gene expression of genes 

involved in each step of sclerotome induction. The data were acquired from technical 

triplicates; Mean ±SD. Comparable expression patterns were seen in 3 different 

experiments. C) Analysis by flow cytometry of sclerotome marker (PDGFRα) in the cells 

from day 6 of sclerotome differentiation. Propidium iodide (PI) was used for accurate 

gating.   

   

 

 

 

 



141 

 

the differentiation, indicating the cells had been driven down an osteogenic pathway 

(Figure 4-3B). In order to evaluate the calcification status, which is a critical step in the 

osteogenic process, the cells were stained by alizarin red (AR) at day 13 and 20. As shown 

in Fig 4-3C, the iPSC-derived osteoblasts demonstrated progressively alizarin red 

staining from day 13 to day 20. The calcified minerals were then extracted from culture 

and quantified by colorimetry method. The absorbance level of alizarin red was 

significantly higher in day 20 cells compared to day 13 cells (Figure 4-3C). It should be 

noted that the qPCR and AR results were similar in three separate experiments with 

technical triplicates. Figure 4-3 indicates the results of one experiment. 

4.3.1.3. Expression of collagen types during osteogenic differentiation  

Since sclerotome is the precursor of osteoblasts, chondrocytes, and fibroblasts, it 

was important to determine if our differentiation resulted in a robust osteoblast phenotype 

or co-expression of chondrocyte and/or fibroblast phenotypes.   Heterogeneous cell types 

and/or only partial differentiation in osteogenic culture could affect our OI disease model 

study.  A sensitive indicator of the phenotype is the pattern of collagen expression. As 

discussed in section 1.3, type I collagen is the most frequent type of collagen in the 

extracellular matrix of human bone, whereas type II collagen is chondrocyte-specific. Our 

qPCR data on mRNA from cultured human osteoblasts confirmed that the expression of 

type I as well as type III collagen without any sign of type II collagen (Figure 4-4C). 

In order to examine this issue, a 20-day sclerotome-osteogenic differentiation 

protocol using the control iPS cell line (OI26-IC, Table 3-2) was performed for the 

expression pattern of these collagen markers. The expression levels of COL1A1 and 

COL3A1 increased during osteogenic differentiation, which was consistent with the 

development of a bone phenotype, as these types of collagens were highly expressed in 

cultured human osteoblasts (Figure 4-4A).  Surprisingly, the expression of COL2A1, 

which went up at day 6 during the early phases of sclerotome-chondrocyte differentiation, 

remained at the same level during subsequent osteogenic differentiation.  
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Figure 4-3: Generation of osteoblast-like cells from iPSC-derived sclerotome. 

 A) Overview of the 14-day protocol to differentiate sclerotome cells into osteoblast using 

FBS containing αMEM including dexamethasone (Dex), ascorbic acid-2-phosphate 

(AA2P) and β-glycerophosphate (β-GP) as well as WNT signaling agonist (CHIR) for 

the first four days. B) The gene expression of osteogenic markers. Y-axis indicates the 

normalized gene expression. The data were acquired from technical triplicates; Mean 

±SD. Comparable expression patterns were seen in 3 different experiments. C) Alizarin 

red staining and quantification in the differentiating cells on days 13 and 20. Y-axis is 

absorbance at 405 nm. The data were acquired from technical triplicates; Mean ±SD. 

Comparable alizarin red staining patterns were seen in 3 different experiments.  
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The mRNA expression data were confirmed by protein analysis.  Protein 

biosynthetic labeling by L-azidohomoalanine (AHA) was performed on extracellular 

collagen extracts from day 13 differentiated cells. We confirmed that type II collagen α-

chains, as well as type I, type V, and the internally disulfide-bonded type III collagen α-

chains, were detected on the gel (Figure 4-4B). Type V collagen is typically expressed 

during bone development (Kahai et al. 2004). However, it is evident that sclerotome, as 

the main source of chondrocyte development, inevitably induces the expression of 

COL2A1. Because osteoblasts do not express COL2A1 (Figure 4-4C), it is clear that 

osteoblast differentiation is incomplete, and appropriate manipulation of osteogenic 

differentiation protocol will be necessary to use conditions that reduce the level of type 

II collagen.  

4.3.2. Optimizing the osteogenic differentiation protocol 

To address the issue of incomplete osteoblast differentiation in the monolayer 

differentiation protocol, highlighted by the continued expression on type II collagen, we 

decided to manipulate the protocol by using different time courses of WNT agonist 

exposure after day 6 and applying a variety of 3D culture methods. 

4.3.2.1. Reducing the duration of WNT signaling stimulation at the start of 

osteogenic differentiation improves osteogenic marker expression 

Activation of the WNT signaling pathway is required for osteogenic induction through 

both β-catenin dependent and independent pathways (Long and Ornitz 2013). It has been 

revealed that β-catenin deletion in mesenchymal progenitors or RUNX2 positive cells 

resulted in ectopic cartilage formation in the area of bone (Long 2012). Moreover, in 

chondrocyte differentiation, WNTs not only play a critical role in the proliferation step, 

but they also stimulate chondrocyte hypertrophy (Mackie et al. 2011). Given that 

sclerotome is a multipotent progenitor for differentiation into connective tissues such as 

osteoblasts and chondrocytes, and WNTs play a role in both these pathways, the timing 

of WNT stimulation may be of particular importance in determining whether the 

sclerotome cells follow a downstream osteogenic or chondrogenic pathway. In the first 

attempt to set up the osteogenic differentiation protocol (section 4.3.1), we added CHIR 

for the first four days in osteogenic media from the sclerotome stage. We demonstrated 
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Figure 4-4: Expression of major interstitial collagens during in vitro osteogenic 

differentiation of hiPS cells and in human osteoblasts.  

A) Expression of COL1A1, COL2A1, and COL3A1 from sclerotome stage to day 20 of 

the osteogenic process. B) Biosynthetic labeling different types of procollagen chains by 

L-azidohomoalanine (AHA) on extracellular extracts of Day 13 differentiated cells. 

Comparable patterns were seen in 3 different experiments. The migration position of α-

chains of type I collagen (1(I) and 2(I)), type II collagen (1(II)), type III collagen 

(1(III)) and type V collagen (1(V) are shown by arrows. The 2(V) collagen band runs 

just above 1(I)/1(II) and is obscured by these more abundant collagen chains. C) 

Expression of COL1A1, COL2A1 and COL3A1 by human osteoblast cultures. All qPCR 

data were acquired from technical triplicates; Mean ±SD. Y-axis indicates the normalized 

gene expression.   
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while the expression of osteogenic markers was induced, type II procollagen was not 

switched off during the osteogenic differentiation. To find the most appropriate time 

course of CHIR usage, a 16-day differentiation was performed at sclerotome stage at day 

6, and CHIR was included in the osteogenic media in six different time courses: no CHIR 

(0C), 2-days CHIR (2C), 4-days CHIR (4C), 6-days CHIR (6C), 8-days CHIR (8C) and 

10-days CHIR (10C) (Figure 4-5A). qPCR results indicated that using 2-day CHIR 

treatment at the start of osteogenic differentiation resulted in less expression of COL2A1 

compared to the 4-day CHIR addition protocol, while there were no significant 

differences in the other osteogenic markers at day 2 and day 4. (Figure 4-5B). However, 

the expression of osteogenic markers was not consistent when using a longer period of 

CHIR exposure (Figure 4-5B). For instance, the expression of COL1A1 as a key 

osteoblast marker was suppressed, whereas the chondrocyte-specific type II collagen was 

upregulated (Figure 4-5B). Despite increased expression of RUNX2 and BGLAP, SPARC 

was downregulated. Likewise, ALPL (alkaline phosphatase) expression was the 

osteogenic marker gene that looked convincingly increased with longer exposure of WNT 

agonist (Figure 4-5B). We concluded that stimulation of WNT signaling for the first two 

days of osteogenic differentiation could enrich osteogenic quality by decreasing COL2A1 

expression.  

4.3.2.2. Air Liquid Interface 3D culture cause extensive improvement in 

osteogenic phenotype 

It has been demonstrated that 3D cultures may more closely recapitulate in vivo 

conditions. Such culture formats may increase mechanical interconnections in the cells, 

and induction of gene expression involved in osteoblast differentiation (Vielreicher et al. 

2017). In addition to standard 3D micromass and pellet cultures, we also used the air-

liquid interface (ALI) micromass 3D culture system to determine if this would enhance 

osteoblast differentiation (Figure 4-6). In this system, cells are seeded as a micromass on 

to a permeable membrane in a culture well insert so that their basal surfaces are in contact 

with medium underneath the membrane, and the upper surface of the cells is exposed to 

air (Prytherch et al. 2011). This system has been widely used for bronchial and intestinal 

epithelium cultures, as it can recapitulate in vivo environment and drive epithelial cells 

for proliferation and differentiation (Choi et al. 2016, Nossol et al. 2011). It has been 
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Figure 4-5: Gene expression analysis after 16 days of osteogenic differentiation with 

different durations of WNT stimulation  

A) Overview of using different time courses of CHIR usage from day 6 to 16 (no CHIR 

(0C), 2-days CHIR (2C), 4-days CHIR (4C), 6-days CHIR (6C), 8-days CHIR (8C) and 

10-days CHIR (10C). The gene expression of osteogenic markers in different times of 

CHIR exposure. Using 2-days CHIR causes a decrease in COL2A1 expression (Red star). 

The data were acquired from technical triplicate Mean ±SD. Y-axis indicates normalized 

gene expression. 
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demonstrated that hypoxia-induced factor (HIF) was reduced, and the expression level of 

key factors of ciliated cell differentiation enhanced when normal human bronchial 

epithelial cells were cultured on ALI compared to submerged culture (Gerovac et al. 

2014). Likewise, the comparison between culturing intestinal epithelial cells on ALI and 

submerged conditions demonstrated a considerable increase in cell number, the thickness 

of epithelial cell layer, gene expression, and localization of the microvilli-associated 

protein villin in ALI cultured cells (Nossol et al. 2011). It has been concluded that an 

increase in the oxygen supply in ALI cultures triggers such a structural and functional 

differentiation in intestinal epithelial cells (Nossol et al. 2011). This could be of value for 

bone development, as the bone is a vascularized tissue, and requires oxygen for 

osteogenesis (Araldi and Schipani 2010). In addition, ALI cultures have been used for 

mouse limb bud cultures where the chondrocytes successfully underwent endochondral 

ossification to form bone (Aono and Hirai 2011, Masuda et al. 2015).  Thus we tested this 

method in the differentiation from the sclerotome stage toward bone (Figure 4-6). 

However, there has recently been another notion expressing that splitting cells at day 4 of 

sclerotome differentiation simulated the less compact mesenchymal structure of 

sclerotome (Xi et al. 2017). We also assessed differences between serum-free and 

dependent media (APEL versus αMEM+FBS) to see how effective serum could be for 

osteogenic differentiation (Figure 4-6). One of the components of APEL media is Insulin-

Transferrin-Selenium (ITS) that has been identified to have a role in chondrogenic 

differentiation (Chua et al. 2005, Liu et al. 2014). 

Analysis of gene expression gave us valuable information about the efficiency of 

each culture methods to drive osteoblastic differentiation (Figure 4-7A). The expression 

of osteoblast markers RUNX2 and COL1A1 increased until day 20 in a monolayer-based 

culture, which is consistent with our previous experiments, but they decreased after this 

time point. COL2A1 expression dropped after day 13, as two-days CHIR was applied at 

the start of osteogenic differentiation. In the replated monolayer group, the expression 

level of COL1A1 was similar at day 13 and 20, but much higher than that of day 0. 

Although the upregulation of COL1A1 continued after day 20, the mean level of 

expression was still lower in replated monolayer compared to the other culture methods, 

except for ALI (+ APEL) group (Figure 4-7A). Moreover, RUNX2 expression reached a 

peak on day 13 but was reduced toward the end of osteogenic differentiation in replated 
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monolayer. Unlike monolayer and ALI (+ αMEM), COL2A1 expression remained at a 

high level during osteogenic differentiation after upregulation at day13 (Figure 4-7A). 

COL1A1 levels progressively increased during osteogenic differentiation in micromass 

and pellet cultures. RUNX2 expression, which went up until day 13 and reduced onwards, 

was higher in pellet than micromass culture. The levels of COL2A1 reached to the highest 

amount at day 27 in pellets, whereas it started to gradually decrease in micromasses after 

coming up on day 13 (Figure 4-7A). Using APEL media accompanied by ALI culture 

failed to improve osteogenic marker expression, as COL1A1 was expressed at lower 

levels compared to the other methods we tested. While the expression level of RUNX2 

did not change until day 13, it went up toward the end of differentiation in ALI (+ APEL) 

culture. The high level of COL2A1 remained unchanged during osteogenic differentiation 

after increasing on day 13 (Figure 4-7A).  Intriguingly, it seems that the qPCR results 

from ALI culture with serum dependent osteogenic media demonstrated a remarkable 

improvement in osteogenesis compared to monolayer and the other 3D based cultures. 

While the expression of COL1A1 and RUNX2 progressively increased, COL2A1 levels 

massively dropped toward the end of the osteogenic differentiation, which is considerably 

less than the COL2A1 expression in hiPS cells. The expression level of COL2A1 in this 

culture method was roughly 1000 times lower than this level in the other 3D cultures on 

day20 and 27 (Figure 4-7A).  

We then selected monolayer, micromass, and ALI (+ αMEM) cultures for further 

experiments, including analysis of the other osteogenic markers, calcification assessment 

by alizarin red, and biosynthetic labeling the extracellular extracts of collagen (Figure 4-

7B and Figure 4-8A and B). The expression of SP7 enhanced during osteogenic 

differentiation in ALI (+ αMEM) culture, which was significantly higher than those of 

micromass and monolayer culture methods. There was also a progressive increase in 

BGLAP levels in ALI (+ αMEM) and micromass culture, which was roughly three times 

as high as this level in monolayer culture on day 27. Moreover, in ALI (+ αMEM) culture, 

ALPL was expressed during differentiation in the same amount as hiPS cells which was 

much higher than in monolayer, but lower than in micromass culture (Figure 4-7B).  

The cells also showed progressively increased alizarin red staining in both 

micromass and ALI cultures (Figure 4-8A). We were unable to stain monolayer culture 

by alizarin red, as the confluent cells after day 14 culture had partially retracted from the 
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culture dish surface and often detached from the surface towards the end of the 

differentiation process. This cell layer detachment appeared to affect the 

viability/metabolic activity of the cells since there was no detectable collagen 

biosynthetic labeling on day-27 extracellular extracts (Figure 4-8B). While there were 

clear bands for α1 and α2 chains of type I collagen, type II collagen chains appeared not 

to be detected on the gel in the ALI (+ αMEM) group (Figure 4-8B). The band in α1 

position on the gel was approximately four times as intense when corrected for the 

methionine content approximated the expected α1(I)/ α2(I) chain stoichiometry of 2:1.  

However, in micromass culture, this ratio was much higher (> 10 times; α 1/ α2 ~4:1) 

indicating a vast excess of α1 chains and thus suggesting the presence of a co-migrating 

a1-chain such as α1(II) in the extracellular extracts (Figure 4-8B). These results were 

consistent with qPCR results showing high COL2A1 expression in hiPSCs-derived 

osteoblast-like cells cultured in micromass compared to those grown in the air-liquid 

interface system (Figure 4-7A).  

Our studies have shown that with control iPSC micromass culture at an air-liquid 

interface condition promotes the downregulation of type II collagen which is abundantly 

expressed by sclerotome and drives the differentiation of the cells down an osteoblastic 

pathway where they express key bone markers such as type I collagen, osteocalcin, 

RUNX2, and osterix. 

4.3.2.2.1. OI26-IC osteoblast-like cells cultured on the air-liquid interface and human 

osteoblasts have a similar osteoblast-specific gene expression profile  

In order to interrogate our new culture system, RNA-Seq analysis was performed 

in technical triplicates on mRNAs from OI26-IC iPSCs-derived osteoblasts, which had 

been cultured on the air-liquid interface and conventional osteogenic media for 27 days. 

Human osteoblast mRNAs were also analyzed to provide a powerful comparison with our 

data from the new culture system. Heatmap of log TPM (transcripts per million) in OI26-

IC osteoblast-like cells versus cultured human osteoblasts was generated using osteoblast 

phenotype-specific gene set (Twine et al. 2014). This gene dataset contained 332 genes 

from which 123 genes were identified to be potential biomarkers of the osteoblastic 

phenotype (Twine et al. 2014). Our RNA-Seq results demonstrated that both OI26-IC 

osteoblast-like cells and human osteoblast were largely similar in the global expression
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Figure 4-6: Overview of a 27-day protocol to differentiate hiPS cells to osteoblasts with different culture methods. 

On day 4 of sclerotome differentiation, the cell is transferred to pellet/micromass/air-liquid interface (ALI) culture systems. In ALI culture, 

two different osteogenic induction media were examined: serum-dependent (αMEM+FBS) and serum-free (APEL) based-osteogenic media.
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Figure 4-7: Air-Liquid Interface (ALI) culture with conventional osteogenic media 

improves osteogenic markers expression.  

A) Expression analysis of COL1A1, COL2A1, and RUNX2 in different culture methods 

during osteogenic differentiation. B) qPCR analysis of SP7, BGLAP, and ALPL in 

monolayer, ALI + αMEM, and micromass culture on 0, 13, 20, and 27 days of 

differentiation. Y-axis indicates normalized gene expression. 
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Figure 4-8:  Comparative analysis of protein expression as well as mineralization 

in three culture methods.  

A) Alizarin red staining in ALI + αMEM and micromass culture at day 27; Scale bars, 

1000 µm. B) Biosynthetic labeling of pepsin-digested extracellular collagen extracts in 

monolayer, micromass, and ALI + αMEM culture at day 27 of osteoblastic differentiation 

using 3-8% Tris-acetate gel electrophoresis.   Arrows on the right show α1 and α2 chains 

of type I collagen in ALI (+ αMEM) culture. The arrow on the left indicates a mixture of 

α1 chains of type I and type II collagen in the micromass culture. 
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patterns of the majority of the genes in this gene data set (Figure 4-9). To further 

investigate which genes in this dataset had similar or different expression patterns 

between these cell types, we performed hierarchical clustering of the gene expression 

profiles. Fourteen clusters were generated (Figure 4-9).  Most of these clusters show a 

similar pattern of expression. The TPM values of genes in each cluster for both groups 

have been listed in Appendix 7. Clusters 1-3 were predominantly highly expressed in both 

groups. Cluster 1 contains 60 genes, mostly include genes involved in TGFβ (FURIN, 

TGFβ1and SMAD2,3,4,5) and FGF (FGF2 and FGFR1) signaling and extracellular 

matrix organization (BMP1 and MFAP2). FGF and SMAD-dependent TGFβ signaling 

promote osteoblast differentiation and proliferation (Bonewald and Mundy 1990, Chen 

et al. 2012, Fei et al. 2011). The expression level of TGFβ1 in human osteoblasts was 

roughly 8 times as high as this level in OI26-IC osteoblast-like cells (Appendix 7). While 

mean TPM values of FGF2, FURIN, and SMAD3 were higher (> 3 times) in human 

osteoblasts compared to OI26-IC cells, the other members of TGFβ and FGF signaling 

mentioned above were similarly expressed in both (Appendix 7). BMP1 proteinases, as 

described in section 1.4.2.3, process type I collagen by cleaving the carboxyl-propeptides 

in the extracellular matrix (Kessler et al. 1996, Li et al. 1996). Microfibril-associated 

protein 2 (MFAP2) is abundantly expressed in the extracellular matrix of osteoblasts, 

which interacts with both fibrillin and TGFβ family growth factors (Mecham and Gibson 

2015). Despite the similarity in expression of MFAP2, BMP1 was more highly expressed 

in human osteoblasts (Mean TPM: 154) than OI26-IC osteoblast cells (Mean TPM: 66, 

Appendix 7). Cluster 2 contained 35 genes, mostly encoding extracellular proteins such 

as fibronectin, decorin (bone proteoglycan II), and different types of collagen (type IV, 

V, VI, VIII, XI, and XII). Fibronectin and decorin are generally present in the 

extracellular matrix of bone, as described in Section 1.3. FBN1 (encoding fibronectin) 

and DCN (decorin) were more lowly expressed in OI26-IC osteoblast-like cells compared 

to human osteoblasts (Appendix 7). 

The main genes in the third cluster were the type I and type III collagen genes as 

well as SPARC, which indicated high expression in human osteoblasts and OI26-IC 

osteoblast-like cells (Figure 4-9). The mean TPM values of COL1A1 and COL1A2 in 

human osteoblast samples were determined 36117 and 20558, which were considerably 

higher than those of osteoblasts from our system with mean TPM of 3060 and 2804, 
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respectively (Appendix 7). Likewise, SPARC was expressed in human osteoblasts 5 times 

as high as this level in OI26-IC osteoblast-like cells. The expression level of COL3A1 

was partially similar in both groups (Appendix 7). RUNX2, as the most important 

osteoblast-specific gene in cluster 5, was lowly expressed in human osteoblast sample 

with mean TPM of 27. However, the expression level of this gene in OI26 osteoblast-like 

cells was roughly 20% of the human osteoblasts RUNX2 levels (mean TPM: 5) (Figure 

4-9 and Appendix 7). BMP2 and BMP4 in cluster 8 appeared to be lowly expressed in 

both groups. Moreover, some osteogenic markers such as BGLAP (cluster 9) and SP7 

(cluster 14) had no expression in both groups (Appendix 7).  

There were several clusters in the heatmap, indicating a huge difference in 

expression pattern between human osteoblasts and OI26-IC iPSCs-derived osteoblast-

like cells. While COMP and ALPL, as two key genes in the fourth cluster, were much 

highly expressed in human osteoblasts with mean TPM of 336 and 5618, respectively, no 

expression was observed for these genes in OI26-IC osteoblast-like cells (Figure 4-9 and 

Appendix 7). Several chondrogenic markers like COL2A1 (cluster 10), FGFR3 (cluster 

10) and SOX9 (cluster 8) were much more highly expressed in OI26-IC osteoblast-like 

cells (mean TPMs: 27, 68 and 44, respectively) compared to human osteoblasts which 

had no expression for these genes (Figure 4-9 and Appendix 7). In contrast, the genes in 

cluster 11 were moderately expressed in human osteoblasts, whereas they showed no 

expression in OI26-IC osteoblast-like cells (Figure 4-9). This cluster mainly includes the 

HOX gene family of transcription factors, which some of them could play roles in bone 

development (Seifert et al. 2015). It was previously demonstrated that HOXA cluster 

genes are of particular importance for osteoblastogenesis (da Silva et al. 2019). For 

instance, HOXA10 induces the expression of several osteoblast markers such as RUNX2, 

ALPL, BGLAP and IBSP (Hassan et al. 2007, Seifert et al. 2015). 
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Figure 4-9: Human osteoblasts and OI26-IC iPSCs-derived osteoblast-like cells 

indicate a high similarity in most osteoblast-specific genes. 

Heatmap reflects logTPM (transcripts per million) values in OI26-IC osteoblast-like cells 

versus cultured human osteoblasts using osteoblast-specific gene set from previously 

published paper (Twine et al. 2014). The relatively-high expressed genes are indicated as 

red color, and no expressed genes are marked as blue and white color. Hierarchical 

clustering generated 14 distinct gene clusters defined by a different color.  The genes 

related to this heatmap, together with TPM values, have been listed in Appendix 7.
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4.4. Discussion  

To produce a useful iPSC-derived bone disease model system for mechanistic 

studies on osteogenesis imperfecta (OI), we must first develop an efficient method for 

osteogenic differentiation. Taking into consideration possible deleterious effects of OI 

mutations during bone formation, it was of particular importance for us to use approach 

resembling embryonic bone development. Several attempts have been previously made 

to derive in vivo and in vitro bone from human induced pluripotent stem cells through 

paraxial mesoderm-sclerotome embryonic pathway (Kang et al. 2016, Loh et al. 2016, Xi 

et al. 2017). In the present chapter, we chose a highly reproducible and efficient 6-day 

protocol for sclerotome differentiation (Loh et al. 2016). Then, we examined various 

culture conditions for osteogenic differentiation of sclerotome to choose the most suitable 

one, which was able to boost the osteoblast-like features of the differentiating cells.  

In the first part of this chapter, we successfully differentiated control human 

induced pluripotent stem cell (hiPSC) line into a sclerotome-only population using 

various small molecules. Our data indicated the upregulation of several specific-stage 

markers during sclerotome differentiation. This finding was confirmed by FACS analysis, 

as the vast majority of differentiating cell population (~93%) on day 6 revealed 

sclerotome marker (PDGFRα).  This data was consistent with that of the previously 

published protocol (Loh et al. 2016), which was the basis of our study. In this paper, it 

was found that the specific markers were highly expressed on each step of differentiation 

from the pluripotent stage to paraxial mesoderm and then sclerotome so that roughly 90% 

of the cell population expressed PDGFRα at day 6 (Loh et al. 2016). In the other study, a 

different approach was applied to obtain sclerotome from pluripotent stem cells after six 

days (Xi et al. 2017). Roughly 80-90% of the hiPS-derived cell population expressed 

somite markers after stimulation of WNT and inhibition of BMP and TGF-β for four days. 

They were then split into lower density to reach the sclerotome stage by adding HH and 

FGF agonists for two days (Xi et al. 2017). However, the purity of the sclerotome 

population was not reported in this research (Xi et al. 2017). Thus, our findings from 

sclerotome differentiation were promising, since it was of particular importance for our 

study to obtain a pure population of sclerotome as one of the main sources of osteoblast 

differentiation. 
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To differentiate the hiPSC-derived sclerotome population to osteoblast-like cells, 

we used a monolayer-based culture for another 14 days in osteogenic inducing media. 

WNT agonist was also added for the first four days. Expression of the main osteogenic 

markers, including COL1A1, RUNX2, BGLAP, SP7, and SPARC, was upregulated, and 

the level of alizarin red increased during osteogenic differentiation. These findings 

indicated that sclerotome-derived differentiating cells manifested some osteoblast-like 

features in monolayer culture. Several studies used the paraxial mesoderm and/or 

sclerotome lineages as precursors to make osteoblasts (Kanke et al. 2014, Xi et al. 2017). 

Our results from monolayer-based osteogenic differentiation were similar to the study, 

which applied 28-day osteogenic induction after the sclerotome stage with increased 

levels of COL1A1 and RUNX2 expression and calcification status until day 20 (Xi et al. 

2017). There was another study using media with WNT agonist and MEK inhibitor to 

induce paraxial mesoderm from hiPS cells after five days in a serum-free and feeder-free 

condition (Kanke et al. 2014). The cells at the mesoderm stage were then cultured for 14 

days in the same media as the previous step but supplemented with conventional 

osteogenic induction factors as well as HH and BMP agonists (Kanke et al. 2014). 

Although COL1A1 and IBSP (integrin-binding sialoprotein)were upregulated and 

calcification increased, RUNX2 expression decreased during osteogenic differentiation 

(Kanke et al. 2014). 

Although the expression levels of osteogenic and mineralization markers during 

osteogenic differentiation were evaluated in these studies (Kanke et al. 2014, Xi et al. 

2017), the expression of COL2A1 and other key non-osteoblast markers were not 

examined (Kanke et al. 2014, Xi et al. 2017). Likewise, global gene expression data were 

not presented, making it impossible to assess the fidelity of the osteoblast phenotypes 

accurately.  We view this as a major limitation of these studies since by only looking at 

osteoblast genes, even a modest relative upregulation of marker genes will suggest 

osteoblast differentiation. Type II collagen is normally expressed in the sclerotome stage 

but switched off in osteoblasts. Our qPCR data from human osteoblast mRNA also 

confirmed the lack of COL2A1 expression in mature human osteoblasts. This finding 

enabled us to examine the expression level of type II collagen as a key marker of the 

accuracy of the in vitro osteogenic differentiation. Using this approach, we determined 

that the differentiation from sclerotome using standard osteogenic medium and 
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monolayer-based culture resulted in the maintenance of the COL2A1 expression, which 

normally went up in sclerotome differentiation. This may suggest that the monolayer-

based osteogenic differentiation protocol had not adequate potential to drive whole 

sclerotome cells into osteoblast lineage. 

The other limitation of our initial studies was a gradual retraction of monolayer 

cultured cells after day 14 and full detachment toward the end of osteogenic 

differentiation resulting in immensely decreased cell viability. This could be because of 

that the differentiating cells became rapidly over confluent in the culture plate by this 

time point. Hence, they did not have sufficient place in the cell culture plates to grow for 

a longer time. One previous in vitro study reported that cell detachment occurred when 

mouse primary osteoblasts were being cultured in the cell culture plates to optimize the 

osteoblast culture conditions (Orriss et al. 2014). Marked peeling of the cell layers in most 

of our monolayer-based cultures did not allow us to apply this method for prolonged 

culturing purposes. This was particularly important for our research to extend osteogenic 

differentiation for a longer period, and monitor the expression levels of osteoblast and 

mineralization markers. 

To solve these issues, we firstly manipulated osteogenic culture conditions by 

applying different time courses of WNT induction, as WNT signaling plays a critical role 

in the process of bone development (Long and Ornitz 2013, Mackie et al. 2011). We 

found that more prolonged exposure of WNT stimulator diminished the expression of 

type I collagen, as a key marker for osteoblast. However, we revealed that using WNT 

agonist for two days instead of four days at the start of osteogenic differentiation could 

improve osteogenic markers by decreasing the expression level of COL2A1. Given that 

there has been no study, thus far, using WNT agonist during osteogenic differentiation, 

this innovative finding enabled us to provide a better context for osteogenic 

differentiation and to boost the osteoblast phenotype in our culture system. 

  Secondly, we compared a variety of 3D culture methods with each other and 

with a monolayer approach. Despite a progressively increased expression of COL1A1 in 

pellet and micromass cultures, which was similar to those of the monolayer method, these 

approaches made the cells be more chondrogenic by rising COL2A1 and reducing RUNX2 

expression during osteogenic differentiation. Several studies in the literature widely used 
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these approaches for chondrogenic differentiation of mesenchymal stem cells/iPSCs-

derived sclerotome (Adkar et al. 2019, Pelttari et al. 2008, Scharstuhl et al. 2007, Zhang. 

et al. 2010). Likewise, when we split the cells at day 4 and re-plated at lower density, not 

only osteogenic markers such as COL1A1 and RUNX2 were upregulated, but also the 

expression of COL2A1, as a chondrogenic marker, remained at a high level during 

osteogenic differentiation.  Consistently, one study indicated an increased level of 

COL1A1 and RUNX2 expression after re-plating the lower density of dissociated cells at 

day 4 of sclerotome differentiation (Xi et al. 2017). However, the expression level of 

COL2A1 was not mentioned in this study (Xi et al. 2017). In the air-liquid interface (ALI) 

culture together with serum-free (APEL) based osteogenic media, the expression level of 

COL1A1 was similar to this level in the pluripotency stage, whereas RUNX2 was 

upregulated during osteogenic differentiation. Likewise, COL2A1 expression remained at 

a high level after increasing on day 6. However, in one study, Kanke and his colleagues 

used different serum-free conditions (2i media) and monolayer culture for osteogenic 

differentiation of hiPS cells (Kanke et al. 2014). They indicated the upregulation of 

COL1A1 and downregulation of RUNX2 during osteogenic induction (Kanke et al. 2014). 

Hence, none of the methods mentioned above were able to improve the osteoblast 

phenotype of the cells during osteoblast differentiation. However, the air-liquid interface 

culture system accompanied by serum-dependent osteogenic media (ALI+αMEM) was 

the only method that resulted in not solely upregulation of several osteoblast-specific 

genes such as COL1A1, RUNX2, BGLAP, and SP7, but also a steep drop in COL2A1 

levels after day 13. No expressed and/or a remarkably reduced amount of type II collagen 

was also confirmed by the biosynthetic-labeling method. We also observed a marked 

alizarin red staining around the ALI micromasses after 27 days of osteogenic 

differentiation. Importantly, the air-liquid culture system enabled us to extend the 

osteogenic differentiation period by 27 days and observe the improvement of osteoblast-

like phenotype during this period without any cell culture retraction that often occurred 

in monolayer-based culture. 

To test whether there is similarity in the expression pattern of the essential 

osteoblast-specific markers between human osteoblasts and the iPSCs-derived osteoblast-

like cells from the air-liquid culture system (ALI+αMEM), RNA-Seq analysis was carried 

out using previously published gene profile (Twine et al. 2014). Our data indicated that 
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the expression pattern of most of these genes was similar between OI26-IC osteoblast-

like cells and human osteoblasts. While COL1A1, COL1A2, and SPARC were highly 

expressed, the other osteoblast-specific markers such as RUNX2, BGLAP, and SP7 had 

no or low expression in both groups. In this regard, genes encoding type I collagen, which 

was of particular importance for our study had much lower expression in hiPSC-derived 

osteoblast-like cells compared to human osteoblasts. However, ALPL expression was 

extremely lower in OI26-IC osteoblast-like cells compared to human osteoblasts. This 

indicates that although some key osteoblast markers were highly expressed in our system, 

this in vitro bone model could be at the early stages of bone development, and it still 

needs more optimization to obtain mature osteoblasts. Likewise, several chondrocyte-

specific genes were identified, which had different expression patterns between OI26-IC 

osteoblast-like cells and human osteoblasts. For instance, while COMP (cartilage 

oligomeric matrix protein) was much more highly expressed in human osteoblasts, it had 

no expression in OI26-IC hiPSCs-derived osteoblasts. The expression of COMP in both 

embryonic and adult osteoblasts has been previously reported (Di Cesare et al. 2000). 

However, COL2A1 and SOX9 were moderately expressed in osteoblast-like cells from 

our system, but without any expression in human osteoblasts. This may suggest that some 

chondrogenic features still existed in the differentiated cells resulting from air-liquid 

interface system-based osteogenic differentiation.   

This chapter describes the establishment of a protocol to differentiate human 

control iPS cell line (OI26-IC) to osteoblast-like cells through the paraxial mesoderm-

sclerotome pathway using a protocol involving the manipulation of WNT signaling and 

3D air-liquid culture.  While key osteogenic markers suggested the differentiation of the 

iPSC to osteoblast-like cells, we looked closely at “non-osteoblast” genes to determine 

the extent to which the cells had attained the osteoblast phenotype.  We found that several 

key genes, most notably COL2A1, were expressed at significant levels, thus indicating 

that the air-liquid interface culture system was not perfect for osteogenic differentiation. 

However, the expression of many osteoblast markers, was similar to that seen in other 

osteoblast differentiation protocols, indicating that we had achieved a similar stage of 

osteoblast differentiation.  In addition, the expression of type I collagen, the mutant 

collagen in our OI patients, reassured us that this differentiation protocol would be 

appropriate for our OI disease modeling studies. These promising results originated from 



163 

 

one control iPS cell line, and it may need to be optimized for other hiPS cell lines. 

Therefore, we applied this culture approach for our OI modeling studies (Chapter 5). 
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Chapter 5 

Defining molecular effects of two type I 

collagen C-propeptide mutations leading to 

the osteogenesis imperfecta using iPS cells-

derived in vitro human bone cell disease 

models 
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5. Defining molecular effects of two type I collagen C-propeptide 

mutations leading to the osteogenesis imperfecta using iPS cells-

derived in vitro human bone cell disease models 

5.1. Introduction 

The most prevalent mutations causing osteogenesis imperfecta are in the genes 

encoding type I collagen, COL1A1, and COL1A2. As discussed in Chapter 1, missense 

substitutions in main triple helical domain are the most common structural mutations in 

type I collagen and adversely affect the molecules by delayed folding, destabilization of 

helix and intra-ER retention (Kuivaniemi et al. 1991, Makareeva et al. 2008, Makareeva 

et al. 2018, Pack et al. 1989, Raghunath et al. 1994). The intra- and extracellular events 

downstream to these structural mutations causing the bone pathology have not been fully 

determined. Type I procollagen heterotrimers containing a mutant chain, which are partly 

secreted to the extracellular matrix, can form defective collagen fibrils and disrupt 

connections between fibrils and non-collagenous molecules in ECM (Marini et al. 2007). 

They can also have detrimental effects on mineralization and mechanical properties of 

bone ECM (Sweeney et al. 2008). Moreover, based on the role of ER stress that has been 

determined for other misfolding protein in skeletal diseases (Section 1.8), it was assumed 

that the ER aggregation of misfolded type I procollagens with helix mutations might 

trigger ER stress. However, despite a significant research effort, the nature of this stress 

pathway and its role in pathology remains controversial.  

OI type I procollagen C-propeptide mutations disrupt initial trimerization and 

procollagen chain assembly, causing post-translational over-modification and 

intracellular retention (Bateman et al. 1989, Chessler et al. 1993, Lamande et al. 1995). 

Unlike helix mutations, which allow initial procollagen assembly but disturb the 

downstream helix folding, unfolded procollagen with C-propeptide mutations could 

trigger conventional ER stress pathways. The upregulation of canonical ER stress markers 

such as BiP was previously demonstrated in types X and II collagen with mutation in C-

terminal domain (Cameron et al. 2015a, Cameron et al. 2011, Furuichi et al. 2011, Kimura 

et al. 2015, Rajpar et al. 2009, Ricks et al. 2013, Tsang et al. 2007, Wilson et al. 2002, 

Wilson et al. 2005).  
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The misfolded collagen in fibroblasts from the two OI patients with C-propeptide 

mutations, OI26 and OI64, resulted in increased levels of BiP protein and, importantly, 

binding of the BiP to the mutant chains (Lamande et al. 1995). This suggested that these 

misfolding mutations may cause a canonical unfolded protein response, however at the 

time of these studies, the unfolded protein response had not been elucidated, and thus in 

these studies, further detailed characterization was not conducted.  However, it was clear 

from the fibroblast studies that intracellular retention and delayed folding occurred due 

to the presence of increased post-translational modification of the mutant collagen. An 

important finding from these studies (Fitzgerald et al. 1999, Lamande et al. 1995) was the 

increased proteasomal degradation of the mutant collagen, consistent with ER-associated 

degradation (ERAD) and a dramatic reduction in the extracellular matrix deposition of 

collagen.  In the context of our increasing knowledge of the UPR and its role in pathology, 

it is important to attempt a more comprehensive molecular analysis.  Furthermore, since 

human osteoblasts produce vastly more type I collagen than any other cell type (Blair et 

al. 2017), and thus may either be subjected to more mutant-type I collagen induced stress 

or perhaps respond differently to fibroblasts, it is important to conduct these studies in 

human osteoblast-like cells.  Using the human iPSC-osteoblast “disease in a dish” system 

we have developed (Chapter 4), which also has the advantage of patient mutant and 

isogenic controls as comparators to reduce experimental “noise”, we explore here the 

detailed molecular pathology of these OI mutations  

5.2. Specific methods 

5.3.1. Collagen extracellular matrix extraction and SDS-polyacrylamide gel 

electrophoresis 

Extracellular collagen deposited over 20 days of osteogenic culture (section 4.2.1) 

was extracted by adding 100µl of 50mM Tris-acetate buffer, pH 8.0, 10mM EDTA to 

four pre-weighed cell masses and grinding in 1.5ml microcentrifuge tubes by disposable 

polypropylene pellet pestles (Thomas Scientific). To remove proteoglycans that may 

compromise collagen extraction, 2µl Chondroitinase ABC (5mU/µl, AMS 

Biotechnology) was added to the lysate and incubated in a shaker at 37°C for 6 hours. 

Following that 900µl of 4M guanidine HCl, 10mM EDTA in 50mM sodium acetate, pH 
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5.8) was added to the mixture and rotated at 4°C for 48 hours to extract the small amount 

of newly synthesized collagen molecules. After centrifugation at 20000 for 30 minutes, 

the pellet was washed twice with 70% ethanol at 4°C and pellets collected by re-

centrifugation. The pellets were re-suspended in 200µl of 0.1mg/ml pepsin in 0.5M acetic 

acid and rotated for overnight at 4°C to extract the collagen extracellular matrix. The 

mixture was centrifuged at 20000 ×g for 30 minutes at 4°C, and the supernatant 

containing collagen proteins was lyophilized. For analysis by SDS-PAGE 

electrophoresis, lyophilized collagens were re-suspended in 20µl of 1× S20 loading buffer 

(100mM Tris-HCl pH 7.5, 4M urea, 0.4% SDS, 20% sucrose and 0.2% bromophenol 

blue), heated to 65°C for 15 minutes before analyzing on NuPAGE 3-8% Tris-Acetate 

Protein Gel (ThermoFisher Scientific). Electrophoresis was carried out at 100 volts in a 

tank buffer containing 50mM Tricine, 50mM Tris base, and 0.1% SDS, pH 8.2, until the 

dye was run off the bottom of the gel, followed by staining with Coomassie Brilliant Blue 

R-250. 

5.3.1.1. Coomassie Brilliant Blue R-250 staining 

After electrophoresis, the gel was transferred to a plastic dish, immersed in 50-

100ml 0.1% Coomassie Brilliant Blue staining solution (0.1% (w/v) Coomassie R-250 in 

50% (v/v) methanol, 10% (v/v) acetic acid) and incubated for 4 hours at room temperature 

in the fume hood (Conditionaire) with gentle shaking. Destaining was done by soaking 

the stained gel in destain buffer (10% (v/v) methanol and 7% (v/v) acetic acid) overnight 

at room temperature with gentle shaking. The destaining solution was changed 2-3 times 

during the destaining process. The collagen protein bands were visualized using 

Amersham™ Imager 680 (GE Health Care). 

5.3.2. Histology  

For histology, cell micromasses from air-liquid interface (ALI) cultures were 

fixed in 1× Confix (Australian Biostain) for overnight at 4°C. After washing with 75% 

ethanol, each fixed micromass underwent a graded series of ethanol and xylene overnight 

Excelsior ES machine, ThermoFisher Scientific), followed by paraffin embedding in  

HistoStar™ embedding machine (ThermoFisher Scientific). The paraffin-embedded 

samples were cut in 5µm sections using microtome (MICROM HM 325, ThermoFisher 
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Scientific), placed on Superfrost Plus histology slides (at least three sections per slide) 

and dried on warming tray (RATEK)  at 37°C. The slides were baked at 60°C overnight, 

followed by de-waxing and hydrating through xylene (twice) and graded ethanol series 

(absolute ethanol, 90%, 70% ethanol) into water. 

5.3.2.1. Immunohistochemistry 

After dewaxing, the slides were washed three times with 1X PBS for 1 minute 

each. After drawing a circle around sections with Wax pen (ProSciTech), the endogenous 

peroxidase activity of each section was blocked by 0.3% H2O2 (Gold Cross) in PBS for 

15 minutes at room temperature, followed by three-time washing the slides with PBS for 

1 minute each. The sections were then incubated in an antigen retrieval solution 

depending on the antibody used, followed by three-time washing the slides with PBS for 

1 minute each. The slides were treated by 0.2% hyaluronidase for 1 hour at 37oC, followed 

by three-time washing the slides with PBS for 1 minute each. The sections were then 

permeabilized by 0.05% Triton X-100 for 10 minutes at room temperature, followed by 

three-time washing the slides with PBS for 1 minute each. The slides were blocked by 

adding 50µL of 3%BSA in PBS for 1 hour at room temperature, followed by three times 

washing with 1X PBS for 1 minute. The slides were then incubated with primary 

antibodies (Table 2-3) overnight at 4oC. After washing three times with PBS, the 

secondary antibody was added, and the incubation was done in the dark for an hour at 

room temperature. The sections were washed three times with 1X PBS for 1 minute, and 

DAPI (1:30000 in 1X PBS) was used for nuclear staining. Mounting agent (ProLong™ 

Gold Antifade Mountant, Invitrogen) was applied to the sections, followed by 

visualization under the Zeiss Fluorescence microscope and/or Zeiss LSM 780 Confocal 

microscope.  

5.3. Results 

5.3.1. Effects of OI26 mutation on osteogenic marker expression and in 

vitro calcification  

To evaluate the effects of OI26 C-propeptide misfolding mutation on cell 

differentiation, OI26-M (mutant) and OI26-IC (isogenic control) induced pluripotent 



169 

 

stem (iPS) cell lines were differentiated into osteoblast-like cells through a 27-day air-

liquid interface (ALI) protocol, as described in Chapter 4 (Figure 5-1A). The levels of 

osteoblast-specific gene expression were evaluated at day 0, 20, and 27 of osteogenic 

differentiation.  There were no significant differences in COL1A1 and RUNX2 expression 

between mutant and isogenic control cell lines during osteogenic differentiation (Figure 

5-1B). The expression levels of SP7 and BGLAP (osteocalcin) reduced at day 27 of 

differentiation in the OI26-M cell line, but these differences were not statistically 

significant (Figure 5-1B). However, qPCR data indicated a significant downregulation of 

both ALPL and SPARC in osteoblast-like cells with OI26 mutation on day 27. Alkaline 

phosphatase, SPARC (osteonectin), and osteocalcin were previously reported to be 

necessary for bone mineralization (Farbod et al. 2014, Harmey et al. 2004, Termine et al. 

1981). In order to assess the mineralization status, alizarin red staining was performed on 

the mutant and isogenic control micromasses at day 20 and 27 (Figure 5-1C). Alizarin 

red, which specifically binds calcium deposited in the extracellular matrix (ECM) of 

osteoblasts, was semi-quantified by colorimetry (Figure 5-1C). The calcification levels 

were significantly reduced in the mutant cells compared to isogenic control cells at both 

20 and 27 days of osteogenic differentiation. These results also suggested that the 

calcification defect was worse at day 27, with roughly two times lower in OI26-M than 

OI26-IC osteoblast-like cells (Figure 5-1C). While representative data for qPCR and 

alizarin red staining are shown, results were similar in four separate experiments. 

5.3.2. Type I procollagen retention and decreased extracellular collagen in 

OI26-M osteoblast-like cells 

Incorrectly- and unfolded type I procollagen with C-propeptide mutations have reduced 

secretion in fibroblasts, as described in Sections “4.1, 1.6.2.2 and 1.8.1” (Bateman et al. 

1989, Chessler and Byers 1993, Chessler et al. 1993, Lamande et al. 1995, Lisse et al. 

2008, Willing et al. 1990). In order to confirm that our human osteoblast-like cell disease 

model system recapitulated the previously described OI phenotype of intracellular 

retention of the mutant collagens, we performed immunostaining on histological sections 

from ALI micromasses of OI26-M (mutant) and OI26-IC (isogenic control) at day 20 of 

osteogenic differentiation using LF67 (Fisher et al. 1995) and Grp94 (Cell Signaling 

Technology) antibodies (Figure 5-2A and B). As LF67 was specific for telopeptide  
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Figure 5-1: Downregulation of mineralization markers in OI26-M compared to 

OI26-IC isogenic control cells. 

A) Overview of a 27-day protocol to differentiate hiPS cell lines, OI26-M and OI26-IC, 

into osteoblast-like cells through an air-liquid interface culture system. B) Comparative 

analysis of COL1A1, RUNX2, SPARC, SP7, BGLAP, and ALPL mRNA expression by 

qPCR between OI26-M (mutant cell line) and OI26-IC (isogenic control) at day 0, 20 and 

27. The data were acquired from four different experiments; Mean ±SD. Y-axis indicates 

normalized gene expression. C) Alizarin red staining and quantification in OI26-M and 

OI26-IC at day 20 and 27. The data were acquired from technical triplicates. Comparable 

alizarin red staining patterns were seen in 4 different experiments. Scale bars, 1 cm. *, p 

<0.05; **, p <0.001. 
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domain of type I collagen (Fisher et al. 1995), we were able to detect intracellular 

procollagen molecules as well as mature type I collagen in the ECM. The Grp94 antibody 

was used for ER staining since this heat shock protein is localized to the ER and plays an 

important role in procollagen folding (Chessler and Byers 1993). The results from 

immunostaining on sections demonstrated a remarkable reduction in the amount of type 

I collagen deposited in the mature extracellular matrix of OI26 mutant (OI26-M) 

osteoblast-like cells compared to isogenic control at day 27 of differentiation (white 

arrowheads in Figure 5-2A). Moreover, co-localization of type I procollagen and ER 

chaperone Grp94 were evidently detected in the ER of both mutant and isogenic control 

cells (red arrowheads in Figure 5-2B). Importantly, there was an increase in the ratio of 

intracellular to extracellular type I collagen in OI26-M osteoblast-like cells suggesting 

either intracellular retention or extracellular degradation of OI26 mutant type I collagen 

(Figure 5-2A and B). 

To further clarify the levels of extracellular type I collagen in the mutant and 

isogenic control cell lines, we pepsin-extracted collagen from the extracellular matrix of 

pre-weighed OI26-M and OI26-IC micromasses at day 27 and ran proportionally-adjusted 

amounts from each on the gel. The intensity of bands in positions of α1 and α2 chains 

was considerably less in osteoblast-like cells with OI26 mutation than those of isogenic 

control (Figure 5-2C). This confirmed that OI osteoblasts have highly reduced type I 

collagen in the extracellular matrix.  

5.3.3. Analysis of canonical UPR markers in OI26-M and OI26-IC iPSC-

derived osteoblasts 

To determine if a canonical UPR pathway is activated in mutant osteoblast-like cells with 

ER-retained misfolded collagen, the expression of some of the important chaperones and 

proteins engaged in unfolded protein response (UPR) pathways including HSPA5 (BiP), 

ERdj4, DDIT3 (CHOP) and XBP1 was evaluated by qPCR analysis.  BiP (encoded by 

HSPA5) and ERdj4 interact with each other in ER stress conditions and degradation of 

the unfolded proteins by ER-associated degradation (ERAD) (Lai et al. 2012). Our qPCR 

data demonstrated that BiP was upregulated on 20 days and 27 days of differentiation in 

both OI26-M and OI26-IC cells, whereas there were no significant differences in the  
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Figure 5-2: Increased ratio of intracellular to extracellular type I collagen in OI26-

M osteoblast-like cells. 

A) Immunohistochemistry analysis on sections from OI26-IC and OI26-M micromasses 

using type I collagen telopeptide-specific and ER-specific antibodies. DAPI was used to 

counterstain the nucleus. White arrowheads show extracellular type I collagen. Scale bar 

indicates 100µm. B) High magnification images to indicate the co-localization of type I 

procollagen (red arrowheads) in the ER. Scale bar indicates 5µm. C) Detection of 

extracellular pepsin-digested type I collagen chains by Tris-Acetate polyacrylamide gel 

electrophoresis, followed by Coomassie Brilliant Blue staining. Lane 1 is the collagen 

standard (5µg).  
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expression level of this gene between two groups in these time points (Figure 5-3A). The 

expression of ERdj4 indicated no significant increase in mutant osteoblast-like cells 

during osteogenic differentiation (Figure 5-3A). CHOP, as described in section 1.7, is a 

protein that acts downstream of activated UPR sensors, and induces apoptosis (Zinszner 

et al. 1998). We found no significant difference in CHOP expression between mutant and 

isogenic control cell lines during osteogenic differentiation (Figure 5-3A). The presence 

of the spliced form of XBP1 would be one of the outcomes of the activated IRE1α 

pathway (Hetz et al. 2011). However, the band for XBP1s was not detected on the gel 

after performing PCR on mRNA from OI26-M cells (Figure 5-3B). Based on these data, 

OI26 mutant procollagens accumulated in the ER showed no evidence of triggering an 

ER stress response through the canonical UPR pathway.  

5.3.4. Transcriptomic profiling of OI26-M and OI26-IC iPSC-derived 

osteoblast-like cells 

To discover possible molecular markers and pathways that could be differentially affected 

in mutant cells, we performed transcriptomic profiling in technical triplicates on mRNA 

derived from OI26-M (mutant) and OI26-IC (isogenic control) cells on day 27 of 

osteogenic differentiation. To see if canonical ER stress pathways were activated in 

mutant cells, we plotted transcripts per million (TPM) of genes involved in downstream 

of ER stress pathways. The expression levels of several key UPR markers in the PERK 

(such as EIF2A, ATF4, and DDIT3 (CHOP)), ATF6, and IRE1 (such as XBP1, HSPA5 

(BiP) and TNFRSF10B) pathways were similar between OI26 mutant and isogenic 

control osteoblast-like cells (Figure 5-4 A, B, and C). This finding was consistent with 

our previous qPCR results that showed no significant differences in the expression of 

essential ER stress markers between the groups (Figure 5-3). The final outcomes of 

adaptive ER stress are ERAD and autophagy pathways, which could degrade misfolded 

collagens in the cells. Moreover, the cell response to chronic overload of incorrectly 

folded collagens is programmed cell death or apoptosis. The TPM values (transcripts per 

million) of several markers involved in ERAD, autophagy, and apoptosis were compared 

between OI26-M and OI26-IC replicates (Figure 5-4D, E, and F). There were no 

significant changes in expression of ERAD markers including HERPUD1 and 2, Derlin  
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Figure 5-3: OI26 mutation did not activate key ER stress markers. 

A) Comparative analysis by qPCR of BiP, ERdj4, and CHOP mRNA expression between 

OI26-M (mutant cell line) and OI26-IC (isogenic control) at day 0, 20, and 27. The data 

were acquired from four experimental replicates; Mean ±SD. Y-axis indicates normalized 

gene expression. B) RT-PCR of XBP1 mRNA from OI26-M and OI26-IC on days 0, 20, 

and 27. XBP1 splicing was induced by the treatment of skin fibroblasts with tunicamycin 

to produce a positive control for comparison. XBP1s and XBP1u are indicative of spliced 

and unspliced forms of XBP1 mRNA. Comparable XBP1 splicing patterns were seen in 

4 different experiments.
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gene family and SEC61 between mutant and isogenic control osteoblast-like cells (Figure 

5-4D). Likewise, autophagy-related markers such as the ATG gene family, MAP1LC3B, 

and mTOR were similar in OI26-M and OI26-IC cells (Figure 5-4E). Mutant osteoblasts 

also appeared not to undergo apoptosis, as the apoptotic markers such as CASP3, CASP9, 

CASP12, BAX, and BCL2L11 were not different in these cells compared to isogenic 

control (Figure 5-4F). Thus, we were unable to find any evidence indicating the 

involvement of a canonical UPR in OI26-M osteoblast-like cells. 

To find out what other pathological pathways might be involved downstream of 

this mutant type I collagen, a mean-difference plot was generated in which expression 

data were plotted according to relative fold change versus adjusted p-value (Figure 5-5A). 

Fourteen genes were upregulated, and only three genes were downregulated in OI26-M 

compared to OI26-IC (Adj.p-value <0.05) (Figure 5-5A).  Several upregulated genes from 

RNA-Seq analysis have known roles in bone development (Figure 5-5B). A sclerostin 

domain containing 1 (SOSTDC1) is an inhibitor of WNT signaling (Ahn Y. et al. 2010, 

Lintern et al. 2009). The absence of cholinergic enzyme butyrylcholinesterase (BCHE) 

gene in knock-out mice led to an increase in the endochondral ossification process 

(Spieker et al. 2017). Endothelin 1 (encoded by EDN1) is a 21 amino acid peptide that 

can have an inhibitory effect on mineralization status and can reduce alkaline phosphatase 

activity of osteoblast-like cells in both in vivo and in vitro studies (Hiruma et al. 1998a, 

b, Takuwa et al. 1989). Furin belongs to a proprotein convertase family with a calcium-

dependent serine protease activity and appears to have a role in the activation of several 

matrix metalloproteinases and TGFβ1 in trans-Golgi apparatus (Ra and Parks 2007, Sato 

et al. 1996). Some of these differentially-expressed genes appeared to be involved in ER 

stress and downstream outcomes of activated UPR sensors and apoptosis. ATF6B 

encoding activating transcription factor-6 beta (ATF6β) is one of the members of the 

ATF6 family being activated during unfolded protein response (Hai and Hartman 2001) 

and could negatively regulate ATF6α pathway (Thuerauf et al. 2004). In the RNA-Seq 

data, there were three different transcripts of ATFB, which had distinct expression 

patterns between OI26-M and OI26-IC cells (Figure 5-5B). However, the expression level 

of only one of these transcripts was significantly higher in OI26 mutant than isogenic 

control osteoblast-like cells (ATF6B with a black star in Figure 5-4B and 5-5B). The 

expression of TNFAIP3 (tumor necrosis factor alpha-induced protein 3) also increased in 
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cells with OI26 mutation (Figure 5-5B). TNFAIP3/A20 protein acts as a main regulatory 

zinc finger (de)ubiquitinating enzyme downstream of several signaling pathways, 

including nuclear factor-κB (NF-κB) and tumor necrosis factor (TNF) and has a 

regulatory role in apoptosis and autophagy (Das et al. 2018, Matsuzawa et al. 2015). An 

increased level of MICAL2 (molecule interacting with casL protein 2) was detected in 

RNA-Seq data of OI26-M cells (Figure 5-5B). The encoding protein is a monooxygenase 

that increases the depolymerization of actin filaments and a reduced potential of 

polymerization of actin monomers (Giridharan and Caplan 2014). 

RNA-Seq data also indicated that TYW3 (tRNA-YW synthesizing protein 3), 

which was highly downregulated in OI26-M cells, is a methyltransferase with a function 

in amino acid metabolism (Figure 5-5B) (https://www.uniprot.org/uniprot/Q6IPR3).  

5.3.5. Intra- and extracellular effects of OI64 mutation in iPSC-derived 

osteoblast-like cells 

Based on RNA-Seq data from OI26-M and OI26-IC osteoblast-like cells, we conducted 

disease model studies for OI64 mutant and isogenic control cell lines. Similar to OI26 

mutation, OI64-M and OI64-IC iPS cell lines were differentiated into osteoblast-like cells 

within 27 days. Although the expression of osteogenic markers such as COL1A1, RUNX2, 

SPARC, and SP7 increased during osteogenic differentiation in both mutant and isogenic 

control cell lines, there were no significant differences between them at day 20 and 27 

(Figure 5-6A). On the other hand, ALPL were significantly downregulated in osteoblast-

like cells with OI64 mutation toward the end of the osteogenic differentiation process 

(Figure 5-6A). Likewise, the extracellular matrix calcification level in OI64 mutant 

osteoblast-like cells was significantly lower, with more than two times as low as this level 

in corresponding isogenic control at both days 20 and 27 of osteogenic differentiation 

(Figure 5-6B). The results from immunostaining on sections indicated that there was 

either no collagen or highly reduced type I collagen deposited in the mature extracellular 

matrix of OI64 mutant (OI64-M) osteoblast-like cells compared to isogenic control at day 

27 of differentiation (white arrowheads in Figure 5-7A and B). We also revealed that the 

type I procollagen and Grp94 (an ER chaperone) were clearly co-localized in the ER of 

both mutant and isogenic control cells, with more co-localization in OI64-M (red 

https://www.uniprot.org/uniprot/Q6IPR3
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arrowheads in Figure 5-7 B). Importantly, the ratio of intracellular to extracellular type I 

collagen considerably increased in OI64-M osteoblast-like cells indicating either 

intracellular retention or extracellular degradation of OI64 mutant type I collagen (Figure 

5-7 A and B). However, the gene expression analysis of some key ER markers indicated 

that there were no significant differences in expression levels of BiP, ERdj4, and CHOP 

in OI64-M compared to OI64-IC osteoblast-like cells during osteogenic differentiation 

(Figure 5-8A). The spliced form of XBP1 was not also detected in mRNA extracts of 

OI64-M cells (Figure 5-8B). 
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Figure 5-4: OI26 mutant osteoblast-like cells did not activate canonical ER stress, 

ERAD, Autophagy, and Apoptotic pathways. 

Bar charts from RNA-seq data indicate specific markers expression in PERK (A), ATF6 

(B), IRE1 (C), ERAD (D), autophagy (E), and apoptosis (F) pathways in OI26-M and 

OI26-IC osteoblast-like cells. The data were acquired from technical triplicates; Mean 

±SD; *, p <0.05. Y-axis indicates TPM (transcripts per million) of each marker. 
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Figure 5-5: Transcriptomic profiling of OI26-M and isogenic control osteoblast-like 

cells. 

A) Mean-difference plot indicating differentially expressed genes in OI26-M versus 

OI26-IC. The x-axis indicates average log-expression (-10log(adjusted p-value)) and Y-

axis shows relative fold change (logFC, OI26 mutant versus OI26 isogenic control). The 

colored spots are genes that changed more than 2 fold (or log2FC >1, adj.p value <0.05) 

in OI26-M versus OI26-IC. B) Heatmap of 17 differentially expressed genes in OI26-M 

and isogenic control osteoblast-like cells with an adjusted p-value of <0.05. To emphasize 

the differences between OI and control samples, the values are scaled across rows. This 

means that the data is scaled so that the mean expression of all the samples is 0 (white), 

and the standard deviation of the samples is 1.  The dendrogram is formed by hierarchical 

clustering between mutant and isogenic control cells. Three transcriptional isoforms of 

ATF6B are detected in the heatmap. The upregulation of the ATF6B with a black star in 

the heatmap is statistically significant in OI26-M (adjusted p-value <0.05). 
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Figure 5-6: Downregulation of mineralization markers in OI64-M compared to 

OI64-IC cells. 

A) Comparative analysis of COL1A1, RUNX2, SPARC, SP7, BGLAP, and ALPL 

expression between OI64-M (mutant cell line) and OI64-IC (isogenic control) at day 0, 

20, and 27. The data were acquired from four experimental replicates; Mean ±SD. Y-axis 

indicates normalized gene expression. B) Alizarin red staining and quantification in OI64-

M and OI64-IC at day 20 and 27. The data were acquired from technical triplicates. 

Comparable alizarin red staining patterns were seen in 4 different experiments. Scale bars, 

1 cm. *, p<0.05; **, p<0.001. 
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Figure 5-7: Increased ratio of intracellular to extracellular type I collagen in OI64-

M osteoblast-like cells. 

A) Immunohistochemistry analysis on sections from OI64-IC (isogenic control) and 

OI64-M (mutant) micromasses using type I collagen telopeptide-specific and ER-specific 

antibodies. DAPI was used to counterstain the nucleus. White arrowheads show 

extracellular type I collagen. Scale bar indicates 100µm. B) High magnification images 

to indicate the co-localization of type I procollagen (red arrowheads) in the ER. Scale bar 

indicates 5µm.  
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Figure 5-8: OI64 mutation did not activate some of the main ER stress markers. 

A) Comparative analysis of BiP, ERdj4, and CHOP expression between OI64-M (mutant 

cell line) and OI64-IC (isogenic control) at day 0, 20, and 2. The data were acquired from 

four experimental replicates; Mean ±SD. Y-axis indicates normalized gene expression. 

B) RT-PCR of XBP1 mRNA from OI64-M and OI64-IC on days 0, 20, and 27. XBP1 

splicing was induced by the treatment of skin fibroblasts with tunicamycin to produce a 

positive control for comparison. XBP1s and XBP1u are indicative of spliced and 

unspliced forms of XBP1 mRNA.  
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5.4. Discussion  

OI26 and OI64 mutations result in a prenatal lethal type of osteogenesis 

imperfecta (OI) with many similarities in pathological and biochemical features likely 

indicating similar molecular pathology (Cole et al. 1990, Cole et al. 1996). In this chapter, 

we explored the effects of these two type I collagen C-propeptide mutations using iPS 

cells-derived osteoblast-like cells. OI osteoblast-like cells with either of these mutations 

indicate normal osteoblast differentiation. The mutant type I collagen molecules lead to 

perturbed mineralization in both OI26-M and OI64-M cells. Specifically, we observe an 

increased ratio of intracellular to extracellular type I collagen in both mutant osteoblasts. 

However, intracellular retention of misfolded type I collagen does not trigger ER stress 

in both OI hiPSCs-derived bone models.   

Because of previous reports suggesting that OI helix mutations may affect 

osteoblast differentiation, we evaluated the expression of several important osteogenic 

markers between two pairs of the mutant:isogenic control osteoblast-like cells. During 27 

days osteogenic differentiation, we found no significant differences in expression levels 

of key osteogenic markers including COL1A1, RUNX2, BGLAP, SP7 and SPARC (at least 

in OI64-M) between mutant and isogenic control cells, although RNA-Seq analysis 

indicated upregulation of SOSTDC1 in OI26-M osteoblast-like cells which could be 

relevant to osteoblast differentiation. It was previously reported that the upregulation of 

Sostdc1 suppresses WNT signaling (Ahn et al. 2010, Collette et al. 2013, Lintern et al. 

2009). This may suggest the negative effect of WNT inhibition on osteoblast 

differentiation, as activation of the WNT signaling pathway is required for osteogenic 

induction (Long and Ornitz 2013). However, there were no significant differences in 

expression levels of the key components of the WNT signaling pathway.  Thus, our qPCR 

data showed that the OI26 and OI64 C-propeptide mutations do not affect in vitro iPSC-

osteoblast differentiation.  This is in contrast to OI type I collagen helix mutations, which 

have been reported to impact on osteoblast differentiation. Abnormal osteoblast 

differentiation including downregulation of Col1a1 and Bglap was observed in parietal 

bone from mice embryo with Col1a2 helical mutation (Mirigian et al. 2016). 

Downregulation of Runx2 was also reported in another OI mouse model (Brtl mouse) 

with a mutation in the α1 main helical domain of type I collagen (Bianchi et al. 2015). In 
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vitro differentiation of Brtl mouse bone marrow progenitor cells toward osteoblasts also 

demonstrated reduced levels of Runx2, Sp7, Col1a1, and Ibsb (Gioia et al. 2012).  

Under-mineralized bone is known as a prevalent feature of osteogenesis 

imperfecta resulting from type I collagen mutations (Krakow 2015).  In order to examine 

the calcification status, we performed alizarin red staining on mutant and isogenic control 

micromasses at day 20 and 27 of osteogenic differentiation. A significantly reduced level 

of alizarin red staining was detected in the extracellular matrix of OI26-M and OI64-M 

osteoblast-like cells compared to isogenic controls. We also demonstrated that this 

reduction was more remarkable in OI64-M than OI26-M osteoblast-like cells.  Likewise, 

a previous in vitro study using mouse parietal osteoblasts with a mutation in the α2 helical 

domain of type I collagen indicated insufficient matrix mineralization (Mirigian et al. 

2016). Despite the importance of under-mineralization, there has been no study on OI 

human osteoblasts, mostly because of unavailability of patients’ bone cells, our study 

with the in vitro OI human bone models confirmed remarkably reduced mineralization in 

the ECM of OI26 and OI64 mutant osteoblast-like cells. 

 There were two possible reasons underlying the under-mineralization in our OI 

bone models. Reduced levels of alkaline phosphatase in both OI26-M and OI64-M could 

disturb mineralization, as this enzyme is able to provide inorganic phosphate by 

hydrolyzing extracellular inorganic pyrophosphate to promote bone matrix mineralization 

(Golub and Boesze-Battaglia 2007). Our RNA-Seq data also indicated the upregulation 

of EDN1 in OI samples. Endothelin1 is thought to cause a reduction in alkaline 

phosphatase activity (Takuwa et al. 1989). Although the reduction in ALPL expression 

could be one of the causes of under-mineralization, it appears not to be the main reason, 

as alkaline phosphatase activity alone is not sufficient for bone mineralization (Blair et 

al. 2017). More importantly, type I collagen molecules that are secreted to the 

extracellular matrix of osteoblasts, assemble into fibrils, and provide a proper context for 

hydroxyapatite deposition (Nair et al. 2013). Our immunohistochemistry experiments 

detected a considerably reduced type I collagen in the extracellular matrix of OI26-M and 

OI64-M osteoblast-like cells compared to OI26-IC and OI64-IC isogenic controls 

suggesting that under-mineralization is mainly due to collagen matrix insufficiency.  

Previous OI26 and OI64 fibroblast and tissue studies also demonstrated a marked 
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reduction in the amount of normal type I collagen deposited in the extracellular matrix 

(Bateman et al. 1986, Bateman et al. 1989, Lamande et al. 1995).  

Although our ECM collagen deposition study confirmed the massive reduction in 

ECM type I collagen of OI26 mutant osteoblast-like cells, we found no evidence of ECM 

over-modified α1 chains slowly migrated on the polyacrylamide gel. One previous study 

on OI26 dermis and bone demonstrated that only 20% of normal type I collagen 

molecules could be secreted into ECM (Bateman et al. 1986). However, in the OI26 and 

OI64 fibroblast studies, it was reported that at least some collagen molecules with mutant 

over-modified chains were able to be secreted to ECM and be incorporated into collagen 

fibrils (Lamande et al. 1995). Moreover, one in vitro study on seven COL1A1 C-

propeptide mutations demonstrated partial secretion of over-modified chains into the 

matrix (Barnes et al. 2019). There were also several in vitro studies on OI helix mutations 

indicating that the extracellular matrix of the cells is composed of a mixture of mutant 

and normal type I collagen (Forlino and Marini 2000, Makareeva et al. 2018, Marini et 

al. 2007, Mirigian et al. 2016). However, our findings may suggest that these mutant type 

I collagen chains are degraded in the cells. 

As described earlier, both OI26 and OI64 mutations had no effects on COL1A1 

expression in mRNA levels, which were consistent with prior studies on fibroblasts with 

similar mutations (Bateman et al. 1989, Lamande et al. 1995). Hence, reduction in ECM 

type I collagen molecules in the OI26-M and OI64-M cells was not due to decreased 

mRNA expression, but likely because of the intracellular degradation of the unassembled 

proα chains which were accumulated within the ER. We could observe an increase in the 

ratio of intracellular to extracellular amounts of the type I collagen in the immunostained 

histological sections from OI26-M and OI64-M micromasses compared to those of 

isogenic controls. This suggests that the unfolded type I collagen chains were retained 

within the ER. The accumulation of unfolded type I procollagen chains with structural 

mutations in the ER was broadly reported in many in vitro and in vivo studies, but the 

way which the cells cope with this deleterious situations could be different depending on 

type and position of mutations (Bateman et al. 1989, Chessler and Byers 1993, Chessler 

et al. 1993, Fitzgerald et al. 1999, Forlino et al. 2007a, Ishida et al. 2009, Lamande et al. 

1995, Lisse et al. 2008, Makareeva et al. 2008, Mirigian et al. 2016). Consistently, C-

propeptide mutations in types II and X collagens resulted in intracellular retention of 
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misfolded collagens (Cameron et al. 2015a, Cameron et al. 2011, Esapa et al. 2012, Rajpar 

et al. 2009, Tsang et al. 2007, Wilson et al. 2002, Wilson et al. 2005, Zankl et al. 2004). 

Given previous studies on C-propeptide mutations in type I, II and X collagens, 

incorrectly folded collagens retained in the ER triggered canonical ER stress markers 

(Cameron et al. 2015a, Cameron et al. 2011, Chessler and Byers 1993, Furuichi et al. 

2011, Kimura et al. 2015, Lamande et al. 1995, Lisse et al. 2008, Rajpar et al. 2009, Ricks 

et al. 2013, Tsang et al. 2007, Wilson et al. 2002, Wilson et al. 2005). In our study, 

interrogation of the RNA-Seq data for all the sentinel genes involved in the UPR 

confirmed that there was no evidence of the upregulation of canonical ER stress markers 

in both OI26 and OI64 mutant osteoblast-like cells. However, it was previously 

demonstrated that BiP, as the main ER regulator, binds to proα1 chains of type I collagen 

with C-propeptide mutations and mediates intracellular degradation in patients’ 

fibroblasts and OI mouse model (Chessler and Byers 1993, Lamande et al. 1995, Lisse et 

al. 2008). The upregulation of BiP was also confirmed in C-terminal mutations of type X 

collagen resulting in metaphyseal chondrodysplasia type Schmid (Cameron et al. 2011, 

Wilson et al. 2002, Wilson et al. 2005). However, as expected, we did not observe the 

spliced form of XBP1 in our in vitro OI bone models.  

We also examined RNA-Seq data for the key components of ER-associated 

degradation (ERAD) and autophagy pathways, as it was postulated that the intracellular 

degradation of type I collagen chains increased in OI26-M and OI64-M osteoblast-like 

cells. However, we found no significant differences in expression levels of these markers 

between mutant and isogenic control cells. On the other hand, previous OI26 and OI64 

fibroblast studies demonstrated ERAD mechanism could have a role in the degradation 

of misfolded type I collagen (Fitzgerald et al. 1999, Lamande et al. 1995). Although the 

expression levels of ERAD components are not increased in our in vitro OI bone study, 

it does not mean ERAD could not be the mechanism involved in intracellular degradation. 

As the ERAD pathway has a fine-tuned capacity to match the load of incorrectly-folded 

proteins accumulated in the ER (Ye et al. 2018), the cells may not require to upregulate 

the UPR- and/or ERAD-specific genes. In other words, OI26 and OI64 osteoblast-like 

cells from our system could intracellularly degrade the misfolded type I collagen without 

transcriptionally activating UPR pathways.  In addition, the other important concept 

which could fit with this hypothesis was that the mutant type I collagen chains, in our 
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model system, may not be adequate to induce UPR pathways. As discussed in Chapter 4 

(see 4.3.2.2.1), COL1A1 was expressed much more than 10 times in human osteoblasts 

compared to our in vitro bone models. This finding suggested OI iPSC-derived 

osteoblast-like cells may have had insufficient amounts of mutant type I collagen to 

trigger ER stress. In other words, although the accumulation of misfolded type I collagen 

chains was observed in the ER, the amount of these unfolded chains may not have reached 

the threshold to induce unfolded protein response pathways. There is some evidence 

indicating that ER-accumulated unfolded protein must reach a threshold to sequester an 

adequate amount of BiP from the ER lumen to induce unfolded protein response 

(Bergmann et al. 2018, Oslowski and Urano 2011). Thus, our findings may suggest that 

the lowly expressed intracellular misfolded type I collagens, in OI26-M and OI64-M 

osteoblast-like cells, could be degraded by ERAD or autophagy mechanisms in a UPR-

independent manner.   

Given that apoptosis is a final outcome of chronic overload of mutant proteins in 

the cells, we also examined the potential apoptotic markers from RNA-Seq data. 

However, no significant differences were observed in expression levels of the main 

components involved in apoptosis between the mutant and isogenic control osteoblast-

like cells. Since apoptosis can be a downstream consequence of UPR activation, the 

absence of apoptosis is consistent with the lack of ER stress markers activation.  However, 

the upregulation of apoptotic markers such as CHOP was previously reported in several 

studies on C-propeptide mutations in type I, II and X collagens (Cameron et al. 2015a, 

Kimura et al. 2015, Lisse et al. 2008). In one study on the OI mouse model with C-

propeptide mutation, it was revealed that apoptotic markers such as CHOP, caspase-3, 

and 12 were upregulated (Lisse et al. 2008). 

While ER stress activation was not a component of the pathology in our studies 

on iPSC-derived osteoblasts, previous studies on fibroblasts (Fitzgerald et al. 1999, 

Lamande et al. 1995) demonstrated that there was massive degradation of the mutant 

collagens in these OI patients. Thus, to further explore possible pathological pathways, 

the RNA-Seq data were examined for differential gene expression. RNA-Seq analysis 

identified 17 genes that were differentially expressed between mutant and isogenic 

control groups. Upregulation of some of these differentially-expressed genes such as 

TNFAIP3 and FURIN in mutant cells could be considered downstream effects of OI26 
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and OI64 mutations. TNFAIP3/A20 protein as a ubiquitinating enzyme was demonstrated 

that could stimulate autophagy by restricting mTOR (mammalian target of rapamycin) in 

T cells (Matsuzawa et al. 2015). Previous studies on OI type I collagen helix mutations 

indicated that the ultimate cellular response to lessen the deleterious load of incorrectly 

folded type I procollagen is degradation of unfolded proα chains through autophagy 

pathway (Ishida et al. 2009, Mirigian et al. 2016). This may suggest that the upregulation 

of TNFAIP3 in our OI bone models could induce autophagy to intracellularly degrade the 

overload of type I collagen chains with C-propeptide mutations. However, RNA-Seq data 

demonstrated that none of the essential markers in the autophagy pathway were 

statistically significant. Moreover, furin as a Golgi-resident serine protease involves in 

converting many proprotein substrates such as TGFβ1 precursor to active proteins 

(Dubois et al. 2001, Lin et al. 2018). TGFβ1 is typically secreted to the extracellular 

matrix (ECM) of osteoblasts and could interact with collagen fibrils. It was previously 

reported that excessive TGFβ signaling is a prevalent mechanism in OI mice (Grafe et al. 

2014). Likewise, another study demonstrated that increased synthesis of TGFβ and 

SMAD regulators had negative effects on OI mice by altered integrin activity (Bianchi et 

al. 2015). We hypothesized that a marked reduction in ECM type I collagen observed in 

both OI26 and OI64 mutant osteoblast-like cells could affect the TGFβ signaling function 

of osteoblast matrix. However, we found no significant increase in the expression of 

markers involved in the TGFβ signaling pathway. These findings suggest that our in vitro 

bone models revealed some of the important aspects of OI disease resulting from C-

propeptide mutations, including undermineralization, defective ECM type I collagen 

fibrils, and intracellular degradation through likely activity of ERAD. However, the other 

parts of the molecular pathology of the disease, such as ER stress induction, remained 

obscure, mostly because of the insufficient expression of mutant type I collagen chains in 

our disease models compared to normal human osteoblasts. We will discuss in the next 

chapter possible solutions that can address these issues for future studies. 
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6. Conclusions and future directions 

In these studies, we attempted, for the first time, to develop human iPS cell disease 

models of osteogenesis imperfecta to explore the molecular details of the disease 

mechanisms and develop an experimental platform for in vitro drug testing.  We report 

the development of two novel mutant iPS cell lines with the type I collagen C-propeptide 

misfolding mutations leading to osteogenesis imperfecta type 2 along with isogenic 

control iPSC lines. Because of the unavailability of OI26 patient’s fibroblasts for 

reprogramming to produce a patient iPSC line, the OI26 mutation (c.3969_3970insT, 

p.Val1324Cys.fs*105) was introduced into a control iPS line, by Geminin-Cas9 method 

(Gutschner et al. 2016, Howden et al. 2016). This novel CRISPR-Cas9 method, which 

enhanced the efficiency of the knock-in process and reduced the creation of unwanted 

indel mutations, resulted in the generation of an OI26 heterozygous iPS cell line (Howden 

et al. 2016). However, as OI64 patient’s fibroblasts with a missense mutation (c.3936 

G>T, p.Trp1312Cys) in type I collagen C-propeptide were available, we applied the 

different approach for the generation of OI64 mutant and isogenic iPS cell lines using 

simultaneous reprogramming and conventional CRISPR/Cas9 methods (Howden et al. 

2015). We also validated our cell lines regarding pluripotency, and potential to 

differentiate into the three main germ layers using a series of qualitative and quantitative 

assays (Hosseini Far et al. 2019, Howden et al. 2019, Vlahos et al. 2018). These iPS cell 

lines were used as two pairs of mutant and isogenic control for disease model study after 

establishing a suitable osteogenic differentiation protocol. We established a protocol for 

osteogenic differentiation from a control iPSC line via an early somite -paraxial 

mesoderm-sclerotome pathway (Loh et al. 2016). We found that using an air-liquid 

interface culture format resulted in improved expression of the sentinel osteoblast 

markers, and increased mineralization toward the end of the osteogenic differentiation. 

We also observed the similarity in the expression of the osteoblast-specific gene set 

(Twine et al. 2014) in day 27 iPSC-derived osteoblast-like cells and cultured human 

osteoblasts (Chapter 4). Unlike the previous studies on iPSC-derived osteogenic 

differentiation (Kanke et al. 2014, Xi et al. 2017), monitoring type II collagen expression 

was a powerful tool in our study that helped us to manipulate our osteoblast culture system 

to obtain differentiated cells that were more similar to osteoblasts. This was of particular 

importance, as type II collagen is a chondrocyte-specific marker but should not be 
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expressed in osteoblasts. Our air-liquid interface-based osteogenic differentiation 

protocol led to a decrease in type II collagen expression of day 27 osteoblast-like cells. 

These promising osteoblast-like features of differentiated cells in this system convinced 

us to apply it for the OI disease model study.  

Finally, we sought to decipher the intracellular and extracellular effects of the two 

proα1(I) C-propeptide mutations using OI26 and OI64 iPSC-derived osteoblast-like cells. 

Undermineralization and reduced ECM type I collagen were two detrimental extracellular 

effects of these mutations in our OI bone models. A recently published study also 

suggested that the collagen toxicity could be mostly due to the interference of the C-

propeptide mutations in not only chain assembly but also fibril formation (Barnes et al. 

2019). As discussed in Chapter 5, OI26 and OI64 mutations had no effects on osteoblast 

differentiation, as the expression of some essential osteoblast markers such as COL1A1 

and RUNX2 was similar in the mutant (OI26-M and OI64-M) and isogenic control (OI26-

IC and OI64-IC) osteoblast-like cells. This suggested that a decreased amount of type I 

collagen was not due to reduced expression level, but because of the degradation of the 

mutant protein. We also demonstrated that type I collagen was retained in the ER of OI26-

M and OI64-M osteoblast-like cells. While we expected that this intracellular retention 

of misfolded mutant procollagen would trigger an ER stress response, our data from 

RNA-Seq and pathway analyses revealed that ER-retained misfolded type I collagen did 

not activate canonical ER stress pathways and downstream outcomes such as apoptosis 

(Chapter 5). However, it is clear from previous studies on fibroblasts from these OI 

patients (Fitzgerald et al. 1999, Lamande et al. 1995) that these mutant procollagens are 

subjected to degradation by ERAD and thus we would expect that this also occurs in our 

iPSC-derived OI osteoblasts. The failure of the intracellular mutant procollagen 

accumulation to upregulate the UPR and ERAD pathways suggests that these cells may 

already have adequate machinery to deal with the misfolded procollagens expressed in 

this system effectively.  Given the high level of collagen synthesis by “native” osteoblasts 

(the highest of any cell types) (Blair et al. 2017), it is unsurprising that they may have 

abundant collagen protein folding and UPR machinery and may be less susceptible to ER 

stress caused by procollagen misfolding and retention. One possible explanation is the 

low expression of type I collagen in our bone models compared to normal human 

osteoblasts did not reach a threshold that could be needed to trigger unfolded protein 
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response. In future work, we should explore appropriate ways to deal with these issues in 

order to provide a robust in vitro bone model for osteogenesis imperfecta. I will discuss 

some of these methods in the following sections. 

6.1. Optimizing the osteogenic differentiation protocol 

Several manipulations can be made in the osteogenic differentiation protocol to 

improve osteoblast markers expression. In our study, we dissociated day 4 sclerotome 

cells cultured from monolayer and moved into air-liquid interface specific plates in a 

micromass format. The sclerotome media was then switched into osteogenic induction 

media on day 6, and differentiation continued for three more weeks (Chapter 4 and 5). 

There was an ascending trend in the expression of osteoblast-specific markers such as 

COL1A1 until day 27. However, as discussed earlier, this amount of type I collagen, 

which was much lower than osteoblast collagen expression, may not be adequate for 

detailed mechanistic studies of OI. Using a more prolonged culture on osteogenic media 

may improve the expression level of type I collagen. We can extend osteogenic culture to 

three or four more weeks and monitor the mineralization and the expression of sentinel 

osteoblast markers as well as type II collagen. This could be of value to observe whether 

the osteoblast-like features in this system are able to reach similar levels in human 

primary osteoblasts. 

Given the detection of type II collagen expressed cells in osteogenic culture, 

particularly in OI64 mutant and isogenic control cell lines, sorting the cells during 

osteogenic differentiation using osteoblast-specific cell surface markers would allow us 

to culture osteoblast-only cells. Several efforts have been made to identify specific surface 

markers for osteoblasts in recent years (Graneli et al. 2014, Ishibashi and Inui 2014, Park 

et al. 2015). However, all identified markers for osteoblasts appear to be expressed in 

different cell types from the other connective tissues such as fibroblasts, chondrocytes, 

and adipocytes. Thus, high throughput analyses on human osteoblasts and other 

connective tissues need to be performed in order to discover a combination of surface 

markers, which is specific for osteoblasts, but not for the other cell types. 

It could be of importance for our future study on osteogenesis imperfecta (OI) to 

further consider bone development in the context of a model similar to endochondral 
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ossification, as it was recently demonstrated that in the OI mouse model, the mutant 

collagen was expressed in the growth plate cartilage and this cartilage expression of type 

I collagen contributed to the pathology (Scheiber et al. 2019). Paraxial mesoderm-derived 

sclerotome contributes to endochondral ossification to obtain cartilage and bone during 

embryonic bone development (Section 1-2). In our laboratory, cartilage is being 

generated using sclerotome to produce cell pellets, which are grown in chondrogenic 

induction media for up to 10 weeks. We could observe proliferative, prehypertrophic and 

hypertrophic regions in the sections from cartilage pellets during chondrocyte 

differentiation, and there is preliminary evidence that calcification occurs although 

osteoblast formation has not been achieved (unpublished data).  

The key step in both intramembranous and endochondral bone formation appears 

to be a vascular invasion. Osteogenesis and angiogenesis are two pivotal processes during 

bone development (Rabie 1997). Vascular endothelial growth factor (VEGF) as an 

essential mediator of angiogenesis, has also an important role in the stimulation of 

osteoblast differentiation. It was demonstrated that exogenous VEGF is able to increase 

alkaline phosphatase activity and nodule formation, giving rise to inducing the in vitro 

differentiation of primary human osteoblasts (Street et al. 2002). The effective roles of 

VEGF on intramembranous and endochondral ossification have also been demonstrated 

in many studies (Bluteau et al. 2007, Dai and Rabie 2007, Rabie et al. 2002, Street et al. 

2002, Xiong et al. 2005, Zelzer et al. 2004). Therefore, manipulation of our culture system 

using VEGF could be a suitable option to achieve mature osteoblasts. In our future 

studies, we can differentiate iPS cell lines into endothelial cells using VEGF and co-

culture with iPSC-derived sclerotome in an air-liquid culture system with osteogenic 

induction media.    

Injection of human iPSCs-derived sclerotome into immunodeficient can generate 

human bone in vivo. In one study, ectopic bone structures were seen after subcutaneous 

injection of hESC-derived sclerotome into mice (Loh et al. 2016). This could be of value 

for the OI disease model study, as we can interrogate the phenotype and molecular 

pathology of disease in an ectopic human bone in vivo.  

Besides the sclerotome precursor pathway, there are other sources for human bone 

development (section 1.1). Specifically, neural crest cell-derived mesenchymal stem cells 
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are unique cell types for craniofacial bone development mostly through intramembranous 

ossification. Given that several studies have reported the differentiation of pluripotent 

stem cells-derived neural crest into osteoblasts (Chijimatsu et al. 2017, Lee Gabsang et 

al. 2007, Mimura et al. 2016, Zhou and Snead 2008), we can conduct further research to 

achieve a robust osteogenic differentiation protocol from iPSC-derived mesenchymal 

stem cells via neural crest lineage.  

6.2. Perspectives  

Consistent with in vivo and in vitro OI models studies on type I collagen helix 

mutations, our findings on C-propeptide mutations were unable to show any evidence of 

a correlation between intracellular retention of misfolded collagen and activation of ER 

stress pathways. While the mechanisms remained unresolved, it was clear that the mutant 

collagen ha an impact on the formation of a functional extracellular matrix. Our study has 

successfully developed iPSC tools, which show the potential of osteogenesis imperfecta 

modeling approach. It is still necessary to refine these OI bone models technically so that 

they can be applied systematically to disease mechanism studies and drug discovery 

research. 
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Appendices 

Appendix 1: Manuscript 

Hosseini Far H, Patria YN, Motazedian A, Elefanty AG, Stanley EG, Lamande SR, 

Bateman JF. 2019. Generation of a heterozygous COL1A1 (c.3969_3970insT) 

osteogenesis imperfecta mutation human iPSC line, MCRIi001-A-1, using CRISPR/Cas9 

editing. Stem Cell Research First published online: 23-APR-2019 

DOI information: 10.1016/j.scr.2019.101449. 
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Appendix 2: Manuscript 

Howden SE, Hosseini Far H, Motazedian A, Elefanty AG, Stanley EG, Lamandé SR, 

Bateman JF. 2019. The use of simultaneous reprogramming and gene correction to 

generate an osteogenesis imperfecta patient COL1A1 c. 3936 G>T iPSC line and an 

isogenic control iPSC line. Stem Cell Research First published online: 04-MAY-2019 

DOI information: 10.1016/j.scr.2019.101453. 
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Appendix 3 

A) 1-kb OI26 double-stranded repair template with one additional T (red letter) as OI26 

mutation and nine synonymous mutations (green letters) compared to the wild-type allele. 

 

 

B) 190-bp OI64 repair template with four synonymous mutations (green letters) and 

correction site (red letter). 

CTGCAACCTGGATGCCATCAAAGTCTTCTGCAACATGGAGACTGGTGAGACCTGCGTGT

ACCCCACTCAGCCCAGTGTGGCTCAGAAGAACTGGTACATCAGCAAGAACCCCAAGGAC

AAGAGGCATGTCTGGTTCGGCGAGTCTATGACCGATGGATTCCAGGTGCGTGAGCTGGA

CCTCAGAGCCAGT 
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Appendix 4 

Overview of maps of four constructs including A) pSMART-sgRNA, B) pUC19, C) 

pEFBOS_GFP, and D) pDNR-SPCas9-Gem, which were used for generation of OI26 

mutant iPS cell line. 
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Appendix 5 

SNP array results of OI26-M, OI64-M, and OI64-IC cell lines. 

 

 

 



282 

 

 

 

 

 



283 

 

Appendix 6 

Mycoplasma test results for OI64-M, OI64-IC, and OI26-M clones.  
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Appendix 7 

Transcripts per million (TPM) values of genes related to Figure 4-9 in human osteoblasts 

and OI26-IC osteoblast-like cells. The data were acquired from technical triplicates. 

Gene 

Name 

Cluster 

number 

Human 

osteoblast 

1 

Human 

osteoblast 

2 

Human 

osteoblast 

3 

OI26-IC 

1 

OI26-IC 

2 

OI26-IC 

3 

ITGA3 1 163.1873 158.1712 165.2616 37.63751 42.13889 34.58368 

IDS 1 103.3609 101.0011 94.87778 129.4562 179.6637 218.9631 

WWTR1 1 232.4017 240.186 235.2568 60.03034 100.8145 83.42243 

SNAI2 1 165.5761 153.8645 153.3415 19.00856 37.23975 30.02957 

MEF2A 1 84.87842 76.821 79.34626 45.25727 78.06682 61.9511 

FGFR1 1 192.0466 189.1205 177.5307 180.1256 180.1628 179.6081 

TBX15 1 65.07482 59.30427 63.57707 9.949794 22.43496 14.55391 

SAMAD1 1 10.18696 14.25084 8.562577 23.69937 20.72671 37.86045 

TRPS1 1 51.01081 51.06551 51.51817 25.61704 67.24793 47.73683 

MAN2B1 1 91.07444 69.69558 76.87689 34.76996 37.23975 34.91396 

TGFB1 1 166.7924 159.357 176.8886 8.427624 30.12206 20.42399 

PLOD3 1 129.541 119.7962 108.388 28.58643 49.08359 42.16045 

GLI3 1 34.05781 48.39347 38.95966 37.68295 63.26202 67.19055 

TGFBR1 1 48.73015 46.31523 63.22036 59.95857 47.26146 73.40022 

BMPR1A 1 44.27199 63.76768 53.83806 65.69667 66.58604 75.69494 

HDAC5 1 45.38518 64.64834 69.49959 69.6115 71.93985 55.93723 

NFKB1 1 69.10399 54.92511 72.28242 14.59056 20.27118 10.81841 

CTSC 1 76.85832 64.66481 67.71564 43.37787 37.6064 37.52964 

NPR3 1 300.7432 312.1082 326.2343 26.43378 126.8088 38.37381 

SMAD5 1 102.0217 93.89225 91.13044 71.70675 69.62068 94.20921 

COL7A1 1 230.0427 255.1791 285.6333 15.0732 25.11127 12.22528 

EFEMP1 1 1129.384 1097.834 1131.402 54.94662 42.64925 55.54743 

FHL2 1 139.8105 118.7972 128.8731 15.68759 8.999834 9.273267 

MEF2D 1 76.4782 71.62524 93.33209 27.21146 44.52827 38.42232 

MFAP2 1 221.1482 185.5578 179.8141 130.1269 203.8506 172.2698 

NFYB 1 62.3381 48.4677 54.58643 44.23864 38.15082 43.75876 

FMOD 1 224.7973 207.1567 250.384 111.5268 190.5833 132.198 

SGCE 1 59.6013 51.13966 68.6434 43.14052 47.43223 34.49282 

MAP3K7 1 79.59511 84.83703 92.6899 67.12398 77.38352 85.81956 

GNS 1 152.6523 153.9388 161.69 96.97381 107.5952 81.56613 

FGF2 1 108.5594 109.4791 129.2236 19.93671 37.5814 18.62901 

IGF1R 1 79.30182 75.48484 87.90913 89.16879 115.5344 135.2058 

FURIN 1 132.7345 132.7109 122.3021 35.7153 40.5993 31.04834 

SMAD4 1 68.20784 60.56607 58.81199 69.24982 79.54553 72.50074 

AKT1 1 200.0141 178.0612 183.3106 134.1047 99.13524 114.1996 

CYR61 1 964.492 974.4011 987.9074 38.94527 57.11234 32.50373 

ITGA10 1 161.4709 168.5607 201.0065 17.82673 24.99733 10.47882 

CTSK 1 81.57168 68.21112 75.92152 31.4458 17.4241 20.42399 
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EGFR 1 159.7984 167.4474 189.3757 67.27249 113.5414 102.5566 

EXT2 1 106.659 91.22021 104.1067 68.79466 68.95618 52.103 

PLOD2 1 428.6125 410.8687 423.7049 51.91275 79.5473 59.52549 

ADAMTS

1 

1 647.2519 597.7188 635.2719 41.40937 48.51787 34.39574 

FZD1 1 50.93479 51.56681 66.0032 39.50217 83.36238 40.47549 

LRP5 1 46.22142 50.47172 54.36559 41.43272 64.40085 40.07177 

VCAM1 1 205.2597 222.4467 210.3539 27.25059 24.31403 24.06247 

TGFBR2 1 664.2809 637.2055 739.8067 25.20862 50.50712 27.74946 

PEX2 1 54.0444 59.60117 63.14901 38.79915 34.14561 38.51988 

CTHRC1 1 282.422 262.6757 281.2092 56.87718 40.14377 38.51935 

B2M 1 941.5066 784.3493 754.1651 94.0025 47.59081 57.97982 

SMAD3 1 158.9622 154.6068 169.9671 46.22195 60.01636 50.7932 

BMP1 1 156.3816 151.4151 154.6972 58.95624 74.99192 64.03726 

GLB1 1 91.91069 88.54818 90.83467 59.51313 83.87485 51.66638 

SGCD 1 45.61324 68.87906 65.36094 56.20891 104.146 60.01063 

SMAD2 1 64.25142 58.8815 59.82266 76.05466 103.4043 97.81538 

EXT1 1 149.9044 128.406 166.0426 46.67968 59.90242 59.86509 

CSF1 1 416.0687 373.8619 393.0223 18.22888 15.14644 23.14072 

THBS2 1 681.0818 706.233 715.0465 48.82082 53.18338 67.53015 

NF1 1 81.87577 98.79097 92.01959 131.8067 142.1672 141.0109 

BMPR2 1 105.9228 103.9866 100.7897 121.3098 185.699 203.9266 

B2M 1 575.3618 498.8942 513.3817 42.51335 45.05304 27.16269 

DCN 2 4478.84 3871.998 4452.897 1534.852 1217.922 1160.326 

ELN 2 1667.699 1552.228 1489.609 873.5054 1132.798 687.0864 

COL11A1 2 381.2507 444.0027 411.4318 258.1372 621.9152 391.0151 

ACTB 2 3887.523 3602.636 3484.28 1479.73 1394.627 1411.782 

COL16A1 2 431.5772 462.8554 495.7019 149.6181 168.9455 129.4327 

MMP2 2 1278.311 1210.728 1338.331 170.186 307.1995 190.4136 

GNAS 2 678.5732 643.8856 634.2016 693.367 601.3593 603.8658 

RPLP0 2 1667.07 1569.654 1453.854 1659.845 1063.502 1025.666 

GAPDH 2 3255.493 2943.689 2600.24 1128.707 911.0072 1003.007 

COL12A1 2 2091.671 2311.827 2254.883 866.4488 1127.841 868.917 

LOX 2 1066.894 1083.658 1130.902 89.13976 275.1983 131.2763 

NID1 2 901.6218 934.8402 955.8691 242.5819 279.3551 283.1706 

COL5A1 2 2915.218 3007.076 3433.094 658.2456 1158.589 859.8936 

POSTN 2 3829.232 3263.887 3725.934 568.9203 578.5258 546.3054 

COL4A2 2 653.7137 657.988 735.0259 555.8148 695.5406 608.6931 

THBS1 2 6581.307 6904.828 7028.377 63.64393 95.32015 73.98238 

ITGAV 2 840.5 841.0964 858.8979 161.0159 205.7866 160.2386 

SCARB2 2 371.0513 342.281 373.2451 161.0215 174.3442 190.262 

FBN2 2 278.2408 279.8955 306.4688 394.1307 673.5612 449.7158 

LUM 2 476.3543 387.222 438.1899 580.3551 430.9334 355.0184 

CDH11 2 593.7324 622.5094 656.8925 234.9711 405.5944 330.6163 

COL6A1 2 5705.381 5631.16 6251.894 257.4323 313.8047 304.5163 

COL6A2 2 4301.557 4228.565 4822.087 366.3232 407.5304 356.8134 
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RPL13A 2 1842.901 1523.63 1383.161 1847.777 928.5807 961.8554 

HSPG2 2 1133.72 1241.901 1301.084 180.0973 318.0118 224.8811 

COL8A1 2 6162.995 6334.303 6544.038 104.8456 167.5246 121.1938 

SERPIN

H1 

2 1006.38 903.2954 957.653 332.2885 412.1996 336.6219 

ITGB1 2 3715.685 3412.451 3644.84 459.5602 644.331 511.5585 

DDR2 2 592.1359 596.8281 598.0961 166.3621 335.3855 240.8672 

ANXA5 2 1701.374 1633.502 1639.591 173.3417 169.3441 176.636 

FBN1 2 2935.212 2988 3276.832 503.9186 637.9157 485.5197 

IGF2 2 634.7084 706.7525 696.423 763.3945 1213.921 1047.235 

BGN 2 2919.4 2865.309 2842.704 197.8078 512.5807 406.0508 

COL4A1 2 755.8875 770.0649 866.8896 719.6894 989.0172 918.3518 

COL5A2 2 1824.682 1807.927 1991.085 692.1047 684.2662 571.8232 

TMSB4X 2 812.1058 708.3846 718.6239 1067.559 219.6555 242.3512 

COL1A1 3 35355.05 34942.76 38056.45 2514.848 3516.252 3152.522 

SPARC 3 7056.825 6935.705 7317.65 1462.323 1632.855 1280.259 

FN1 3 126280.6 127133.8 136969.4 3590.414 4789.066 4463.377 

COL6A3 3 11433.02 11567.15 12587.63 900.45 1160.927 978.8279 

COL1A2 3 19663.34 19996.23 22016.81 3381.86 2766.162 2265.947 

COL3A1 3 6942.868 7436.414 7703.394 5061.549 4079.119 3543.974 

ALPL 4 354.643 300.0098 354.9903 5.717419 4.669204 3.20186 

CLEC3B 4 319.7488 296.076 302.1876 0.891026 0.170825 0.242565 

MFAP5 4 804.3002 721.6714 776.6854 4.767102 8.199578 4.608738 

GREM1 4 1782.031 1730.063 1654.266 5.172408 1.572326 4.06122 

GREM1 4 695.3172 695.635 756.6707 1.848063 4.977713 1.823217 

COMP 4 5754.187 5508.1 5591.934 0.105698 0.056998 0 

SCML1 5 32.23336 43.12363 40.52953 19.19419 29.83735 17.56172 

CBFB 5 50.25059 37.03741 43.74043 26.0274 28.64153 27.02176 

HDAC4 5 15.35646 21.07937 17.98141 32.78735 33.40628 37.74974 

SCARB1 5 9.354516 13.11092 11.77354 24.83532 46.20348 35.08521 

GLI2 5 13.53193 16.62605 13.77148 13.06839 27.55964 24.98416 

ICAM1 5 36.94673 36.88889 41.81392 5.606041 6.662157 8.158971 

TFIP11 5 30.49025 24.49363 34.8925 31.4683 40.65624 31.62841 

MINPP1 5 30.02872 27.83367 27.54296 18.56305 5.580269 14.84499 

OAS3 5 42.64838 41.4165 51.58953 2.266214 6.491333 3.444426 

TBX18 5 45.91733 41.4165 46.88011 20.27089 47.20452 32.50373 

OL4A3B

P 

5 35.65435 38.52172 39.68598 39.45034 27.38887 38.23079 

ACVR1 5 33.98187 29.24391 31.03934 19.82534 33.08302 20.22994 

GBP1 5 33.0642 39.10081 41.52229 10.65523 9.605464 10.20671 

IFIT3 5 17.5611 18.25889 17.38688 7.371424 7.232427 9.561774 

MSX2 5 11.63138 4.008048 6.992771 9.912668 17.99352 15.33012 

SMAD9 5 9.225354 8.164543 11.48812 23.31756 41.34597 40.42761 

TBX2 5 48.95821 47.79969 50.66192 5.197653 2.220719 3.784017 

HOXA7 5 10.79513 12.76638 15.84077 1.113783 1.081889 2.425652 

TWIST1 5 57.0925 45.94419 56.08488 7.12821 12.12854 7.956138 

SNAI1 5 20.75403 13.28594 11.13135 5.23478 7.060748 3.686991 
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PEPD 5 53.89965 45.72144 44.02592 38.6111 30.12206 40.84798 

PEX6 5 14.06408 16.10642 19.19444 16.59536 15.20338 16.05781 

RUNX2 5 29.34452 35.10754 27.25754 5.086275 3.985906 7.03439 

IDUA 5 12.99977 14.54773 7.492255 12.47433 5.978859 10.62431 

PEX1 5 16.04066 15.14152 18.05912 37.31132 40.6227 39.29813 

FIGNL1 5 11.32721 10.76235 10.56051 22.60979 27.38887 26.82766 

MEN1 5 37.70687 31.61905 38.31753 25.9883 23.80155 30.1266 

TBX3 5 14.97635 16.32909 21.04967 12.2887 16.85469 14.5054 

ITGA7 5 22.19845 19.14949 19.6225 40.02189 23.51685 23.33477 

SMAD6 5 20.90607 19.00112 20.97831 11.62047 22.60578 8.489781 

PEX5 5 16.26872 11.05924 12.98658 49.89747 18.96152 24.59616 

EPHA2 5 18.62541 20.18869 15.19857 14.88756 12.24243 16.39741 

TUFT1 5 9.958891 13.13749 12.41574 9.469605 10.94331 9.101725 

LIMD1 5 45.50925 42.64586 45.54934 18.69199 18.46773 18.35699 

EBP 5 17.40913 18.11044 11.8449 26.13677 34.6205 27.36135 

BMP6 5 23.33878 27.23988 24.4747 8.947389 21.75166 9.799633 

SLC26A2 5 30.52377 36.36673 34.77883 32.58015 47.88781 28.523 

ITGA2 5 10.87116 13.95395 7.76269 13.3974 16.34221 14.16581 

TNFRSF1

1B 

5 68.11578 59.45272 67.07359 9.617552 5.238619 5.239408 

HPRT1 5 25.77148 28.72435 28.75599 8.501876 9.907824 8.926399 

THBS3 5 42.7244 49.50682 48.09321 37.72011 37.69534 33.57102 

GUSB 5 37.40522 36.44355 42.95552 24.21253 32.79831 22.40754 

SMAD1 5 10.18696 14.25084 8.562577 23.69937 20.72671 37.86045 

JUNB 5 70.77655 63.46077 69.92771 10.32105 9.623116 7.082903 

COL8A2 5 10.56707 16.77443 14.62774 27.77032 34.50656 19.84183 

VEGFB 5 32.76551 32.88084 19.90799 29.55234 36.27175 39.97474 

ATR 5 37.25082 49.65527 48.73534 32.25545 37.92755 23.97126 

HOXD8 5 8.05834 10.24279 12.55845 3.304223 3.985906 1.60093 

FUCA1 5 13.68397 13.95395 14.91316 16.55824 19.70176 11.44908 

IFIT1 5 12.92375 13.28594 13.4147 6.143998 4.384497 4.899817 

TRAPPC

2 

5 7.674352 5.418288 6.543308 13.65141 11.00993 16.40983 

PDGFA 5 8.05834 8.238766 8.205803 14.27201 16.63672 10.92868 

TWIST2 5 18.2453 13.43438 14.48503 3.786862 3.473432 1.455391 

GABBR1 6 2.530775 3.232417 1.262338 49.84334 26.45218 21.48982 

GABBR1 6 4.628376 1.928094 3.171721 46.2019 25.38123 83.48691 

NFYA 7 32.99358 34.29108 37.24721 62.14909 76.18775 82.81175 

COL9A2 7 2.280662 1.855578 1.213032 28.43859 29.78041 28.91377 

MEF2C 7 7.450163 10.98495 9.204699 38.23992 78.06682 51.76346 

TGFB2 7 4.257236 9.27789 5.77974 50.89988 112.4595 106.5831 

SFRP1 7 20.44994 20.18869 23.47573 102.6908 151.6922 124.9211 

HOXA2 7 1.292375 0.890677 0.642193 16.2241 27.33193 22.89815 

HOXA3 7 3.801104 3.191594 6.564643 32.85656 45.09768 52.8307 

HOXA5 7 6.841987 7.570758 6.136514 120.7341 79.71812 116.4313 

VEGFA 7 42.04021 33.10351 41.31444 102.0225 112.6304 101.2467 

IGFBP5 7 12.46762 15.06729 10.91729 748.0166 758.6888 825.9829 
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TGFB3 7 8.818636 5.418288 10.34645 43.36328 73.22679 59.47693 

SMO 7 5.929722 7.570758 12.98658 53.61008 50.56407 47.97939 

LRRC17 7 0.608177 0.964901 0.499484 136.2156 94.01044 101.1497 

HOXD3 7 2.901839 2.461461 0.60359 34.4793 36.7402 44.2076 

JUND 7 20.52596 23.97407 13.98554 51.86516 91.84666 64.91044 

LMX1B 7 4.440297 2.15247 3.068257 55.93655 69.25888 88.49884 

MSX1 7 3.897728 4.75028 4.423998 26.61941 35.01903 33.66805 

COL18A1 7 22.50246 18.85267 19.2658 134.7678 77.44046 91.5441 

COL14A1 7 16.80095 14.54773 20.33612 154.4074 192.9179 137.6315 

COL4A5 7 0.760221 1.18757 0.499484 131.0922 109.7832 97.36566 

HOXA4 7 1.520441 1.113347 0.784903 30.5919 64.62862 57.19687 

HOXC4 7 2.736795 3.117371 3.068257 37.64586 26.53475 49.28924 

COL15A1 7 34.66606 24.7163 26.32993 58.77061 80.91389 95.08555 

GABBR1 7 4.283084 3.769941 2.426064 0 10.31729 5.416529 

ITGA1 8 45.8166 56.17562 34.81087 86.16766 94.39326 82.20126 

GABBR1 8 2.621849 10.8129 5.056202 0 32.82775 22.33836 

SOX8 8 0.152044 0.964901 0.570838 38.87102 25.79451 26.29407 

FGFR2 8 0 1.410239 1.355741 35.46986 40.94095 37.50485 

WNT11 8 1.140331 0.371116 1.213032 8.019237 10.81889 5.773051 

PTHLH 8 0.988287 1.929801 1.78387 1.188035 1.537421 1.60093 

CHRD 8 0.684199 2.15247 0.214064 11.89535 3.245666 5.971081 

SCML2 8 2.821179 4.398165 2.159339 11.14006 10.93277 12.12826 

PHEX 8 1.140331 1.410239 0 2.858709 1.70927 4.612862 

FLT1 8 0.152044 0.742231 0.570838 7.93032 6.092685 7.810793 

HOXA1 8 3.801104 1.929801 2.354709 3.04434 4.612263 3.541452 

GLI1 8 0 1.410239 0 11.39771 23.68773 20.22994 

ARHGDI

B 

8 0.532155 0.593785 0.570838 6.645571 8.370403 5.530486 

PEX7 8 5.245523 4.972949 2.782838 3.675484 2.733193 2.377139 

FGF1 8 5.321545 4.379164 5.922449 6.237147 5.978859 8.295729 

SATB2 8 7.602131 2.672032 4.209934 7.056371 9.964765 6.500795 

BMP4 8 4.181214 2.523586 5.137546 12.32586 19.75871 4.269147 

SOX9 8 0.076022 1.707132 0.642193 27.62182 54.54997 50.30802 

BMP2 8 2.432706 3.414264 3.139612 2.598827 4.953912 2.522678 

BMPR1B 8 4.865489 9.352113 3.353676 5.197653 9.680058 9.168964 

MX1 8 2.356684 6.012073 4.352715 4.047079 12.18053 3.493909 

PTH1R 8 1.292375 2.300917 0 12.58575 15.88668 12.95293 

MX2 8 1.672486 1.929801 1.641161 3.85135 1.024947 2.959295 

NOG 8 1.444419 0.742231 1.92658 6.051554 15.94362 13.29257 

WWOX 8 3.801104 4.304941 3.567741 7.647976 12.69796 10.47882 

COL13A1 8 0.304088 1.261793 1.355741 16.14989 19.98647 25.1298 

COLQ 8 0 1.18757 0.998967 9.207309 8.313461 10.57584 

ACHE 9 0.228066 0 0 5.865923 5.864976 7.713621 

MMP9 9 0 0 0 0.66827 1.024947 0.776209 

FGF9 9 0 0 0 10.34107 5.295561 8.829372 

CA2 9 0.456132 0 0.356774 10.32105 3.0179 5.384947 
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DLX5 9 0 0 0 0.334135 1.936012 3.444426 

LHX2 9 0.532155 0.519562 0.356774 1.113783 1.708245 1.406878 

BMP5 9 0 0 0 3.749736 7.117689 4.608738 

THBS4 9 0.760221 0 0.856258 7.944985 1.309655 5.821564 

SPP1 9 0 0 0.713548 6.385689 7.744046 4.996843 

BST2 9 0 0 0.499484 2.264692 3.928965 2.71673 

CD36 9 2.129302 0 2.06929 2.896801 2.505768 2.037547 

EGF 9 0.38011 0 0 4.306664 1.024947 3.735504 

RSPO2 9 0.988287 0 0 1.782053 0.74024 0.970261 

ARSE 9 1.216353 0 3.139612 3.118592 4.441438 2.474165 

MATN1 9 0.152044 0 0 0.965279 3.473432 1.503904 

SHH 9 0 0 0 2.3806 0.968006 5.399113 

COL11A2 9 0 0.964901 1.146957 8.195734 0 5.118077 

COL11A2 9 0 0 1.493099 8.139748 0 6.233974 

BGLAP 9 0.078835 0 0 1.046065 0.712509 2.454517 

GDF10 9 0 0 0 5.606041 7.345456 5.287921 

IGF1 10 0 0 0 131.2868 199.4033 194.3143 

FGFR3 10 0.228066 0 0.071355 69.35155 69.01312 66.75234 

COL9A3 10 0.608177 0 0 28.5128 36.32869 23.67436 

BMP7 10 0 0 0.071355 38.6323 37.8919 51.32131 

HOXB8 10 0 0 0 120.1029 140.1331 166.5938 

HOXB5 10 0 0 0 121.6542 148.6743 138.2622 

HOXB3 10 0 0 0 174.5477 206.3852 249.1381 

LEF1 10 0 0 0 12.36299 26.99028 22.80108 

COL2A1 10 0 0.074223 0.14271 30.70328 23.23214 29.3026 

HEY1 10 0 0.222669 0 33.04226 16.51304 27.11879 

HOXB9 10 0 0 0 28.7356 44.81297 47.83385 

HOXB2 10 0 0 0 43.66029 74.93503 72.47848 

SOX2 10 0 0 0 49.0053 62.97601 89.26277 

HOXB4 10 0 0 0 64.60743 75.39057 80.04651 

COL4A6 10 0 0 0 27.95595 31.20395 30.99978 

HOXB7 10 0 0 0 23.5522 12.92572 33.1344 

CD24 10 0 0 0 322.3801 251.4894 380.271 

HOXA11 11 14.06408 17.73933 12.27303 0 0 0 

HOXC8 11 9.730825 7.348089 16.19754 0.074252 0 0.194052 

HOXA13 11 19.84176 18.70423 23.61844 0 0 0 

VDR 11 78.30273 74.59424 96.54313 0.111378 0 0 

HOXC13 11 2.508728 1.632909 1.498451 0.037126 0 0 

HOXC11 11 4.637346 4.676057 5.708385 0 0 0 

GDF5 11 38.61921 47.5028 51.58953 4.911003 0.113883 3.25081 

HOXD9 11 3.649059 6.308965 5.066192 0.148504 0 0 

HOXD10 11 8.468099 7.536244 8.855988 0 0 0 

HOXC9 11 6.61392 3.117371 8.134448 0.037126 0 0.194052 

HOXC10 11 58.08086 47.5028 47.30824 0 0 0 

ISG15 11 7.830273 5.492511 8.633932 5.643167 0 1.649443 

ADA 11 9.578781 10.76235 7.849029 2.895836 0 0.436617 
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HOXA10 11 18.47344 12.69223 20.83553 0 0 0 

CXCL2 12 3.732228 1.18757 3.2891 0.519765 0 0.727696 

COL4A4 12 2.508728 1.261793 2.568773 0.928152 0 0.48513 

OAS1 12 1.368397 1.261793 2.497418 1.188258 0 0.194052 

WNT3 12 0.760221 0 2.06929 0.259883 0 0.630669 

COL10A1 12 4.63727 0 4.067224 0.111378 0 0 

TBX19 12 1.520441 1.113495 1.070322 1.225124 0 0.970261 

TBX6 12 0.076022 1.410239 0.285419 1.13862 0 0.58759 

IL18 12 2.055941 1.039124 3.71045 0.113569 0.056942 0.339591 

HOXB13 12 2.015041 1.632909 4.352643 0.202634 0 0.815747 

ADORA2

B 

12 1.444419 1.707132 4.638063 2.450322 0 3.298886 

IFI27 12 0.621252 2.227065 0.784903 3.080946 0 1.248774 

TBX1 13 0 0.148446 0 0.149952 0.74024 0 

COL11A2 13 0.684199 0 0 0 3.333641 0 

COL11A2 13 0 0 0 0 0 0 

WNT3 13 0 0 0 0 9.680058 8.732346 

CALCR 14 0 0 0 0.519765 0 0.194052 

COL19A1 14 0 0 0 1.170771 0 0.810507 

BMP8B 14 0 0.296892 0 0.18589 0 0 

CD274 14 0.608177 0.593785 0 0.445513 0 0 

HOXD1 14 0 0 0 1.336539 0 1.358365 

IGF2 14 0 0 0 0.757372 0.072145 0.210158 

ENAM 14 0.228066 0 0 0.408387 0 0.145539 

MMP13 14 0.304088 1.039124 0 0.111601 0 0 

DMP1 14 0 0 0 0.222757 0 0 

BMP3 14 0 0 0.14271 1.383281 0 0.194101 

COL4A3 14 0.532155 0 0 0.148504 0 0 

SP7 14 0 0 0 0 0 0 

COL11A2 14 0 0 0 0 12.32528 0 
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Appendix 8 

List of abbreviations  

AA2P      ascorbic acid-2-phosphate 

ACAN      aggrecan 

ADAMTS     A disintegrin and metalloproteinase with  

thrombospondin repeats 

AGA2      abnormal gait 2 

AHA      L-Azidohomoalanine 

ALI      air liquid interface 

ALPL      alkaline phosphatase  

AR      alizarin red 

AMPK      AMP-activated protein kinase 

APS      anterior primitive streak 

ASK1      apoptosis signal-regulating kinase 1 

ATF      Activating transcription factor 

ATG      autophagy-related protein 

BAC      bacterial artificial chromosome 

BAX      BCL2 associated X 

BBF2H7     BBF2 human homolog on chromosome 7 

BCHE      butyrylcholinesterase 

BGLAP     bone gamma-carboxyglutamic acid  

containing protein 

BI-1      Bax-inhibitor 1 

BID      BH3-interacting domain death agonist 

BIM      Bcl2-interacting mediator of cell death 

BiP      Binding immunoglobulin protein 

BMP      bone morphogenetic protein 

bZIP      basic leucine zipper 
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CHOP      CCAAT/enhancer-binding protein  

homologous protein 

CLCN7     chloride voltage-gated channel 7 

COL      collagen 

COMP      cartilage oligomeric matrix protein 

COP      coat protein complex 

CREB      cyclic AMP-responsive element-binding  

protein 

crRNA      CRISPR RNA 

CRTAP     cartilage associated protein 

cTAGE5     cutaneous T-cell lymphoma-associated  

antigen 5 

CYPB      cyclophilin B 

3D      three-dimensional 

DCN      decorin 

DDIT3      DNA damage inducible transcript 3 

deH-DHLNL     dehydrodihydroxylysineonorleucine 

deHHLNL     dehydrohydroxylysineonorleucine 

Dex      dexamethasone  

DNA      deoxyribonucleic acid 

DR5      death receptor 5 

EB      embryoid body 

ECM      extracellular matrix 

EDEM1     ER degradation enhancing alpha- 

mannosidase like protein 1 

EDN1      endothelin 1 

eIF2α      Eukaryotic Translation Initiation Factor 2α 

ER      endoplasmic reticulum 

ERAD      ER-associated degradation 
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ERGICs     ER to Golgi intermediate compartments 

ERK      extracellular signal-regulated kinase 

ERN      endoplasmic reticulum to nucleus signaling 

FACIT      fibril-associated collagens with interrupted  

triple helices 

FACS      fluorescent-activated cell sorting 

FBN      fibrillin 

FGFR      fibroblast growth factor receptor 

FKBP      FK506 binding protein 

FOXC2     forkhead box C2 

GADD34     growth arrest and DNA damage-inducible  

protein34 

GFP      green fluorescent protein 

GLS      Golgi localization sequences 

β-GP      β-glycerophosphate 

GRP      glucose-regulated protein 

HAND1     heart and neural crest derivatives expressed  

HDR      homology-directed repair 

HERPUD     homocysteine inducible ER protein with  

ubiquitin like domain 

hESC      human embryonic stem cell 

HH      hedgehog 

HIF      hypoxia-induced factor 

hiPSC      human induced pluripotent stem cell 

HMG      high mobility group 

hPSC      human pluripotent stem cell 

HR      hydrophobic region 

HRD1      HMG-CoA reductase degradation 1 

HREC      human research ethics committee  
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HSP      heat shock protein 

HSPG2     heparan sulfate proteoglycan 2 

IBSP      integrin binding sialoprotein   

IHH      indian hedgehog 

IP3      inositol 3-phosphate 

iPSC      induced pluripotent stem cell 

IRE1      inositol-requiring kinase 1 

ITS      Insulin-Transferrin-Selenium 

JNK      JUN N-terminal kinase 

KLF4      Kruppel-like factor 4 

LEPRE1     leucine proline-enriched proteoglycan 1 

LH      lysyl hydroxylase 

LIR      LC3-interacting region 

LO      lysyl oxidase 

MATN3     matrilin 3 

MEFs      mouse embryonic fibroblasts 

MEOX1     mesenchyme homeobox 1 

MFAP      microfibril associated protein 

MGP      matrix gamma-carboxyglutamic acid 

MIA3      melanoma inhibitory activity 3 

MICAL2     molecule interacting with casL protein 2 

MIXL1     MIX1 homeobox-like protein 1 

MLBR      major ligand-binding region 

MMP      matrix metalloproteinase 

MNE      mean normalized expression 

MSGN1     paraxial mesoderm-specific mesogenin1 

mTLD      mammalian tolloid-like families 

mTORC     mammalian target of rapamycin complex 

MYC      myelocytomatosis oncogene homolog 
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NBR1      next To BRCA1 gene 1 protein 

NDP52     nuclear domain 10 protein 52 

NFκB      nuclear factor kappa-B 

NHEJ      non-homologous end-joining pathway 

Nrf2      nuclear factor-like 2 

OCT4      octamer-binding transcription factor 4 

OI      osteogenesis imperfecta 

OASIS      old astrocyte specifically-induced  

substance 

OSX      osterix 

PAM      proto-spacer adjacent motif 

PAX      paired box 

PBS      phosphate buffer saline 

PDGFR     platelet derived growth factor receptor 

PDI      protein disulfide isomerase 

PEDF      pigment epithelium-derived factor 

PERK      protein kinase-like endoplasmic reticulum  

kinase 

P3H      prolyl 3 -hydroxylase 

P4H      prolyl 4 -hydroxylase 

PI      propidium iodide 

PI3 P      phosphatidylinositol 3-phosphate 

PI3K      phosphatidylinositol 3-kinase 

PKC      protein kinase C 

PLOD2     procollagen-lysine,2-oxoglutarate 5- 

dioxygenase2 

PPIB      peptidylprolyl isomerase B 

Prl      pyrrole 

PTC      premature termination codon 
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PUMA      P53 up-regulated modulator of apoptosis 

Pyr      pyridinium 

RIDD      IRE1-dependent decay of mRNA 

ROS      reactive oxygen species 

RUNX2     runt-related transcription factor 2 

RANKL     receptor activator of nuclear factor kappa- 

B ligand 

SEC24      Saccharomyces cerevisiae-related gene  

family 

SERPIN     serine protease inhibitor 

SH3      src homology 3 

SHOX      short stature homeobox  

SLY1      sec1 family domain-containing protein 1 

SMAD      Sma- and mad-related protein 

SNP      single nucleotide polymorphism 

SOC      super optimal broth with catabolite  

repression 

SOSTDC1     sclerostin domain containing 1 

SOX      SRY-related HMG-box 

SPARC     secreted protein acidic and cysteine-rich 

S1P      site-1 protease 

S2P      site-2 protease 

TAD      transcriptional activation domain 

TBX1      T-Box Transcription Factor 1 

TCIRG1     transmembrane channels such as T cell  

immune regulator 1 

TFG      trafficking from ER to Golgi regulator 

TGFβ      transforming growth factor β 

TM      transmembrane domain 
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TMBIM     transmembrane BAX inhibitor motif- 

containing protein 4 

TMEM38B     transmembrane protein 38B 

TNF      tumor necrosis factor 

TNFAIP3     TNF alpha induced protein 3 

TNFRSF     TNF receptor superfamily member  

TP      translational pausing 

TPM      transcripts per million 

tracrRNA     trans-activating CRISPR RNA 

TRAF2     TNF receptor-associated factor 2 

TRIC-B     trimeric intracellular cation channel type B 

TXNIP      thioredoxin-interacting protein 

TYW3      tRNA-YW synthesizing protein 3 

UBA      ubiquitin associated domain 

ULK      Unc-51-like kinase 

UPR      unfolded protein response 

VCGS      Victorian clinical genetics service 

VTCs      vesicular tubular clusters 

XBP1      X-box binding protein 1 

 

 

 

 

 


