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Osteogenesis imperfecta (OI) is a hereditary disease that disrupts bone 

formation and function resulting in skeletal deformities and fragile bones. OI is 

diagnosed based on clinical and radiological examination, with patient symptoms 

ranging in severity from relatively mild (increased incidence of fractures) to 

severe (low impact fractures, severe skeletal deformities) to lethal (respiratory 

insufficiency soon after birth). To date, mutations in over a dozen genes that 

cause OI have been identified, of which ~90% are autosomal dominant and 

~10% are autosomal recessive. In 5-10% of clinical cases the mutations remain 

unknown.  Mutations in type I collagen, the triple helical protein that makes up the 

fibrous organic scaffold (matrix) of bone, are responsible for over 80% of OI 

cases. Interestingly, OI severity in patients with the same collagen mutation is 

highly variable, suggesting it may be possible to find a treatment that does not 

require gene repair. Furthermore, as OI pathology shares features with other 
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disorders such as common osteoporosis, studying this rare genetic disorder may 

unmask common molecular mechanisms and result in novel approaches to 

treatment of both disorders. Nevertheless, even the most basic mechanisms of 

OI pathophysiology are still poorly understood. 

The goal of the present study was to lay the foundation for understanding 

how malfunction of bone producing cells contributes to OI pathology with the aim 

of finding treatments that do not involve presently unrealistic gene repair. 

Specifically, we focused on characterizing how the most common OI mutations in 

collagen affect: (1) collagen synthesis in bone producing cells, (2) bone cell 

differentiation and function, and (3) bone formation in vivo. To answer these 

questions, we chose to use a recently developed mouse model of moderately 

severe OI that mimics the genetic defect and phenotype variability found in the 

largest known group of OI patients with the same mutation.  
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SECTION 1: INTRODUCTION 

Chapter 1: Bone 

STRUCTURE AND FUNCTION 

Bone is strong yet lightweight, rigid yet not brittle. It is made of an organic 

scaffold (matrix), the main component of which is type I collagen fibers. 

Hydroxyapatite mineral crystals fill voids inside and between the fibers. The 

resulting alloy of elastic collagen fibers and rigid mineral provides a balance 

between stiffness to resist bending upon application of a force and flexibility to 

absorb the force without shattering (1). The amount of mineralization primarily 

determines the stiffness: flexibility ratio is dictated by bone cells as well as other 

factors. Increased mineralization results in increased stiffness but reduced 

flexibility. Different bones can have different levels of mineralization depending 

on their function. For instance, inner ear bones need increased sensitivity to 

vibration, requiring increased stiffness and higher mineralization compared to the 

femur, which needs some flexibility to absorb the forces exerted on it while 

standing (1). The size, shape and composition of hydroxyapatite crystals varies 

as well and is affected by multiple factors, including the environment, diet, etc. 

(2). Most bones have a dense outer, cortical layer and a porous inner, trabecular 

layer, which maximize strength while reducing weight (Illustration 1). The bone 

marrow, which fills the voids in the trabecular layer, serves as a reservoir of bone 

producing cells as well as the source of blood cells.  

In addition to type I collagen, the organic matrix of bone contains many 

other proteins, carbohydrates, lipids, and water. Type I collagen comprises ~85% 

of the protein content of bone, and most water in bone is found in collagen fibers 
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(2). Among the most important non-collagen bone proteins are proteoglycans that 

contain at least one glycosaminoglycan (mostly chondroitin or heparin sulfate) 

chain (2). Proteoglycans regulate collagen fibrillogenesis, structural organization 

of the matrix and binding of important ligands. Other non-collagen proteins 

include alkaline phosphatase that maintains phosphate and pyrophosphate 

homeostasis, matricellular proteins that affect bone cell function, proteins that 

mediate cell attachment to bone, and a variety of growth factors and regulatory 

proteins that bind to bone matrix and hydroxyapatite (2). Roughly 2% of the dry 

weight of bone is attributed to lipids, which have an unknown, but important 

function to bone physiology (2,3).  

 

Illustration 1. Bone structure  

Cortical bone is dense, compact, and provides most of the structural support. 
Trabecular bone is contained within the cavity of cortical bone and is surrounded 
by bone marrow. Trabecular bone makes up ~20% of the cavity, the rest being 
filled with bone marrow. Relative fractions of both types of bone vary depending 
on the diameter of the bone at a particular region and the intended function. 
Reprinted from Trends in Cell Biology, 21/3, Makareeva, E., Aviles, N., Leikin, S. 
Chaperoning osteogenesis: new protein-folding disease paradigms, 168-176 
Copyright (2011), with permission from Elsevier. 
 

  

trabecular  bone

cortical  bone
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Bone is not just a part of the skeleton but also (a) a vast Ca2+ reserve that 

the rest of the body may draw upon when needed, (b) a niche for hematopoiesis 

and a variety of stem cells that reside in the bone marrow cavity and require 

signaling from bone cells, and (c) an endocrine organ that produces hormones 

and responds to signals from other organs in the body.  

 

FORMATION, MODELING, AND REMODELING 

During development, bone nucleation and formation occurs either via 

endochondral or intramembranous ossification depending on the type of bone 

and origin of bone cells. Briefly, endochondral ossification starts from formation of 

mineralized cartilage to a template for deposition of bone by osteoblasts, which 

are specialized bone-producing cells. The cartilage is subsequently removed by 

bone-matrix absorbing osteoclasts during modeling and remodeling (4). 

Intramembranous ossification is de novo bone formation through creation of an 

ossification center containing osteoblast precursors without a cartilage matrix 

template (5). After bone has formed, there are no distinguishable differences 

between the material formed by endochondral or intramembranous ossification.  

Once initial ossification is complete, bone formation occurs through 

modeling or remodeling processes (Illustration 2). Bone modeling is the 

deposition of new material at the existing bone, usually at the periosteal (outer) 

surface of the cortical layer (Illustration 2a). It is typically accompanied by 

resorption at the other side of the cortical layer. The balance between periosteal 

bone deposition and endosteal (inner surface) bone resorption determines 

changes in the thickness of the cortical layer. However, mineralized matrix may 

also be deposited at endosteal and resorbed at periosteal surface when required 

for changing the bone geometry. Bone modeling may also modify the thickness 
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of trabecular bone and the size and strength of bone attachment points of 

tendons and ligaments. The sites as well as rate of formation and resorption of 

bone are regulated through complex interactions between osteoblasts, 

osteoclasts and osteocytes. Osteocytes are mechanosensing cells inside the 

bone, which are produced by differentiation of osteoblasts that become 

embedded inside bone matrix during its deposition (Illustration 2b). The bone 

modeling process is affected by a variety of hereditary and environmental factors, 

allowing for optimization of bone size, shape, strength, and weight during growth 

(1).  

 

Illustration 2. Bone modeling and remodeling.  

(A.) Bone modeling occurs doing bone formation. Osteoblasts at the periosteum 
deposit unmineralized matrix called osteoid while osteoclasts absorb mineralized 
bone at the endosteal surface. The osteoid becomes hardened, mineralized 
matrix, embedding some osteoblasts in the process. These osteoblasts 
differentiate into osteocytes, which signal to other cells through long caniculi 
processes. (B.) Bone remodeling occurs at sites of bone damage. Osteocytes 
sense damage to the matrix and send signals to bone absorbing osteoclasts, 
which degrade the matrix. Osteoblasts come in and deposit new osteoid in a 
highly coordinated manner to form organized bone. These figures are simplified 
to highlight only bone formation and remodeling via bone cells, and do not 
contain blood vessels, marrow, etc. Reprinted from Trends in Cell Biology, 21/3, 
Makareeva, E., Aviles, N., Leikin, S. Chaperoning osteogenesis: new protein-
folding disease paradigms, 168-176 Copyright (2011), with permission from 
Elsevier. 

 

osteoclast
osteoblast

osteocyte

          A.  Bone  Modeling                                                                  B.  Bone  Remodeling  

mineralized  matrix

unmineralized  matrix  (osteoid)
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Remodeling replaces existing bone with new material, which enables 

bones to achieve maximum functional capability during and after development. 

Remodeling is usually activated by microscopic cracks in the bone. Osteocytes 

recognize these microfractures and signal to osteoclasts and osteoblast to 

replace the old and damaged material. Osteoclasts digest and break down the 

area. In a tightly coordinated fashion, osteoblasts refill the resorbed area with 

newly synthesized collagen matrix, which is mineralized to become new bone. 

(Illustration 2b). During normal remodeling, the matrix deposited is well organized 

due to the cell-cell adhesions of coordinating osteoblasts to produce ordered 

bone. Dysregulation of signaling between bone cells disrupts the balance 

between bone resorption and deposition during remodeling and may lead to 

accumulation of microfractures, bone loss, or excessive bone formation.  
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Chapter 2: Collagen Biosynthesis 

Since type I collagen is the most prevalent building block of the bone 

matrix, its homeostasis plays the key role in bone health and pathology. 

Disruptions in collagen biosynthesis lead to abnormal bone formation, skeletal 

deformities and bone fragility.  

Type I collagen belongs to a large family of collagens distinguished by at 

least one triple helix domain with an obligatory glycine (Gly or G) in every third 

position. Roughly 30% of the amino acids in the other two positions of the 

repeating Gly-X-Y triplets are proline (Pro or P). It is the most abundant protein in 

vertebrates, forming the foundation of extracellular matrix in skin, bone, and other 

tissues, yet it is synthesized primarily by only a few specialized cells including 

osteoblasts in bone, odontoblasts in teeth, and fibroblasts in skin, tendons and 

other soft connective tissues (6).   

Type I collagen (referred to as collagen hereafter) is a ~300 nm long 

heterotrimer of two α1 chains and one α2 chain, each being approximately 1000 

amino acid residues long (Illustration 3). It is synthesized and folded as a 

procollagen precursor, in which the long collagen triple helix is bounded by 

propeptides at the –COOH (C) and -NH2 (N) terminal ends. Once procollagen is 

secreted by the cell the propeptides are cleaved off by specialized enzymes, and 

the remaining collagen triple helix is assembled into fibrils. The fibrils are bundled 

together into thicker fibers, which form the structural scaffold of extracellular 

matrix in a variety of tissues.  
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Illustration 3. Procollagen structure.  

Type I procollagen consists of two α1 chains and one α2 chain. Procollagen 
contains a C-propeptide with a globular hydrophobic core, a long, relatively 
inflexible triple helix region, and a small N-propeptide that contains both a small 
triple helix and a globular region. Propeptides are enzymatically cleaved off to 
yield mature collagen in the extracellular space.  

 

BIOSYNTHESIS OVERVIEW 

 

Transcription and Translation 

The α1 chain gene of procollagen, Col1a1 is located on chromosome 11 in 

mouse (chromosome 17 in human), and the α2 chain gene, Col1a2 is located on 

chromosome 6 in mouse (chromosome 7 in human). Both genes are similar, 

containing 51 and 52 exons in Col1a1 and Col1a2, respectively. The first 6 exons 

encode the N-propeptide and a flexible N-telopeptide link, which connects the 

propeptide to the triple helix; the next 41 exons in Col1a1 and 42 exons in Col1a2 

encode the triple helix; and the last 4 exons encode the C-telopeptide link and C-

propeptide (7).  

Cytokines, hormones, growth factors, cell stress, and vitamins regulate 

procollagen mRNA transcription. Col1a1 and Col1a2 transcription is coordinated 

by similar transcription factors (7). Procollagen mRNA stability is regulated 

predominantly by the untranslated regions (UTR) (8-10). In particular, a cytosine 

rich region in the 3’ UTR (untranslated region) of Col1a1 recruits the RNA binding 

protein αCP (α-complex protein), which prevents mRNA degradation (11). To the 

triple  helix
N-propeptide

α1

α2

C-propeptide
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best of our knowledge, the regulation of Col1a2 mRNA stability has not been 

characterized. 

The translation efficiency of procollagen mRNA is enhanced by the 

ribosome adaptor protein p180 (p180 ribosome receptor protein), which is 

important for cells like osteoblasts that synthesize large amounts of procollagen 

(12). Mature procollagen α1 and α2 mRNA are co-translated through polysomes 

and the resulting chains are translocated into the rough endoplasmic reticulum 

(ER or rER). Maintaining the optimal ratio of α1 to α2 translation potentially 

requires a conserved stem loop region within the 5’ UTR of both chains, 

especially during times of abundant procollagen synthesis (13). At the translation 

rate of approximately 3.5 amino acids/second, the synthesis of each chain takes 

approximately 7 minutes (14). 

 

Folding 

Unlike most other proteins, procollagen folding begins only after the chains 

are completely translated and translocated into the ER. The first step is 

association and folding of two α1 and one α2 chains at the globular C-propeptide 

region, which requires both interchain and intrachain disulfide bond formation 

(Illustration 4) (15-18). A conserved set of 15 amino acids within the middle of the 

C-propeptide is believed to be at least partially responsible for the chain 

recognition and proper heterotrimeric composition of type I collagen (19).  

Completion of the C-propeptide domain folding sets up the three 

polypeptide chains in the proper position and register to begin folding of the triple 

helix (20). The helix folds in a zipper-like fashion from C- toward the N-

propeptide. The folding requires all prolines to be in the trans conformation; their 

isomerization by peptidyl-prolyl cis-trans isomerases is essential for faster triple 
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helix folding (21). In the triple helix, the –H “side chain” of Gly faces inside, 

allowing room for the Gly-NH to form a hydrogen bond with a backbone carbonyl 

of a second polypeptide chain. The side chains of the X and Y amino acids of 

Gly-X-Y triplets face outside and are exposed to the surrounding solution. 

Because the inside of the triple helix cannot accommodate any side chains 

except for the Gly hydrogen, replacement of obligatory Gly disrupts the triple 

helix folding and structure, particularly when the substituting amino acid has a 

bulky or charged side chain (22). The N-propeptide folds last. It contains a 

second, small triple helical region, the functional role of which is unknown. 

 

Illustration 4. Procollagen folding  

Described in detail in text. GLT- glycosyl transferase. LH- lysyl hydroxylase. C-
P4H- prolyl-4-hydroxylase.  Reprinted from Trends in Cell Biology, 21/3, 
Makareeva, E., Aviles, N., Leikin, S. Chaperoning osteogenesis: new protein-
folding disease paradigms, 168-176 Copyright (2011), with permission from 
Elsevier. 

The mechanism of procollagen folding is unlike most other proteins 

studied (23). The native state of most polypeptide chains is more 

thermodynamically favorable than the random coil conformation assumed upon 
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synthesis, regardless of whether the native state is ordered or disordered (24). 

The folding is driven by energetic benefit of the native conformation (25). For 

smaller proteins, the free energy landscape may have few or just one low energy 

conformation. The native state may then be the most energetically favorable one 

and the folding may not require chaperones. Such proteins are 

thermodynamically stable. For larger proteins, the free energy landscape may 

contain multiple low energy conformations, some of which may be more 

thermodynamically favorable and therefore more stable than the native state. The 

native conformation of the latter proteins is metastable, meaning that the protein 

may eventually assume a more stable non-native conformation, e.g. within 

amyloid fibrils. To prevent nonproductive formation of low energy states that are 

“traps” rather than folding intermediates, cells utilize specialized chaperone 

proteins, which lower the probability of reaching such conformations and are 

discussed later in this chapter.  

Procollagen is unique in that its final, folded native conformation has 

higher free energy than the initial unfolded chains at body temperature (23). For 

instance, the enthalpy benefit upon folding of human type I procollagen exceeds 

the entropy loss caused by ordering of the chains only below 34-35 oC but not at 

the normal body temperature. Above this temperature, procollagen slowly 

denatures. At normal body temperature, human procollagen denatures within 

about a day and murine procollagen denatures within several hours (26). After 

secretion, propeptide cleavage and incorporation into fibrils, the collagen 

molecule is stabilized by interactions with its neighbors, and it does not denature 

below 50-60 oC (27). The molecules not incorporated into fibrils do denature, 

become susceptible to degradation by general enzymes and can be removed 

from tissues or circulation. The resistance of the triple helix to all enzymes, 

except for specialized collagenases (28,29), would make such cleanup much 
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more difficult, which may be one of the reasons why collagen molecules evolved 

to be thermodynamically unstable (23).  

Inside the ER, where procollagen is folded, the native conformation has to 

be made thermodynamically favorable by some interactions with the ER 

environment; otherwise this conformation would be very improbable. Binding of 

ER chaperones reduces the free energy of the polypeptide chain in the 

conformation to which the chaperones bind. Since general ER chaperones 

preferentially bind to unfolded or partially unfolded polypeptide chains, their 

binding would make the native conformation of procollagen chains even more 

thermodynamically unfavorable (23). Instead, collagen-producing cells utilize a 

collagen-specific ER heat-shock protein HSP47, as discussed in more detail later 

in this chapter. HSP47 preferentially binds to the natively folded triple helix, 

reduces its free energy and makes the folding of procollagen into its native 

conformation thermodynamically possible and favorable (23,30).  

 

Post-translational Modifications 

During procollagen chain translation and folding, the unfolded regions of 

each chain undergo several posttranslational modifications (Illustration 4). Within 

the Gly-X-Y motif, almost all Y position prolines become hydroxylated to 4-

hydroxyproline (4-Hyp) by P4H1 (prolyl 4-hydroxylase) (31). At specific locations, 

a few X position prolines become hydroxylated to 3-hydroxyproline by P3H1 

(prolyl 3-hydroxylase) (32). Prolyl hydroxylases require the cofactor ascorbic acid 

to catalyze the hydroxylation (33). Hydroxylation of Y-prolines increases the 

stability of the triple helix and it is required for normal procollagen folding (34). 4-

hydroxyproline stabilizes the triple helix due to complex mechanisms involving 

networks of water bridges and stereoelectronic effects that favor triple helix 
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conformation (35). For instance, to form stable triple helices, proline favors the 

Cγ-endo pyrrolidine pucker, which is favorable in the X position of the G-X-Y 

triplet, but hydroxyproline favors the Cγ-exo pyrrolidine pucker, which is favorable 

in the Y position of the G-X-Y triplet (35).  The role of X-proline hydroxylation is 

still being debated (36). Some lysine (Lys or L) residues at the X and Y positions 

are also known to be hydroxylated by lysyl hydroxylases (LH), and subsequently 

glycosylated by galactosyl and glycosyl transferases (GLT) (37). All these 

posttranslational modifications take place only within unfolded regions of 

procollagen chains.  

 

Trafficking and Secretion 

Procollagen follows the conventional secretory pathway from ER to Golgi, 

secretory vesicles, and extracellular space. However, many aspects of its 

intracellular trafficking are still poorly understood. In particular, exit from the ER 

requires packaging into COPII-coated vesicles that direct proteins toward their 

destination. Procollagen is ~300 nm in length, which is significantly larger than 

the diameter of such vesicles. Recent studies have suggested that procollagen 

trafficking may require Tango1 (transport and Golgi organization 1 protein) and 

cTAGE5 (cutaneous T-cell lymphoma associated antigen protein 5) to increase 

the size of the vesicles for accommodating procollagen, but many aspects of this 

process are still unclear (38,39).  

Unlike other proteins for which the release of ER chaperones signal that 

they are ready to be exported from the ER, procollagen is cotransported to the 

ERGIC (intermediate ER-Golgi compartment) together with HSP47 and probably 

with a peptidyl-prolyl isomerase cyclophilin B (Cypb) (40). In vitro studies 

evidence structures of laterally “aggregated” procollagen molecules observed at 
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a pH similar to the Golgi apparatus, thus, it has been hypothesized that these 

may also be found in the Golgi of cells, which are then packaged into secretory 

vesicles and released into the extracellular space (41). It has also been proposed 

that propeptide cleavage may begin in the Golgi apparatus and continue through 

the secretory pathway, but the majority of procollagen molecules are secreted 

with intact propeptides (42,43). 

 

Extracellular Processing and Fibrillogenesis 

After secretion into extracellular space, the N- and C- propeptides are 

cleaved off by ADAMTS2 (a disintegrin and metalloproteinase with 

thrombospondin motifs 2) and BMP1 (bone morphogenetic protein 1), 

respectively, which initiates the process collagen fibril formation (Illustration 5) 

(44,45). While propeptide cleavage can occur inside the cell, the C-propeptide 

may be necessary to mediate the transport out of the ER and to prevent 

detrimental fibrillogenesis inside the cell (42). The cleaved propeptides have 

been proposed to have secondary functions that mediate an increase (C-

propeptide) or decrease (N-propeptides) in procollagen synthesis, although these 

mechanisms are not well described (46).  

After C-propeptide cleavage, collagen molecules become capable of 

assembly into fibrils, in which the molecules associate with one another in a 

quarter-stagger orientation (Illustration 5). The low thermal stability of individual 

collagen molecules allows for local triple helix unfolding, which promotes 

association of the molecules and fibril nucleation, which is followed by rapid fibril 

growth (26,30,43,47,48). Subsequent fibril maturation involves crosslinking of 

aldehyde derivatives formed by deamination of hydroxylysines with lysine and 

hydroxylysine residues on adjacent molecules (7). In vivo, type I collagen 
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coassembles into fibrils with a small fraction of type V collagen molecules and its 

fibrillogenesis is tightly regulated by cells with the help of a variety of other 

proteins and proteoglycans (49).    

 

 

Illustration 5. Extracellular processing and collagen fibrillogenesis. 

Procollagen is secreted from the cell via secretory vesicles. The C and N 
propeptides are typically cleaved once secreted into the extracellular space by 
specific C- and N- proteases that cleave at the telopeptide domain connecting the 
propeptides to the triple helix. Collagen molecules assemble with a ¼ stagger 
called a D-period and form intermolecular crosslinks to become fibrils. Reprinted 
from Trends in Cell Biology, 21/3, Makareeva, E., Aviles, N., Leikin, S. 
Chaperoning osteogenesis: new protein-folding disease paradigms, 168-176 
Copyright (2011), with permission from Elsevier. 

 

CONTROL OF PROCOLLAGEN FOLDING IN THE ER  

Since the focus of the present study is to understand how procollagen 

misfolding contributes to bone pathology by affecting osteoblast function, the 

regulation of procollagen folding in the ER deserves separate, more detailed 
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discussion. As discussed above, thermodynamic instability of natively folded 

procollagen at normal body temperature presents a unique challenge for folding. 

This process is regulated by general ER chaperones and isomerases as well as 

by ER proteins and protein complexes that appear to be collagen-specific, 

summarized in Table 1. Furthermore, distinct combinations of ER proteins seem 

to be involved in folding of different procollagen domains. 

 

Protein Disulfide Isomerase (PDI) and ERp57 

While the triple helix of type I collagen has no cysteine (Cys) residues, 

procollagen propeptide folding involves formation of multiple Cys-Cys disulfide 

bonds. The environment of the ER promotes disulfide bond formation (50). PDI 

protects free sulfide groups from premature and promiscuous disulfide bond 

formation as well as catalyzes proper intrachain and interchain disulfide bond 

formation in the propeptides (20). ERp57 is a member of the same family, which 

might play a similar role in procollagen folding. In order for the PDI family 

members to function, its active site must itself be in the reduced state, which 

requires the presence of glutathione in the ER (51) 

Notably, PDI has a dual role in procollagen folding, acting also as the β 

subunit of the tetrameric α2β2 collagen prolyl 4-hydroxylase (52,53). This 

collagen-specific ER enzyme catalyzes hydroxylation of Y-proline residues into 4-

hydroproline, making procollagen folding less thermodynamically unfavorable.  

 

 Calnexin and Calreticulin 

After procollagen is cotranslated into the ER, N-linked glycosylation occurs 

on the C-propeptide domains of the α1 and α2 chains (54).  A branched 



 16 

oligosaccharide is then added, which is trimmed by glucosidases until a single 

glucose remains, which facilitates binding to transmembrane and ER lumen lectin 

chaperones, calnexin and calreticulin, respectively (55). This binding facilitates 

disulfide bond formation within the C-propeptide through ERp57, which are 

associated with calnexin\calreticulin. C-propeptide binding to calnexin also 

explains earlier observations of procollagen being attached to the ER membrane 

during triple helix folding (56). Because of relatively weak interactions, 

calnexin/calreticulin can dissociate from the folding protein, which allows the 

remaining glucose to be cleaved (57). If the protein is folded by the time this 

occurs, it can leave the ER. If the protein is not folded, a new, branched 

oligosaccharide will be added and the process repeats.  

In addition to their chaperone functions, calnexin and calreticulin are also 

calcium or Ca2+ binding proteins involved in ER Ca2+ homeostasis through 

interaction with calcium channels, for example (58). Their involvement in Ca2+ 

regulation may also be important for procollagen folding, as discussed later in 

several chapters. 

 

General Heat Shock Proteins 

Folding of the C-propeptide, which has a globular native conformation, 

follows the conventional protein folding pathway. It is assisted by several general 

ER heat shock proteins (HSP) including HSP70 and HSP90 family members BIP 

(binding immunoglobulin protein), and GRP94 (heat shock protein 90kDa β 

member 1), respectively. These chaperones utilize ATP (adenosine triphosphate) 

to bind and release exposed hydrophobic surfaces on polypeptide chains. Such 

binding prevents nonproductive association between hydrophobic moieties and 

aggregation of polypeptide chains en route to the natively folded conformation 
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(59). Once the native conformation is attained, the hydrophobic regions are 

buried in the protein core and these chaperones are no longer able to bind to the 

polypeptide chain. Their binding/release cycles protect against misfolding of the 

C-propeptide hydrophobic core and to a lesser extent against the N-propeptide 

misfolding (60).  

It is believed that the triple helix folding does not involve BIP or GRP94  

binding. For instance, the BIP binding site is a stretch of 7 amino acids with 

multiple hydrophobic residues and without prolines or charged residues (61). The 

triple helical regions of procollagen α1(I) and α2(I) chains do not contain sites 

expected to strongly bind BIP. In fact, such binding would be counterproductive 

for the helix folding, since it would reduce the free energy of unfolded chains 

without affecting the free energy of the native helix. This would make the helix 

folding even more thermodynamically unfavorable than it were to begin with (23).  

 

Collagen-Specific Heat Shock Protein 47 (HSP47) 

Folding of the triple helix requires binding of HSP47, which is an ER 

resident protein that is expressed only in collagen-synthesizing cells in correlation 

with collagen expression (62). While HSP47 belongs to the serpin superfamily of 

serine protease inhibitors, its primary role is to assist procollagen folding and it 

does not have protease inhibitor functions (62) 

HSP47 preferentially binds to Gly-X-Arg (arginine) triplets in natively 

folded procollagen triple helix via electrostatic interactions at neutral pH in the ER 

environment (63-66). The interaction between each HSP47 molecule and 

collagen triple helix is relatively weak, as evidenced by dissociation constants in 

the range of 1-100 µM (64) but the helix contains ~30 proposed binding sites 

(67). As procollagen triple helix folding propagates toward the N-terminus, 
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HSP47 binding stabilizes the folded region by reducing its free energy, allowing 

further helix propagation. At concentrations typical for HSPs in the ER, enough 

HSP47 molecules are expected to bind, making the native procollagen 

conformation thermodynamically favorable and folding feasible in the 

physiological range of temperatures (30,66). HSP47 is released from procollagen 

only in ERGIC/cis-Golgi where lower pH disrupts the electrostatic binding, after 

which HSP47 is recycled back to the ER through a KDEL ER-signal peptide (62). 

Other proposed HSP47 functions include preventing aggregation of folded 

procollagen in the ER (68) and quality control of procollagen folding (69). 

However, it is unclear how HSP47 may perform the latter function. Unlike other 

HSP chaperones that prevent the export of bound unfolded and misfolded 

proteins from the ER, HSP47 is exported from the ER together with folded 

procollagen. HSP47 does not appear to be required for the export either, since 

cells lacking HSP47 secrete partially unfolded collagen (70).   

 

65-kDa FK506-Binding Protein (FKBP65) 

Another protein proposed to make procollagen folding more 

thermodynamically favorable by stabilizing the triple helix is FKBP65 (71,72). In 

addition, FKBP65 is a peptidylprolyl cis-trans isomerase, but as procollagen 

refolding experiments measured its isomerase activity as 10 times lower than 

other ER cis-trans isomerases in the cyclophilin family, it is likely not the primary 

procollagen peptidyl cis-trans isomerase in the ER (73). FKBP65 also regulates 

posttranslational modifications of procollagen. It has been shown to be a 

necessary component of a complex with lysyl hydroxylase 2, which ensures 

proper lysyl hydroxylation of procollagen telopeptides (74).  FKBP65 also may be 

involved in calcium regulation (75). 
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Cyclophilin B (Cypb)/Prolyl-3-Hydroxylase 1 (P3H1)/Cartilage Associated 
Protein (CRTAP) Complex 

The prolyl cis-trans isomerase that appears to be most crucial for 

procollagen folding is Cypb, since Cypb deficiency or inhibition delays 

procollagen folding (76). Like FKBP65, Cypb is involved in regulation of 

procollagen posttranslational modification, but it appears to affect the function of 

lysyl hydroxylase 1 rather than lysyl hydroxylase 2 (76,77). Furthermore, Cypb 

forms a complex with P3H1 and CRTAP. This complex helps to retain Cypb in 

the ER, since P3H1 is an ER-resident protein with a KDEL ER-retention signal, 

and it has additional functions in procollagen folding.   

The Cypb/P3H1/CRTAP complex binds to both folded and unfolded 

procollagen chains (78). It has been proposed to bind at the junction between the 

folded triple helix and unfolded chains, assisting in the propagation of the helix 

from the C- toward N-terminal end (79), although this speculative idea has not 

been experimentally validated so far. A well-established function of the complex 

is 3-hydroxylation of X-proline 986 in the triple helix (80-82) by P3H1, which 

might be important in extracellular fibril formation and organization (36). 

Interaction between CRTAP and P3H1 is required for stabilizing each of the two 

proteins in the ER. When one of them is not expressed, the other is not observed 

in the ER (83). In contrast, Cypb is present in the ER without the complex and the 

lack of Cypb expression leads to only a moderate reduction in the ER level of 

CRTAP and P3H1 (84,85).  
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Transmembrane Protein 38B (TricB) 

Among the most surprising recent observations is that TricB deficiency 

results in abnormal thermal stability of a fraction of secreted procollagen, 

suggesting procollagen misfolding (86). TricB is an ER membrane monovalent 

ion channel proposed to be important for rapid calcium release from the ER 

(87,88). By affecting Ca2+ flux, TricB deficiency may indirectly affect procollagen 

folding through altering the function of calnexin, calreticulin and FKBP65 and 

other Ca2+-binding proteins in the ER. It may also affect procollagen folding by 

disrupting the overall ER homeostasis. Yet, the most interesting possibility is that 

TricB is somehow directly involved in regulation of procollagen folding through 

interactions that are still unknown.  
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Protein Role in control of procollagen 
folding in the ER References 

PDI  Formation of disulfide bonds in C-
propeptide domain, subunit of P4H1 (20,52,53) 

Calnexin/Calreticulin Chaperone, procollagen export from 
ER?, calcium regulation (54,56) 

General HSPs Chaperone for propeptide domains (60,89) 
HSP47 Stabilizes folded triple helix, 

prevents aggregate formation, 
procollagen export from ER?,  

(30,63-66,68,69) 

FKBP65 Mild prolyl cis-trans isomerase 
activity, mediates posttranslational 
modifications, calcium regulation 

(71-75) 

Cypb Prolyl cis-trans isomerase activity, 
mediates posttranslational 
modifications, assists in propagation 
of triple helix folding? 

(76-82) 

P3H1 Posttranslational modification, 
assists in propagation of triple helix 
folding?, stabilization of other 
complex members 

(78-83) 

CRTAP Mediates posttranslational 
modifications, assists in propagation 
of triple helix folding?, stabilization 
of other complex members 

(78-83) 

TricB Calcium regulation, ?? (86) 

Table 1. Summary of proteins described in current section with procollagen 
folding roles in the ER.  
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Chapter 3: Osteoblast Formation and Function 

DIFFERENTIATION 

Most osteoblasts are derived from mesenchymal stromal cells (MSC) or 

bone marrow stromal cells (BMSC) that can originate from a variety of sources 

including bone marrow, adipose tissue, umbilical cord blood, and others (90). 

MSCs are multipotent cells that can produce osteoblasts, chondrocytes, 

adipocytes and myoblasts (91).  There is currently no single marker to identify a 

MSC, however a panel of cell surface markers is continuously being developed in 

order to enrich for MSC populations.  

MSC differentiation toward an osteoblastic lineage may be stochastic, with 

the potential cell designation narrowing and becoming more restricted as the 

process continues (92).  It may also be driven by outside stimuli that guide the 

cell into an increasingly restrictive lineage (90).  The latter concept has been 

supported by studies showing how extracellular stimuli such as cytokines direct 

and restrict cell differentiation toward an osteoblast (93). However, these effects 

are complicated by many biphasic and multiphasic effects of outside stimuli (91).  

Like for many other cell types, osteoblast differentiation is a dynamic 

continuous process without distinct steps. Furthermore, not all cells may require 

the same regulatory pathways to become a properly differentiated osteoblast 

(91).  Yet, for practical convenience, different steps of MSC differentiation toward 

osteoblasts are often identified (Illustration 6), and the process is divided into 

proliferation, extracellular matrix development, and mineralization stages. Once 

an osteoblast has matured, it may turn into an osteocyte, become a bone-lining 

cell, or undergo apoptosis.  
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Illustration 6. Osteoblast differentiation. 

Mesenchymal stem cells (MSCs) differentiate into many cell types. Described in 
detail below. Reprinted from Principles of Bone Biology, 1/3, Mammen, J., Jan de 
Beur, S.M. Chapter 4- Mesenchymal stem cells and osteoblast differentiation by 
Jane Aubin, 85-107, Copyright (2008), with permission from Elsevier. 

 

PROLIFERATION 

During this stage, osteoblast precursors upregulate expression of common 

genes associated with proliferation, such as histone proteins and proto-

oncogenes c-fos and c-myc as well as a more specific osteoprogenitor 

transcription factor Runx2 (runt related transcription factor 2) (94).  Runx2 is the 

earliest known marker of osteoblast differentiation. Its deletion completely 

prevents bone formation (95). However, Runx2 is also expressed in other MSC-

derived cells such as hypertrophic chondrocytes (96) and it is not the sole 

determining factor on whether a MSC will become an osteoblast. Downstream of 

Runx2 expression is the transcription factor Osterix that further restricts the cell 
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fate. The expression of both Runx2 and Osterix during the proliferation stage 

suggests that the progenitor, under normal circumstances without a change in 

extracellular environment, will become an osteoblast. In culture, osteoprogenitors 

may divide on average up to 8 times before becoming differentiated osteoblasts 

(97).  The expression of type I collagen and other components of bone matrix 

gradually increases toward the end of the proliferative stage (91). 

 

MATRIX DIFFERENTIATION AND MINERALIZATION  

As the osteoblastic precursor matures and enters into the latter phases of 

differentiation, expression of other genes increase and then fade at different time 

points. These genes include alkaline phosphatase, collagens, osteocalcin, 

osteopontin, parathyroid hormone receptor 1, and others (91).  Each cell may 

take a different route to becoming an osteoblast, so that expression patterns of 

these genes may vary (98,99).  A mature osteoblast is defined by its ability to 

produce and mineralize bone matrix. The exact mechanism of mineralization is 

not fully understood, yet it is often assumed that osteoblasts regulate this process 

by producing a variety of non-collagenous proteins that catalyze and inhibit this 

process (100). 

A mature osteoblast is considered to be post proliferation. Some of mature 

osteoblasts further differentiate into stationary osteocytes that are embedded in 

bone matrix (101). The prevailing hypothesis is that some osteoblasts becomes 

buried in the osteoid (unmineralized matrix) they are producing before the 

mineral is deposited (102,103). To become an osteocyte, the motile osteoblast 

must stop moving, produce dendritic processes, and shrink its cytoplasmic 

volume (104). The dendritic processes form an extended network connecting 

osteocytes with each other and with cells on the bone surface. Their formation 
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requires cleavage of collagen by secreted proteins from the osteocyte (104). A 

mature osteocyte has limited synthesis capabilities, but it does secrete important 

factors for maintaining bone homeostasis (105).  It also has a different gene 

expression profile, down-regulating most osteoblastic genes, and upregulating 

mostly osteocyte specific genes such as Phex and Sclerostin (105).   

Alternatively, a post-proliferative osteoblast may become a bone lining cell 

or undergo apoptosis. Bone lining cells are found at the surface of bone that does 

not undergo active matrix deposition. They are identified primarily by 

morphological characteristics, being flat as opposed to cuboidal shape of active 

mature osteoblasts, and with relatively few dendritic processes compared with 

osteocytes. They are thought to be relatively inactive, but may have some 

important functions, including support for osteoblasts and osteocytes (106) and 

recruitment of osteoclasts (107).  

Apoptosis may occur at any point during osteoblastic differentiation, not 

only at the end of the osteoblast lifetime (108). Apoptotic cells undergo 

morphological changes including cytoplasm shrinkage and membrane blebbing, 

chromatin condensation, DNA degradation, fragmentation, and detachment from 

surrounding objects (109) 

 

REGULATION 

The processes of precursor recruitment from MSCs, osteoblast 

maturation, bone deposition, and terminal differentiation of the cells are affected 

by a multitude of stimuli that include a variety of endocrine and paracrine factors, 

direct interactions with other cells, and parasympathetic nervous system signals 

(110,111). Here we briefly discuss several of the most studied pathways of 

osteoblast regulation.  
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Transforming Growth Factor Beta 

TGFβ functions both through autocrine and paracrine signaling 

mechanisms (112). TGFβ is secreted by osteoblasts and other cells in either an 

inactive (latent) pro-TGFB form by itself or as a complex with inhibitors, or as 

active TGFβ; its synthesis and activation do not necessarily correlate (113). 

Latent TGFβ form reservoirs within the collagen matrix. It is released and 

activated upon bone resorption by osteoclasts, which is one of the signals for 

new osteoblasts to form and build new bone during bone remodeling (114-116). 

TGFβ promotes proliferation of preosteoblasts and is actively involved early in 

commitment of precursor cells to an osteoblast lineage (117,118). Though TGFβ 

stimulates osteoblast differentiation early in osteogenesis, it suppresses the 

differentiation at later stages and couples bone formation with bone resorption 

(119).  

TGFβs, of which there are three, coordinate and interweave numerous 

signaling pathways important to procollagen biosynthesis and osteoblast 

function. TGFβ increases procollagen expression, both by increasing 

transcription and stabilizing mRNA transcripts (7). It is also part of a 

cytoprotective feedback loop where TGFβ induced increase in procollagen 

synthesis causes accumulated, aggregated intracellular procollagen which is 

removed via TGFβ induced activation of autophagy (120). Another connection 

between TGFβ signaling and procollagen biosynthesis is an ER resident 

chaperone calreticulin important to procollagen folding may regulate TGFβ 

signaling via calcium signaling mechanisms in times of cell stress (121).  In fact, 

TGFβ and calcium signaling are intricately connected, as normal TGFβ signaling 

triggers a release of calcium from the ER into the cytoplasm (122). 
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Canonical TGFβ signaling occurs through the following mechanism 

(Illustration 7). Activated TGFβ binds to form a heterotetrameric complex of two 

type II and two type I receptors, of which there are many. The activated complex 

phosphorylates receptor Smads 2/3, which then associates with Smad4, and 

enters into the nucleus to mediate transcription of selected targets (123). 

Inhibitory Smads 6 and 7 mediate TGFβ signaling by inhibiting the association of 

Smad4 with Smad2/3, and also target TGFβ receptors for degradation (117). As 

described earlier TGFβ also can inhibit osteoblast differentiation via  activation of 

a noncanonical pathway mediated by TAK1 (transforming growth factor β kinase 

1) (117). 

 

Bone Morphogenetic Protein 

Most bone morphogenetic proteins (BMPs) belong to the same 

superfamily of proteins as TGFβ and play crucial roles in regulating osteoblast 

differentiation and function. MSCs, osteoblasts, chondrocytes, macrophages, and 

endothelial cells all secrete precursor BMPs, which are either stored in inactive 

form by binding to the matrix or effect action on surrounding cells (124). BMPs 

are essential for committing MSCs to an osteoblastic lineage (125). Briefly, BMPs 

act as osteoinducers by the canonical signaling pathway described here 

(Illustration 7). BMP binds to type I and type II BMP receptors to induce formation 

of an activated heterotetrameric complex (124). This interaction causes 

phosphorylation of receptor Smads 1/5/8, which then associates with co-Smad4, 

and translocates into the nucleus to target specific osteoblast target genes. 

BMPs can also indirectly promote osteoclastogenesis via production of osteoclast 

recruitment signals and indirect inhibition of Wnts (124). Action of BMP can be 

inhibited by activation of inhibitory Smads 6/7.  
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Illustration 7. TGFβ and BMP signaling.  

The TGFβ superfamily contains most of BMP family, and their relatedness may 
explain how their signaling occurs via similar mechanisms described in the text. 
There is much functional overlap in the genes that TGFβ and BMP regulate, 
including a key osteoblast inducer Runx2. ECM-extracellular matrix. 

 

BMP signaling is also interconnected between osteoblast function and 

cellular/ER stress/nutrient signaling via arms of the canonical unfolded protein 

response (UPR) (Illustration 8). BMP can function through activation the 

PERK/eIF2α/ATF4 arm of the UPR, a pathway that also signals ER stress in the 

cell (126,127). ATF4 (activating transcription factor 4) induces transcription of 

osteogenic genes bone sialoprotein, and osteocalcin (127). It was shown that 

PERK (doublestranded RNA-activated protein kinase-like ER kinase) null mice 

cannot activate ATF4 in osteoblasts, which is necessary for osteoblast 

maturation and function (127).  Activation of PERK leads to phosphorylation of 

the α-subunit of eIF2α (eukaryotic initiation factor 2), which reduces protein 

synthesis in response to depleted amino acid sources (127). ATF4 is able to 

escape eIF2α action because of an upstream open reading frame in the 5’ UTR, 
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which is bypassed except when eIF2α is phosphorylated (127). Activation of 

PERK is required for productive ATF4 translation in osteoblasts, even though 

there are other kinases that can phosphorylate eIF2α.   

 

 

Illustration 8. BMP signaling through the ER stress proteins affects osteogenic 
gene transcription. 

BMP phosphorylates and activates Smads 1/5/8, which translocate into the 
nuclease with Smad4 and activates transcription of many osteogenic genes, 
including Runx2. Runx2 is a transcription factor for ATF6 and increases 
expression of ATF6. Through other, unknown mechanisms, BMPs also mediate 
cleavage of ATF6, releasing the active-cleaved form of ATF6 to translocate into 
the nucleus and increase expression of osteogenic genes. In another ER stress 
pathway, BMP increases activation of PERK, which phosphorylates eIF2α and 
allows ATF4 translation to occur, but blocks translation of other proteins. ATF4 
translocates into the nucleus and increases expression of osteogenic genes. In 
another ER stress pathway, BMPs increase splicing of XBP1 mRNA, which is 
mediated through IRE1 activation. Spliced XBP mRNA is translated, and the 
resulting protein is translocated into the nucleus and blocks expression of 
osteogenic genes.  
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BMP2 treatment increases expression and activation of ATF6 (activating 

transcription factor 6), which is another ER stress activator and transcription 

factor part of the UPR (125). ATF6’s promoter has a Runx2 binding region (125), 

but actual ATF6 activation mediated by its cleavage requires BMP2, meaning 

BMP2 has another function besides to indirectly induce transcription of ATF6 

(125). Inhibiting ATF6 activation prevents osteocalcin expression, a necessary 

protein for osteoblast function (125).  

BMPs also are known to increase the level of XBP1 (x-box binding protein 

1) splicing, caused by IRE1 activation of the UPR (128). This is actually a 

negative feedback loop, as over-activation of IRE1 by Bmp addition inhibits 

osteoblastogenesis (128). Some basal level of ER stress induced by BMP2 

activation of all three UPR signaling arms (PERK, ATF6 and IRE1) is known to 

promote for bone formation, however, excessive ER stress is detrimental, 

indicating that tight regulation of ER stress is essential for normal osteogenesis 

(127-129).   

 

Wingless Proteins (Wnt) 

WNT signaling is important for increasing preosteoblast proliferation, 

selecting osteogenic cell fate, and reducing apoptosis of osteoblasts and their 

precursors (130). It inhibits adipogenesis by blocking key adipogenic transcription 

factors C/EBPβ (CCAAT/enhancer binding protein β) and PPARγ (peroxisome 

proliferator-activated receptor protein γ), which is important to bone strength as 

there is a positive clinical correlation between increased fatty marrow content and 

bone fracture (131,132). WNT signaling prevents apoptosis in osteoblasts (133). 

Finally, it regulates expression of osteoprotegerin, a competitive inhibitor of 
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osteoclast inducing protein Rankl (receptor activator of nuclear factor kappa-B 

ligand), to prevent bone resorption (134). 

 

Illustration 9. Canonical Wnt signaling in bone. 

Described in text. Inhibition of Wnt signaling, left. Activation of Wnt signaling, 
right. 

 

There are 19 Wnt proteins that function through either a canonical 

pathway requiring β-catenin, a noncanonical planar cell polarity pathway, and/or 

a pathway that involves calcium signaling (135). With respect to bone and 

osteoblast function, perhaps the most well studied pathway is the canonical 

Wnt/β-catenin pathway (Illustration 9). It is activated by Wnt binding to frizzled 

transmembrane receptors and LRP5 and LRP6 (low-density lipoprotein receptor-

related protein 5 and 6) co-receptors. β-catenin disassociates from the 

GSK3B/Axin/APC complex, accumulates in the cytoplasm, enters the nucleus, 

associates with other cofactors, and induces transcription of its target proteins 

(135,136). Activation of Wnt signaling is prevented by antagonists in the Sost 

(Sclerostin) and Dkk (Dickkopf) family, which bind to the LRP5 and LRP6 to 
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prevent association of the receptor complex. In the absence of Wnts or presence 

of competing antagonists, LRP5/6 cannot associate with Frizzled, β-catenin is 

phosphorylated by forming a complex with GSK3β (glycogen synthase kinase 3 

β), Axin, and APC (adenomatous polyposis coli protein) and targeted for 

subsequent ubiquitination by βTrCP (β-transducing repeat containing E3 ubiquitin 

protein ligase) and degradation by the proteasome (135). Nonfunctional LRP5 

leads to low bone mineral density and bone (137), probably due to reduced 

proliferation of osteogenic precursors (138). Reduced Dkk binding to LRP5 or 

overexpression of LRP5 have an opposite effect of increasing bone mass 

(139,140).  

 



 33 

Chapter 4: Osteogenesis Imperfecta 

Studies of rare genetic abnormalities are crucial for identifying genes and 

molecular mechanisms involved in human development and pathology. 

Hereditary abnormalities in bone formation that cause skeletal deformities and 

bone fragility (OI or osteogenesis imperfecta) occur approximately in 1 out of 

10,000 births regardless of ethnicity or gender (141,142). [To the best of our 

knowledge, the penetrance of OI mutations in different mitochondrial haplogroups 

has not been studied]. Yet, OI shares multiple features with more common 

disorders such as age-related osteoporosis. Better understanding of OI may 

therefore not only clarify still poorly understood aspects of bone biology but it also 

offer novel approaches to treatment of common bone pathologies. 

 

MOLECULAR GENETICS 

Over 80% of OI cases are caused by mutations in the genes that encode 

type I procollagen chains (143). Mutations that reduce synthesis of the 

procollagen α1 chain without altering its sequence, e.g., by reducing mRNA 

stability, cause mild OI (143). Similar mutations in the type I procollagen α2 chain 

(pro-α2(I)) chain have almost no effect on bone, even when procollagen α2 

chains are not translated at all and normal type collagen is completely replaced 

by homotrimers of the α1(I) chain (144,145).  

Mutations that lead to amino acid substitutions, deletions, and insertions in 

type I procollagen or result in synthesis of chains not capable of incorporating 

into procollagen trimers typically result in more severe or even lethal OI (143). 

The pathology may be caused by effects of abnormal procollagen homeostasis in 
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the cell on osteoblast function as well as by effects of secreted mutant 

procollagen on bone matrix formation and properties.  
Affected 
protein 

Inheritance Direct effects on secreted 
collagen and bone matrix  

Effects on osteoblast 
function 

Type I 
collagen 

Dominant 
with few 
exceptions 

Collagen deficiency, 
abnormal collagen 
interactions 

Abnormal procollagen 
folding and resulting cell 
stress  

HSP47 Recessive Secretion of misfolded 
procollagen 

Abnormal procollagen 
folding and resulting cell 
stress 

FKBP65 Recessive Abnormal lysyl 
hydroxylation in collagen 
and matrix crosslinking  

Possible cell stress 

LH2 
(PLOD2) 

Recessive Abnormal lysyl 
hydroxylation in collagen 
and matrix crosslinking 

Unknown 

CRTAP Recessive Abnormal posttranslational 
modification of collagen 

Abnormal procollagen 
folding and resulting cell 
stress 

P3H1 Recessive Abnormal posttranslational 
modification of collagen 

Abnormal procollagen 
folding and resulting cell 
stress 

Cypb Recessive Abnormal posttranslational 
modification of collagen 

Abnormal procollagen 
folding and resulting cell 
stress 

TricB Recessive Secretion of misfolded 
collagen  

Altered intracellular 
calcium signaling 

OASIS Recessive Unknown Altered cell stress, 
signaling 

PEDF Recessive Unknown Unknown  
Bril Dominant Unknown Unknown 
Bmp1 Recessive Unknown Unknown 
Osterix Recessive Unknown Abnormal differentiation 
Wnt1 Recessive Unknown Abnormal Wnt signaling 

Table 2. Mutations that cause OI.  
Extracellular effects are defined as alterations in procollagen that affect 
fibrillogenesis and matrix protein binding interactions. Intracellular effects are 
defined by disruption in procollagen biosynthesis that lead to cell stress and 
altered osteoblast function. Many mutations functions are incompletely 
characterized, or unknown. OASIS- cAMP-responsive element-binding protein 3-
like protein 1. PEDF- pigment epithelial derived factor protein 
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About 10% of OI cases are caused by mutations in proteins important for 

procollagen biosynthesis, most of which cause severe or lethal OI (Table 2). 

Mutations in HSP47 disrupt procollagen folding and cause ER accumulation as 

well as secretion of misfolded procollagen (69,146). FKBP65 mutations cause 

posttranslational overmodification but do not appear to affect procollagen folding 

(74). FKBP65 may directly affect collagen lysine hydroxylation, but it may also 

affect the activity of lysine hydroxylase 2 (LH2) since patients with FKBP65 and 

LH2 mutations have overlapping symptoms (147,148). In addition, FKBP65 

regulates calcium release from the ER, which is important to osteoblast function 

(75). Mutations in each of the proteins of the CRTAP/P3H1/Cypb complex affect 

3-hydroxylation of Pro in the triple helical region of procollagen α1 chain and may 

alter folding and other modifications of procollagen as well 

(80,81,84,85,149,150). Surprisingly, mutations in an ER ion channel TricB cause 

secretion of misfolded procollagen, but these mutations may also lead to OI by 

disrupting calcium regulation in osteoblast ER, as discussed earlier in chapter 3 

(86,151,152). PEDF (pigment epithelial derived factor) is a collagen-binding 

protein secreted by a variety of cells, but it may also act as a signaling molecule 

affecting osteoblast function (153). PEDF deficiency causes a distinct OI 

phenotype, the pathophysiology of which is unclear (154,155). Bril is a plasma 

membrane protein expressed by mature osteoblasts (156). Mutations in Bril 

cause two distinct types of OI, one that is Bril-specific and the other that involves 

PEDF deficiency in osteoblasts and has the corresponding phenotype (157,158). 

BMP1 is a procollagen C-proteinase, but it may also have other functions in bone 

(159). Surprisingly, its mutations appear to affect mineralization rather than 

deposition of bone matrix (expected in the case of abnormal C-propeptide 

cleavage) through an unknown mechanism (160).  
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A number of patients with severe OI or OI-like bone pathology caused by 

mutations that have no direct effect on procollagen biosynthesis have been 

reported, but the penetrance of these mutations is presently unclear. A mutation 

in osterix, a key osteoblast transcription factor is likely to cause OI by affecting 

osteoblast differentiation (161). Mutations in Wnt1 might also affect osteoblast 

differentiation and function by altering Wnt signaling (162-165). Mutations in 

OASIS (cAMP-responsive element-binding protein 3-like protein), a family 

member of the ER stress transducer ATF6, might cause OI by altering cell stress 

signaling (166).  

Overall, many more severe cases of OI are caused by missense 

mutations that replace a single amino acid within the collagen triple helix than by 

all other collagen and non-collagen mutations combined. Most of these mutations 

are substitutions of obligatory Gly within the Gly-X-Y sequence. The only other 

ones are substitutions of arginine in Y positions and proline (hydroxyproline) in X 

and Y positions (67). Notably, all of these amino acids substitutions disrupt 

proper folding and affect stability of the triple helix. The role of Gly was discussed 

earlier in chapter 3. Proline and hydroxyproline strongly favor the triple helix 

formation; Gly-Pro-Hyp triplets are the most stable regions of the triple helix; but 

Pro and Hyp are not required in every triplet. Y arginine is essential for HSP47 

binding during triple helix folding and it also stabilizes the triple helical structure 

through hydrogen bonding (62,65).  

The lack of OI cases caused by substitutions of other amino acids, even in 

regions known to be important for collagen interactions with collagen or other 

extracellular matrix molecules is quite revealing. We cannot exclude contribution 

of collagen malfunction in the extracellular matrix to OI pathology, but we would 

expect the latter mutations to play a prominent role in OI if such malfunction were 

the main cause of pathology. We also would not expect such mutations to be 
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dramatically more severe than Gly substitutions, which could explain the lack of 

reported cases by early embryonic lethality. 

At least in the case of single amino acid substitutions, OI pathology is 

more likely to be related to procollagen misfolding inside the cell. This 

interpretation explains the prominence of mutations that cause procollagen 

misfolding in severe OI. It also suggests that better understanding of procollagen 

misfolding and its effects on osteoblast function is particularly important for 

unraveling OI pathophysiology.  

 

PHENOTYPIC VARIABILITY 

Another important observation suggesting the importance of osteoblast 

malfunction in OI pathophysiology is the wide range of clinical severity in OI 

patients with collagen mutations, from barely detectable to lethal (167). A full 

range of phenotypes from relatively mild to lethal caused by the same mutation 

was reported (167). Within groups of consanguineous patients or family members 

containing the same mutation, there is still variability in clinical outcome 

(168,169).  

This phenotype variability might be related to differences in the genetic 

background and to epigenetic variations. At the present time, the genetic and 

epigenetic factors in human patients are difficult to separate. There are only a 

few case reports of identical twins with OI in literature, in most of which the 

causative mutation has not been identified. In particular, we found no reports of 

identical twins with OI caused by Gly substitutions in the triple helix. Yet, it is 

interesting to note three case reports of similar (170,171) and two case reports 

(172,173) of different OI severity in identical twins.  
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At least in the case of collagen mutations, variations in other genes and 

epigenetic factors are more likely to affect osteoblast response to procollagen 

misfolding than the function of mutant procollagen molecules secreted into bone 

matrix. This response, resulting cell stress and cell adaptation to this stress are 

mediated by multiple proteins and may vary significantly with even small changes 

in expression and sequence of the corresponding genes.  

 

PROCOLLAGEN MISFOLDING 

Procollagen misfolding affects osteoblast differentiation and function for 

two main reasons. (1) Mature osteoblasts synthesize their cell weight of collagen 

in one day. Retention of misfolded procollagen in the cell results in dramatic 

misfolded protein load, which is observed in OI. (2) Procollagen folding presents 

a challenge for cells to begin with, as discussed earlier in this chapter, 

complicating handling of the misfolding compared to other proteins.  

Procollagen misfolding is caused by amino acid alterations in the molecule 

itself and in proteins that affect its folding in the ER, including HSP47 (70), 

FKBP65 (72), CRTAP/P3H1/CYPB complex (76,85,143,149), and TRICB (86). 

Gly substitutions, which are the focus of the present study, are by far the most 

common cause of procollagen misfolding in OI. 

Gly substitutions disrupt the triple helix folding as shown in Illustration 10 

(67). As the triple helix folds and propagates from C- toward the N-terminus, it 

stalls upon reaching the mutation site, because side chains of other amino acids 

cannot be accommodated inside the core of the triple helix. Subsequent folding 

requires renucleation of the triple helix with proper chain alignment past the 

mutation site. The length of the pause at the mutation site may dependent on 

how severely the side chain of the substituting amino acid disrupts the triple helix 
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structure, propensity of the sequence beyond the mutation site to triple helix 

renucleation, and availability of binding sites for HSP47 and other proteins that 

may assist in the renucleation and other factors.  

 

Illustration 10. Procollagen misfolding due to a glycine substitution in the triple 
helix.  

Procollagen is cotranslated into the ER (box), and the C-propeptide folds using 
C-propeptide chaperones. Triple helix folding commences until the point of the 
glycine substitution, where it stops. During this time posttranslational 
modifications continue to occur on unfolded procollagen chains, resulting in 
overmodification. Eventually folding continues on by renucleation of the triple 
helix past the substitution. The newly forming triple helix is stabilized by a HSP47 
stabilizing chaperone. C-P4H1- prolyl 4-hydroxylase. GLT- glycosyl transferase. 
LH- lysyl hydroxylase. 
 

Gly substitutions might cause a variety of misfolded procollagen 

conformations. In particular, a long pause in triple helix folding may increase the 

probability on nonproductive interactions and aggregation of unfolded chains 

from different procollagen trimers. Formation of insoluble procollagen aggregates 

was reported for Gly substitutions (174), HSP47 deficiency (70,174), and 

Glycine  Substitution
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FKBP65 deficiency (72). Gly substitutions cause destabilization and local 

unfolding of the triple helix, which may affect a large region of the molecule 

depending on the substitution location (34). Triple helix renucleation may result in 

improper register of procollagen chains affecting the stability and conformation of 

the entire collagen molecule, e.g. producing a kink (175,176). 

These and other potential misfolded conformations of procollagen are 

recognized by the cell, retained in the ER and targeted for degradation, as shown 

by a variety of experimental techniques in multiple studies (174,177). 

In general, accumulation of misfolded proteins in the ER is detrimental for 

cells, which utilize several different approaches to prevent it. The best studied 

mechanism involves activation of one or more of the three (IRE1, ATF6 and 

PERK) receptors of unfolded protein response (UPR) through sequestration of 

BIP at hydrophobic regions of misfolded protein chains (178). UPR restores ER 

homeostasis by targeting misfolding molecules for ERAD (ER associated 

degradation) in proteasomes, reducing translation of most proteins and 

upregulating chaperones, with eventual activation of apoptosis if the ER stress 

cannot be resolved (178). This conventional UPR is often equated with ER stress 

response of cells. 

However, accumulation of some misfolded proteins does not trigger 

conventional UPR. An alternative “ER overload” cell stress response was first 

described as a response to accumulated ER membrane proteins that triggered 

calcium release and activation of nuclear factor κB (NFκB) (179,180). ER 

overload has also been described in disorders caused by misfolding of serpin 

family proteins such as α1-antitrypsin (181-184). Nonproductive polymerization of 

misfolded serpins in the ER does not cause BIP sequestration, activation of 

conventional IRE1/ATF6/PERK signaling, or upregulation of ERAD. 

Characteristic signatures of this response are: Ca2+ release from the ER, 
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reduced calnexin concentration in the ER, upregulation of NFκB signaling, and 

degradation of misfolded protein aggregates in lysosomes through 

macroautophagy (182-186). Interestingly, there is likely some overlap between 

standard UPR and ER overload, as eIF2α phosphorylation by PERK may be 

necessary for activation of NFκB by ER stress (187). 

Some involvement of cell stress response to procollagen misfolding was 

suspected beginning from early studies of collagen mutations in OI (188,189). 

However, conventional UPR was observed only for C-propeptide mutations, while 

Gly substitutions in the triple helix were not found to sequester and upregulate 

BIP, which is the key mediator of the UPR (60,190,191).  

Evidence of cell stress was found in several studies of OI caused by Gly 

substitutions, including retention of misfolded molecules in the ER and ER 

dilation (174,192-194), upregulation of CHOP and αB crystalline (195), 

degradation of misfolded procollagen through macroautophagy (174), and 

upregulation of key macroautophagy markers (196). These studies provided 

important clues, but molecular mechanisms of osteoblast cell stress response to 

Gly substitutions were unresolved and the role of this stress response in 

pathology remained unclear. 
 

OSTEOBLAST MALFUNCTION 

While the pathways and role of the cell stress response to procollagen 

misfolding are still poorly understood, abnormal differentiation and function of 

osteoblasts has been documented in many OI studies. In particular, reduced 

proliferation was observed in osteoblasts derived from patients with dominant OI 

caused by collagen mutations compared with normal control within the same age 

range (197). Interestingly, reduced proliferation compared to normal control was 
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only observed in younger OI patients. With increasing age, normal control 

osteoblasts experienced a reduction in proliferative capacity, yielding levels 

similar as OI patients, indicating that the proliferative capacity of OI cells was 

similar to aged osteoblasts (197). Studies of the Brtl mouse model of OI showed 

fewer preosteoblast cells in the pool of MSCs and that MSCs were more likely to 

undergo adipogenic than osteogenic differentiation (196). Notably, proliferative 

capacity of OI osteoblasts appears to be lower compared to normal cells in 

culture, yet more osteoblasts per bone surface is often found in OI in vivo, 

indicating complex dysregulation of osteoblast differentiation (198). 

Further evidence of osteoblast dysregulation is provided by studies of 

abnormal response of OI osteoblasts to TGFβ. In particular, TGFβ receptor 

(TGFβR) expression in human OI patient osteoblasts was found to be more than 

two-fold higher than in age matched normal controls (199). Ligand binding to 

TGFβR did not reduce the number of the receptors on the cell surface in OI 

osteoblasts, in contrast to normal controls (199). Stimulation of cultured OI 

osteoblasts with exogenous TGFβ had smaller effects on collagen production 

compared to control cells (200). More recently, increased phosphorylation of 

Smads and expression of TGFβ target genes was reported in mouse models of 

CRTAP deficiency and Gly substitutions (201). The apparent overactivation of the 

signaling could be at least in part explained by adaptation to reduced collagen 

production at normal concentrations of active TGFβ in OI. However, the authors 

interpreted their observations by assuming that extracellular matrix produced by 

OI cells contains fewer proteoglycans that bind and sequester active TGFβ (201). 
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BONE MATRIX PATHOLOGY 

Deficient procollagen biosynthesis and osteoblast dysregulation caused 

reduction in the capacity of osteoblasts to produce bone matrix (202,203). 

However, OI severity does not appear to be related simply to insufficient bone 

matrix synthesis, e.g. similar bone formation rate per osteoblast was observed in 

mild and severe forms of OI (203).  

Incorporation of mutant collagen and malfunction of osteoblasts may also 

both affect the composition and structure of the bone matrix. One clue to the 

importance of osteoblast malfunction in matrix pathology is that OI mutations 

alter how bone matrix is deposited at different ages while the fraction of secreted 

mutant molecules does not depend on age. For instance, in osteoblasts derived 

from human normal controls of various ages, extractable collagen from matrix 

increased with age through puberty then decreased back to fetal levels, but this 

trend was not observed in osteoblasts derived from OI patients of the same age 

(204). Altered proteoglycan synthesis was reported in several studies as well. 

Similar to collagen, normal osteoblasts were observed to have more 

proteoglycans in the intracellular and matrix fraction after 2 weeks in culture, 

whereas OI osteoblasts had decreased proteoglycan levels (202). Reduced 

osteonectin, chondroitin sulfate proteoglycan (CSPG), hyaluronan sulfate 

proteoglycan, biglycan, and decorin were found in OI osteoblasts, while 

thrombospondin increased 2-4 fold compared with normal control, which was 

most obvious in patients 10 years and younger (197). Relative CSPG and 

hyaluronan fractions in matrix produced by osteoblasts from OI patients were not 

reduced with patient age in a similar manner to normal control osteoblasts (197).   

Abnormal composition and structure of matrix produced by OI osteoblasts 

likely contributes to its abnormal mineralization. While mineralization of OI bone 
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occurs slower, the final mineral content of OI bone is generally higher (205,206). 

It was proposed that posttranslational overmodification of mutant collagen might 

affect intermolecular crosslinks that are necessary for induction of mineralization 

(207). However, more recent observations suggest that mineralization defects 

could be due to a more global bone cell defect not directly related to the presence 

of mutant molecules in the matrix (208).  An increase in mineralization of OI bone 

makes it brittle, i.e. less able to withstand forces without breaking.  

 

MOUSE MODELS OF OI CAUSED BY TRIPLE HELIX MUTATIONS 

Given the apparent role of osteoblast malfunction in OI pathophysiology 

and very limited ability to understand this malfunction in cell culture experiments, 

development and studies of mouse models are essential for OI research. Indeed, 

it is possible to recapitulate and investigate procollagen misfolding in culture; and 

it is reasonable to assume that the basic principles of this process are similar in 

culture and in vivo. However, osteoblast differentiation, maturation and function in 

vivo involve a multitude of external stimuli, including interactions with other cells 

and organs that cannot be modeled in culture, at least at the present time. To put 

it simply, osteoblasts may deposit and mineralize matrix but they are not capable 

of forming bone and differentiating into osteocytes in culture. Without animal 

studies, it would be too presumptuous to assume that OI osteoblasts malfunction 

in cell culture in the same or even similar way to how they malfunction in vivo.  

Several models that mimic genetic defects found in human OI, including 

different procollagen, CRTAP (81), P3H1 (82), and CYPB (80) mutations have 

been developed. Because of our focus on understanding OI caused by Gly 

substitutions, here we discuss only discuss the models of procollagen mutations.  
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The Mov13 model is based on blocking transcription of the procollagen α1 

chain by a retroviral insertion of the Moloney leukemia provirus in first intron of 

collagen chain (209-211). Homozygous animals are not viable. Heterozygous 

animals mimic loss of expression of one of the two COL1A1 alleles caused by 

some mutations in human OI, but expression of the provirus complicates 

interpretation of observations in this model (212).  

The collagen minigene model expresses human COL1A1 gene that is 

missing a significant portion of the triple helix, which is encoded on a plasmid that 

has to be injected into mouse embryos (213). The shortened human procollagen 

α1 chain associates with normal murine procollagen α1 and procollagen α2 

chains, causing incomplete folding and degradation of the resulting trimers. A 

similar model expressing G859C in the procollagen α1 chain was constructed the 

same way, resulting in successfully injected mutation carrying embryos that died 

perinatally. The substitution caused poorly mineralized, highly deformed bone 

(214). Major drawbacks of this model are high lethality of injected embryos and 

variations in disease severity related to the amount of plasmid expressed (212).  

The oim mouse arose spontaneously as a single nucleotide deletion that 

alters ~50 terminal amino acids in the C-propeptide of the procollagen α2 

chainsthat are translated but unable to associate into trimers with procollagen α1 

chains (215). Homozygous oim animals are viable and develop severe OI (212). 

This is perhaps the most used and best-studied mouse model of OI, but it mimics 

only one known case of human OI with a similar etiology (145,216). It is not clear 

to what extent it represents general features of OI rather than consequences of 

this specific mutation (145,216). 

The Aga2 mouse models OI caused by C-propeptide mutations in the 

procollagen α1 chain. A study of this model provided strong evidence of ER 

stress involvement in OI pathology (89). However, the mechanisms of cell stress 
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response to more common Gly substitutions are likely to be different, as 

discussed earlier in this chapter. 

Col1a1(Jrt) mouse produced by ENU-induced mutagenesis has an 18 

amino acid deletion in the N-terminal region the triple helix caused by a splicing 

donor site mutation that results in skipping exon 9 of Col1a1 (217). This model 

recapitulates combined phenotype of OI and Ehlers-Danlos syndrome found in 

human patients with mutations in the same region (217). 

The only two other mouse models of Gly substitutions reported to date are 

the Brtl mouse with a knock-in Gly349 to Cys substitution in the triple helical 

region of the procollagen α1  chain (218) and the G610C mouse with a knock-in 

Gly610 to Cys substitution in the triple helical region of the procollagen α2 chain 

(169). Heterozygous Brtl animals range in severity from moderately severe to 

lethal and homozygous animals are milder, potentially due to stabilization of 

molecules containing two mutant chains through disulfide bonds between side 

chains of the inserted cysteine residues (143,219).  

Heterozygous G610C animals exhibit more moderate OI phenotype 

compared to Brtl mice while homozygous animals die during or shortly after birth, 

more consistent with expected outcome of a dominant negative mutation (169). 

Benefits of this model include well-characterized and genetically uniform 

C57BL/6J background. All attempts to transfer the outbred Brtl mice onto a well-

characterized inbred background were unsuccessful (private communication with 

Antonella Forlino). Unlike Brtl animals, G610C mice are commercially available 

through Jackson Laboratories, enabling any researcher to reproduce and extend 

experimental studies. Furthermore, this model mimics the genetic defect found in 

the largest known group of human patients (over 60 patients) with the same Gly 

substitution in an Old Order Amish community from Lancaster County, 

Pennsylvania (169).  
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Similar to the patients, heterozygous G610C animals exhibit a wide range 

of OI phenotypes from mild changes in bone mineral density to moderately 

severe skeletal deformities and bone fragility. Furthermore, C57CL/6J G610C 

animals have been crossed with other mouse strains, resulting in variable bone 

strength yet similar collagen deposition (169). It is therefore possible that other 

genetic factors related to key osteoblast stress and function genes are involved in 

mediating OI severity in these animals, making them particularly well suited for 

the present study. 
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SECTION 2: SUMMARY AND OBJECTIVES OF THE PRESENT STUDY 

Overall, we interpret the role of procollagen misfolding in bone pathology 

as follows. (a) Procollagen folding is a major challenge for the cell because of 

thermodynamic instability of its triple helix at body temperature. (b) Cell stress 

response pathways are important in normal osteoblast differentiation and function 

at least partly because osteoblasts are procollagen factories that have to cope 

with misfolding of some of the molecules. (c) Excessive misfolding and 

accumulation of misfolded procollagen in the cell disrupts the normal function of 

cell stress response pathways, altering osteoblast function and causing abnormal 

deposition and mineralization of bone matrix. (d) This pathology may result from 

changes in procollagen, its folding pathway, and cell stress response pathways 

important for handling procollagen misfolding. It may thus be triggered by 

mutations, age, environment, infection and other factors.  

We believe that studies of OI caused by Gly substitutions are important for 

better understanding molecular mechanisms that underlie osteoblast malfunction 

and resulting bone pathology caused by excessive procollagen misfolding. We 

hypothesize that such understanding might lead to novel therapeutic treatments 

for OI and other bone pathologies based on targeting accumulation of misfolded 

procollagen and/or related cell stress response pathways. We therefore focused 

on the G610C mouse as one of the most appropriate and convenient animal 

models for addressing these questions.  

Specifically, the objectives of the present study were: (1) To develop better 

assays for monitoring procollagen folding and accumulation of misfolded 

procollagen in the cell. (2) To identify key elements of procollagen misfolding, 

resulting cell stress response and subsequent malfunction of G610C osteoblasts 
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in culture and in vivo. (3) To identify pathways of misfolded procollagen 

degradation that may be targeted for preventing or reducing excessive 

accumulation of misfolded molecules in osteoblasts.   
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SECTION 3: RESULTS AND DISCUSSION 

Chapter 5: Azidohomoalanine (Aha) Pulse Chase Labeling 

Assay for Analysis of Procollagen Biosynthesis1 

BACKGROUND 

Protein folding, secretion, and trafficking pathways, including procollagen, 

and their role in pathology are often studied by pulse-chase measurements, in 

which labeled amino acids are introduced into cell culture media and 

incorporated by cells into newly synthesized chains (220,221). After the labeling 

“pulse”, synthesis, folding, trafficking, secretion, and tissue integration of the 

labeled chains is followed by a “chase” in the media that contains only normal, 

unlabeled amino acids.  

The most common approach to pulse-chase measurements utilizes amino 

acids containing radioactive isotopes. Labeling with 35S-Met is particularly 

popular since it is easily detected and highly active, and methionine is an 

essential amino acid that is not synthesized by human cells de novo (222,223). 

Collagen is also frequently labeled with 3H- or 14C-Pro (224,225). Because of 

much higher proline content relative to most other proteins, 3H- or 14C-Pro 

labeled collagen chains may be visualized by gel electrophoresis without 

purification. Another approach is labeling with non-radioactive, stable isotopes, 

but detection of such isotopes is more difficult, requires expensive instruments 

and is challenging for gel electrophoresis measurements (226-229).  
                                            
1 Portions of this chapter are reprinted from Pulse-chase analysis of procollagen biosynthesis by 
azidohomoalanine labeling, 2014; 55(5-6): 403-410, copyright © 2014, Informa Healthcare. 
Reproduced with permission of Informa Healthcare. 
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A particularly appealing alternative to radioisotopes is non-canonical 

amino acids that are incorporated by cells into proteins instead of regular amino 

acids (230). For instance, azidohomoalanine (Aha) is a methionine analogue 

(Fig. 1A) that is efficiently incorporated into aminoacyl-tRNA and proteins instead 

of methionine (231). Unlike inorganic azide ions, the azide group of Aha is stable 

and nontoxic (232-234). It can be efficiently conjugated with fluorescent dyes via 

highly specific “click chemistry” reactions, even within live cells (232,235). 

Previously published studies did not reveal any significant effects of this labeling 

on translation initiation, chain synthesis or protein folding (231,235,236). 

We found collagen pulse-chase labeling with Aha to be more economical, 

efficient and convenient compared to radioisotopes. For instance, it allows 

analysis of gel electrophoresis results without a one-two week delay for capturing 

the gel image on an x-ray film or imaging plate for autoradiography. Moreover, 

we also found no appreciable non-target effects of Aha on the cells, in contrast to 

significant DNA damage, cell cycle changes and growth arrest reported in studies 

of radioisotope labeling (237-243).  

Given our focus on nonradioactive labeling as well as safety and 

environmental considerations, we did not perform parallel pulse-chase 

measurements with radioisotopes. We believe that radioisotopes might be useful 

for some studies but should not be viewed as a reference standard for other 

pulse-chase approaches. On the contrary, we argue that well-established and 

well-published radioisotope effects on cellular function might require one to be 

more cautious in interpreting the results of radioisotope-based experiments.  

Here, we analyze optimal conditions and potential non-target effects of 

collagen labeling with Aha in human fibroblasts, since previous studies of 

procollagen folding kinetics by radioisotope labeling were reported for human 

fibroblasts. To illustrate this assay, we describe procollagen folding kinetics in 
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fibroblasts from an osteogenesis imperfecta (OI) patient with a Gly766 to Cys 

substitution in the triple helical region of the procollagen α1 collagen chain of type 

I collagen (α1(I)). Like in an earlier report for other Gly substitutions (188), we 

observed a delay in folding of procollagen molecules containing the mutant chain. 

Besides the analysis described in these chapters, we can use this assay to 

monitor procollagen biosynthesis in mouse primary parietal calvaria osteoblasts 

(pOBs) and mouse embryonic fibroblasts (MEFs) in the future.  

 

RESULTS 

 

Azidohomoalanine Conjugation with Fluorescent Dyes 

Our attempts to utilize traditional, copper-catalyzed click chemistry for 

conjugation of Aha incorporated into α1(I) and α2(I) chains of type I collagen with 

alkyne derivatives of fluorescent dyes (Fig. 1B) were largely unsuccessful due to 

Cu-induced collagen precipitation. In buffers that inhibit this precipitation, we 

observed only low-efficiency, inconsistent Aha conjugation (data not shown).  

In contrast, Aha conjugation with commercially available 

dibenzocyclooctyne (DIBO) derivatives of Alexa Fluor dyes (DIBO-AF) provided 

more efficient and consistent labeling of collagen chains (Fig. 1C). Labeling of 

collagen with DIBO derivative of Alexa Fluor 555 (DIBO-AF555) reached 

saturation around 150 µM (Fig. 1D,E). For our experiments, we chose to use 71.4 

µM DIBO-AF555, where the conjugation efficiency was approximately 50% to 

reduce reagent used yet still get efficient labeling.  
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Figure 1. Procollagen labeling with azidohomoalanine (Aha). 
(A) Aha and methionine (Met) structures. (B) Cu-catalyzed and (C) Cu-free 
conjugation of Aha with Alexa Fluor (AF) fluorescent dyes. (D) Aha conjugation 
efficiency with DIBO-AF555 at different concentrations of the dye calculated from 
AF555/Cy5 fluorescence intensity ratio in the same gel band (panel E). The 
conjugation efficiency at 714 µM DIBO-AF555 is assumed to be 100%. (E) Gel 
electrophoresis of pepsin-treated procollagen (collagen) after Aha conjugation 
with DIBO-AF555 and Lys conjugation with Cy5. Aha-labeled collagen is 
revealed by fluorescence scanning at 532 nm excitation and 570±10 nm 
emission wavelength (AF555) while total collagen is revealed by scanning of the 
same gel bands at 635 nm excitation and ≥ 665 nm emission (Cy5).  

 

To determine the conjugation efficiency, we also labeled lysine (Lys) with 

Cy5 (N-hydroxysuccinimide ester) within the same sample and measured the 

AF555/Cy5 ratio of fluorescence intensities in the same gel electrophoresis 

bands of α1(I) and α2(I) chains. To correct for possible sample-to-sample 

variation in Lys labeling, MMP1-cleavage fragments (matrix metalloprotease 1-

MMP1) of rat-tail-tendon collagen prelabeled with Alexa Fluor 488 were added to 

each sample before labeling with Cy5. These fragments provided an internal 

standard for Lys labeling efficiency, gel loading, and calculation of absolute 

collagen concentration in the sample; control experiments showed that their ratio 

to full-length collagen and procollagen remained constant within our purification 

procedure (244). 
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Optimization of Aha Incorporation into Collagen 

To replace Met with Aha in newly synthesized procollagen chains, we pre-

incubated fibroblasts in Met- and Cys-free medium (Met depletion) followed by 

incubation in the same medium with different concentrations of Aha (labeling 

pulse). To optimize the replacement, we varied the length of Met depletion, 

length of Aha pulse, and Aha concentration during the pulse and measured the 

DIBO-AF555/Cy5 ratio in gel bands of α1(I) and α2(I) chains. We found that 500 

µM Aha concentration was sufficient for achieving near maximum Aha 

incorporation into procollagen newly secreted by fibroblasts (Fig. 2A). A 30 min 

incubation of the cells in Met and Cys free media prior to the addition of Aha was 

necessary and sufficient for maximum Aha incorporation (Fig. 2B). The saturating 

concentration of Aha was achieved after 4 hours in secreted procollagen (Fig. 

2C) and after 2 hours in intracellular procollagen (Fig. 2D).  
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Figure 2. Optimization of Aha incorporation into procollagen.  
Aha incorporation is measured from DIBO-AF555/Cy5 fluorescence intensity ratio 
in secreted (A-C) and intracellular (D) procollagen as described in Fig. 1D. (A) 
Aha incorporation after 30 min Met depletion followed by 4 h pulses of different 
Aha concentrations. (B) Aha incorporation after Met depletions of different 
lengths followed by 4 h 500 µM Aha pulses. Error bars represent standard 
deviation. (C) Aha incorporation after 30 min Met depletions followed by 500 µM 
Aha pulses of different lengths. (D) Aha incorporation into intracellular 
procollagen after 30 min Met depletions followed by 500 µM Aha pulses of 
different lengths measured from DIBO-AF555/Cy5 (squares) and from DIBO-
AF555/IS-AF488 (circles) fluorescence intensity ratios. The latter ratio normalizes 
the amount of Aha conjugated with DIBO-AF555 by the amount of internal 
standard (IS) conjugated with AF488, which is added to the cell lysis buffer. The 
two methods of evaluating Aha incorporation produce consistent results. 

 

Effects of Aha Labeling on Fibroblast Function and Procollagen 
Biosynthesis 

To test effects of this labeling procedure on cell function and procollagen 

synthesis, we compared: (i) fibroblast cultures in which 30 min Met/Cys depletion 

was followed by a 500 µM Aha pulse, (ii) cultures in which the same depletion 

was followed by a 500 µM Met pulse, and (iii) control cultures without the 
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depletion and Met or Aha pulses. We found no effects of Met depletion and short 

Aha and Met pulses on transcript levels of key cell stress proteins (Fig. 3A,B). 

We observed decreased BIP and increased αB crystalline transcription after 24 h 

pulses, indicating slow activation of some cellular response. The response was 

similar for Met and Aha and likely associated with low serum concentration in the 

media (commonly used in pulse-chase studies to promote utilization of labeled 

amino acids by cells, rather than amino acids from serum proteins). However, the 

latter response should not pose a significant problem for typical pulse-chase 

experiments that do not extend beyond 4-8 h. 

 

Figure 3. Quantitative real-time PCR analysis of Aha effects on different cell 
stress markers.  

(A) 500 µM Aha pulses of increasing length were compared with (B) 500 µM Met 
pulses under identical cell culture conditions. Expression of BCL2, DDIT3 
(CHOP), COL1A1 (procollagen α1(I)), CRYAB (crystalline αB), and HSPA5 (BIP) 
transcript levels were measured relative to cells in growth medium (control) and 
normalized to HPRT1 and B2M as endogenous controls. All error bars represent 
standard deviation. 
 

We did not observe any detectable effects of Aha labeling on procollagen 

biosynthesis either. Procollagen transcription and secretion rates as well as the 

amount of intracellular procollagen remained the same as in control cells for at 

least 4h (Fig. 4C,D). Normal electrophoretic mobility and thermal denaturation 
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thermograms of collagen and procollagen indicated that Aha incorporation did not 

disrupt posttranslational modification, stability or structure of the triple helix 

(Figure 1E, 4A,B).  

 

Figure 4. Effects of Aha incorporation on procollagen stability, synthesis, and 
secretion. 

 (A,B) Denaturation thermograms of secreted protein after ammonium sulfate 
isolation of procollagen (A) and subsequent purification of pepsin-treated 
collagen (B). (C) Amount of procollagen inside each cell after 4 h stimulation with 
250 μM ascorbic acid 2-phosphate in growth medium followed by 30 min Met 
depletion and a 4 h pulse of 500 µM Aha or Met. (D) Amount of procollagen 
secreted by each cell after the same treatment, except for varying Aha/Met pulse 
length. 

 

Measurement of Procollagen Folding and Secretion Kinetics 

To measure the kinetics of procollagen folding, after depletion of free Met 

for 30 min, we pulse-labeled newly synthesized molecules with 500 µM Aha for 

10 min and measured accumulation of folded procollagen triple helices in a 

chase medium containing 10 mM Met and no Aha. We isolated folded 

procollagen triple helices by chymotrypsin/trypsin digestion of cell lysates 

together with the chase medium as described in Methods (Chapter 10). 

We observed significantly slower folding of procollagen molecules in OI 

compared to control fibroblasts (Fig. 5A,B), consistent with folding of procollagen 
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with other Gly substitutions studied by pulse-chase labeling with 35S-Met (188). 

We quantified the kinetics of formation of cleavage-resistant folded triple helices 

by gel electrophoresis, after other proteins and unfolded procollagen chains in 

cell lysates were degraded by chymotrypsin and trypsin (188). We detected only 

full-length helices but not degradation products of partially folded molecules, in 

which the C-to-N-terminal triple helix propagation paused at the mutation site.  

To measure how folded and misfolded procollagen molecules are cleared 

from the cell, after depletion of free Met, we pulse-labeled newly synthesized 

molecules with 500 µM Aha for 2 h. After subsequent incubation in 10 mM Met 

chase medium, we separately purified procollagen triple helices from cell lysates 

and the chase medium by pepsin treatment. We measured the retention of Aha-

labeled procollagen in the cell by comparing the amount of Aha-labeled triple 

helices in the cell lysate immediately after the labeling pulse and after different 

incubation times as described in Chapter 10.  

We also observed much slower clearance of Aha labeled procollagen from 

OI compared to normal control fibroblasts. Figure 5C shows the relative content 

of Aha in triple helices of intracellular procollagen during the chase, which was 

evaluated from DIBO-AF555/IS-AF488 fluorescence intensity ratio of DIBO-

AF555 labeled collagen to AF488 labeled internal standard (IS). These helices 

were purified by pepsin treatment and salt fractionation from cell lysates free of 

cell debris and ECM. By directly measuring their Aha content, our assay 

accurately quantifies the clearance kinetics of labeled procollagen from the cell. 
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Figure 5. Folding and intracellular retention of procollagen with an α1(I)-G766C 
substitution.  

(A,B) Measurement of procollagen folding kinetics by pulse-chase labeling with 
Aha. The fraction of fully folded procollagen (A) is calculated relative to the latest 
time point from DIBO-AF555/IS-AF488 fluorescence intensity ratios of gel 
electrophoresis bands (B); IS-α1 and IS-α2 are long fragments of α1(I) and α2(I) 
chains of rat-tail-tendon collagen cleaved with MMP1 used as internal standard 
(IS). (C). Kinetics of procollagen clearance from cells measured by pulse-chase 
labeling with Aha from DIBO-AF555/IS-AF488 fluorescence intensity ratios of gel 
electrophoresis bands of intracellular procollagen after different chase time. The 
average DIBO-AF555/IS-AF488 ratio at zero chase time is taken as 100%. All 
error bars represent standard deviation in triplicate experiments. 

 

DISCUSSION 

 

Effects of Pulse-Chase Labeling with Radioisotopes on Cell Function 

Pulse-chase labeling of procollagen is most commonly performed with 25-

500 µCi/ml 3H-proline (85,224), 0.5-5 µCi/ml 14C-proline (85,225), or 10-200 

µCi/mL 35S-methionine (177,188). However, recent studies indicate that these 

low-energy β-emitters cause significant cell stress and malfunction even at low 
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concentrations and short exposure (237,238,241-243). Significant fragmentation 

of DNA was observed after 2h at 10 µCi/ml 35S-methionine and 2-20 µCi/ml 3H-

thymidine in the cell culture media (239). Radioisotope incorporation into multiple 

molecules and subsequent radioactive decay inside the cell was found to cause 

persistent DNA fragmentation long after replacing the media, suggesting that 

even short pulse labeling might have severe consequences (237,239). The 

observed response to radioisotopes was similar in different cell types. 

Radioisotope labeling at or below typical concentrations was reported to elevate 

the level of p53, induce formation of reactive oxygen species (ROS), inhibit cell 

cycle progression, cause growth arrest, and increase apoptosis (237-

239,242,243). Gene expression profiling revealed dramatic changes in multiple 

cell stress response proteins (240).  

The observations of significant DNA damage, cell cycle changes, and 

growth arrest after 3H and 35S exposure indicate that other cellular functions are 

likely to be altered as well. Radioisotope effects might be particularly severe and 

difficult to account for in pulse-chase labeling studies of procollagen secretion by 

cells from patients with procollagen biosynthesis abnormalities. Such 

experiments require at least 2-4 h equilibration in the radioactive media followed 

by 2-4 h chase and therefore at least 4-8 h cumulative exposure to radioactive 

isotopes outside and inside the cells. During this time, DNA damage and ROS 

might significantly alter procollagen biosynthesis, e.g. because they affect Wnt/β-

catenin, TGF-β, BMP and other key signaling pathways (245,246). Retention of 

abnormal procollagen by the cells might worsen the radioactive damage and its 

downstream effects by enhancing radioisotope accumulation, particularly in the 

case of 3H-Pro or 14C-Pro labeling. Combined with differences in the general 

metabolic activity and susceptibility to radioactive damage, these effects might 

significantly complicate the comparison between patient and normal control cells.  
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The response of cells to the DNA damage, ROS and other highly reactive 

free radicals may therefore affect the interpretation of pulse-chase radioisotope 

labeling experiments. While these experiments may provide useful information 

about procollagen chain association, folding and secretion, full understanding of 

their results requires characterization of potential radioactive damage effects on 

the cells. Since such damage might depend on specific experimental conditions, 

its consequences are difficult to predict a priori. One potential alternative is 

labeling with non-radioactive isotopes, which may be detected by a variety of 

spectroscopic techniques (227,229,247). Another alternative, which we are 

pursuing in the present study, is labeling with noncanonical amino acids.   

 

Labeling with Aha as an Alternative Approach 

At least for procollagen, replacement of methionine with azidohomoalanine 

provides a particularly useful labeling approach. It is sufficiently sensitive, utilizes 

commercially available reagents, reduces environmentally toxic waste, eliminates 

exposure to radioactivity, and lowers the cost of experiments. Detection of Aha-

labeled molecules by conjugation with fluorescent dyes is based on a reaction 

not found in living systems and is highly specific, eliminating background labeling 

(232,234). It shortens the time for visualizing labeled proteins on gels. Instead of 

several days or weeks typically required for x-ray film or imaging plate exposure 

in autoradiography, fluorescence scanning of gels takes minutes. A pre-labeled 

internal standard and conjugation of Aha and Lys with different fluorescent dyes 

allow data analysis with fewer or no assumptions compared to traditional 

methods that implicitly assume similar procollagen labeling efficiency and 

extraction yield in patient and control cells, which may not be the case.   
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In contrast to radioisotopes, Aha does not affect cell viability (231) and has 

fewer, if any, unintended effects on cell function. In fibroblasts, we found no 

changes in expression of BCL2, BIP, and CHOP after replacing Met with Aha 

(Fig. 3), suggesting minimal or no cell stress. We also detected no changes in 

collagen gene or protein expression (Fig. 3, 4C,D), supporting previous 

observations of normal protein synthesis rate (235,248) and therefore normal 

translation initiation at Met codon. Approximately 400 fold slower incorporation of 

Aha into aminoacyl-tRNA by methionyl-tRNA synthetase does not appear to 

hinder protein synthesis either (249).  

Normal procollagen synthesis rate, concentration in the cell, and lifetime in 

the cell as well as unaltered triple helix stability, all indicate minimal or no effect 

of the Met to Aha substitution on procollagen folding, structure or trafficking 

through the cell. Normal expression of the key regulator of unfolded protein 

response, BIP, suggests normal folding, structure and trafficking of other proteins 

as well, consistent with previously reported studies of Aha effects (231,235,236). 

Because Met residues within the triple helix are exposed to the solvent, it is not 

unexpected that their replacement with Aha has no significant consequences for 

the triple helix folding or structure. More surprisingly, this substitution appears to 

have no effect on folding and structure of even the globular C-propeptide and 

other globular proteins (236), in which Met is buried inside the protein core.  

Apparently, Aha is not just a safer, cheaper, and more convenient 

alternative to radioisotopes for pulse-chase studies of procollagen biosynthesis, 

but it also has fewer unintended consequences and its results are easier to 

interpret. On a cautionary note, however, our and previously published studies do 

not exclude unintended consequences of Aha labeling for proteins and cell 

functions that have not been examined so far. For instance, our study revealed 

no effects of Aha on procollagen biosynthesis or function of fibroblasts. 
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Previously published studies revealed no effects of Aha on other proteins and 

other types of cells (231,233,235,236,248). Yet, this evidence is not sufficient to 

exclude all potential effects of Aha. Further characterization of potential 

unintended consequences might be necessary for other applications of Aha 

labeling or for making conclusions that extend beyond procollagen synthesis, 

folding, and trafficking. At the same time, it is important to keep in mind that such 

a characterization is even more critical for radioisotope labeling, since the latter 

does lead to multiple known problems discussed above. 

 

Procollagen Misfolding in OI Fibroblasts 

To test whether pulse-chase labeling with Aha is sensitive and accurate 

enough for measuring procollagen folding and accumulation in cells, we 

compared cultured dermal fibroblasts from an OI patient and normal control, with 

the caveats discussed above, previously reported similar studies conducted with 

radioisotope pulse-chase labeling provided the reference point for evaluating the 

assay capabilities.  

We were able to detect abnormal folding and clearance of procollagen 

with Cys substitution for Gly766 in the α1(I) chain (Fig. 5). Consistent with a 

previous, radioisotope-based study of fibroblasts from OI patients with other Gly 

substitutions (188) and the established role of obligatory Gly residues (142), we 

observed significantly slower triple helix folding in OI compared to normal control 

cells (Fig. 5A). Our assay did not detect a folding intermediate paused at the 

mutation site. Note that in (34), such an intermediate was detected only for a 

Gly94 substitution at the N-terminal end of the triple helix but not for Gly 

substitutions located closer to the C-terminal end. In the latter mutations, the 

folding intermediates might not have sufficiently long lifetimes to be detected by 
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the trypsin/chymotrypsin digestion assay or the corresponding collagen digestion 

products might not co-purify with full-length triple helices.  

Slower folding likely contributes to slower clearance of Aha-labeled 

procollagen molecules from OI fibroblasts (Fig. 5C). However, less than 50% 

decrease in Aha-labeled molecules inside the cells after 4 h chase is difficult to 

explain just by the delay in their folding. The dramatic increase in the lifetime of a 

labeled molecule inside the cell points to a delay in trafficking through or export 

from the cell. In particular, misfolded molecules with Gly substitutions might be 

selectively retained and targeted for intracellular degradation 

(174,177,224,250,251). Cell stress response to such misfolding and 

accumulation of mutant procollagen molecules in osteoblasts might contribute to 

bone pathology in OI, and is discussed in later chapters .  
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Chapter 6: G610C Procollagen Folding, Secretion, and 

Incorporation into Extracellular Matrix 

BACKGROUND 

Like all Gly substitutions in the triple helix, the Gly610 to Cys substitution 

in the triple helical region of the collagen α2(I) chain (G610C substitution) may 

have several different effects contributing to OI. (a) It might affect the function of 

osteoblasts by disrupting procollagen folding in the cell. (b) It might affect how 

secreted collagen molecules are incorporated into the matrix outside the cell by 

altering the stability of secreted molecules and their interactions with other 

molecules involved in matrix assembly. (c) It might affect how incorporated 

molecules function in the matrix by altering matrix integrity and interaction with 

important ligands and cells.  

For reasons discussed in Section I, here we focus on the effects of the 

mutation inside the cell by utilizing cultured calvarial osteoblasts (pOBs) and 

mouse embryonic fibroblasts (MEFs) from G610C animals. Specifically, we 

measure how the mutation affects synthesis, folding, and intracellular retention of 

procollagen chains. However, to better understand the relative role of these 

effects in OI pathology, we also measure how efficiently the mutant molecules 

are secreted and incorporated into extracellular matrix.  

pOBs isolated from parietal bones of young (3-8 day old) mice represent a 

convenient model for studies of procollagen misfolding effects in cell culture. 

Parietal bones are formed by intramembranous ossification by cells that originate 

from mesoderm, unlike frontal bones that may contain cells derived from neural 

crest, or occipital bones that are partially formed through a mix of endochondral 

and intramembranous ossification and contain chondrocytes (252,253). 
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Furthermore, as discussed later in this section, parietal bones very rapidly grow, 

hence providing a rich source of osteoblasts, and show clear formation pathology 

in G610C animals. The main disadvantage of parietal OBs is that they cannot be 

isolated from homozygous G610C mice that die during or shortly after birth. 

Therefore, to compare effects of the mutation in wild type, heterozygous and 

homozygous cells, we utilize MEFs. We demonstrate that procollagen 

biosynthesis abnormalities observed in heterozygous COBs and MEFs are 

similar, suggesting that the latter cells may be used to understand at least some 

of the effects of procollagen misfolding caused by Gly substitutions.   

 

RESULTS 

 

Transcription 

We first evaluated whether collagen transcription was affected due to the 

G610C mutation.  We analyzed mRNA from cultured pOBs, mRNA extracted 

directly from parietal bones, and mRNA extracted from cultured MEFs. While 

bones contain a heterogeneous population of cells, osteoblasts provide dominant 

contribution to procollagen synthesis. We found no statistically significant effects 

of the G610C substitution on Col1a1 and Col1a2 mRNA transcript levels in any of 

the samples (Fig. 6).  
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Figure 6. Transcription levels.  
Col1a1 (procollagen α1) and Col1a2 (procollagen α2) mRNA transcript levels 
were measured relative to WT. In (A.), HPRT1 and B2M were used as 
endogenous controls. In (B.), HPRT1, B2M, and Gapdh were used as 
endogenous controls.  Error bars represent standard deviation of biological 
replicates.  

 

Folding 

We then measured procollagen folding rates to determine whether the 

G610C substitution delayed folding and to what extent. We exploited the 

resistance of the procollagen triple helix to trypsin/chymotrypsin treatment for 

determining the fraction of fully folded molecules after a brief pulse of Aha, 

utilizing the assay described in Chapter 5.  

We found significantly slower folding in G610C heterozygous (G610C/+)  

pOBs (Fig. 7A). The folding delay was similar in heterozygous MEFs and larger 

in homozygous (G610C/G610C) MEFs (Fig7C). The latter observation 

corroborated that the folding delay was caused by the mutation. Indeed, 

heterozygous cells produce faster folding molecules without the mutant chain and 

slower folding molecules with the mutant chain, while homozygous cells produce 

only the slower folding molecules. Since our assay does not distinguish 
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procollagen with and without the mutant chain, it measures an effective, average 

folding rate of all molecules. 

 

 

Figure 7. Delayed folding and over-modification of procollagen chains in G610C 
pOBs and MEFs relative to WT.  

(A, C). Measurement of procollagen folding kinetics via pulse-chase labeling with 
Aha. The fraction of fully folded procollagen produced by pOBs at passage 2 (A) 
and MEFs (C) was calculated relative to the latest time point from DIBO-
AF555/IS-AF488 fluorescence intensity ratios of gel electrophoresis bands. All 
error bars represent standard error in triplicate experiments. (B, D). Gel 
electrophoresis of pepsin-treated triple helices labeled with AlexaFluor 488 
(Green) or Cy5 (Red). The triple helices were purified by pepsin treatment from 
procollagen secreted by pOBs (B) and MEFs (D). To reveal relatively small gel 
migration differences, AlexaFluor-488-labeled  WT helices were mixed with Cy5 
labeled G610C/+ or G610C/G610C helices at equal concentration and run in the 
same gel lane. The dyes were then switched to account for effects of the 
fluorophore on gel migration. Slower gel migration reveals overmodification. 
Yellow color is where the bands overlap.  

 

When the rate of folding is slower, unassociated chains remain available 

for proline hydroxylation as well as lysine hydroxylation and subsequent 

glucosylation for longer, leading to over-modification of the chains (254). This 
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over-modification of procollagen can be observed by decreased gel mobility via 

gel electrophoresis, which we confirmed in G610C pOBs and MEFs (Fig. 7B,D). 

This measurement also does not distinguish between the molecules with and 

without the mutant chains produced by heterozygous cells. Consistently, we saw 

more over-modification in collagen produced by homozygous than heterozygous 

MEFs (Fig. 7D). Interestingly, overmodification of heterozygous pOBs was more 

comparable to homozygous MEFs than heterozygous MEFs. 

 

Intracellular Procollagen and Secretion 

The amount of total intracellular procollagen protein was increased in 

G610C/+ pOBs by ~50% compared to WT pOBs (Fig. 8A). At the same time, 

G610C/+ pOBs secreted ~35% less procollagen than WT pOBs, indicating 

significant retention of procollagen in mutant cells (Fig. 8C).  

It is important to note that the secretion rate measured based on 

procollagen released by pOBs into cell culture medium does not represent the 

total amount of procollagen secreted by osteoblasts, since it does not account for 

procollagen retained under cells in the cell layer and collagen deposited into 

matrix. In osteoblast cultures, procollagen released into the medium may 

represent a minor fraction of all secreted molecules.  

Heterozygous MEFs also accumulated significantly more intracellular 

procollagen (Fig. 8B), but they secreted approximately the same amount of 

procollagen into the medium as wild type MEFs (Fig. 8D). Interestingly, 

homozygous MEFs accumulated and secreted less procollagen than the 

heterozygous cells.  
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Figure 8. Intracellular procollagen concentration and procollagen secretion rate 
into cell culture medium measured in G610C pOBs and MEFs 

(A.) pOB and (B.) MEF intracellular procollagen levels were measured by 
ammonium sulfate precipitation followed by pepsin digestion of intracellular 
procollagen. Absolute procollagen concentration in pg/cell was quantified by 
normalizing to internal collagen standard added to cell lysates as described in 
Chapter 10. The rate of procollagen secretion by pOBs (C) and MEFs (D) was 
measured by quantifying procollagen concentration in cell culture medium 
collected hourly for four hours. All error bars represent standard error in at least 
sextuplicate experiments. The p-values were calculated from a two-tailed t-test. 

 

Residence Time 

Pulse-chase measurements of the residence time of Aha-labeled 

procollagen confirmed that mutant cells retain a larger fraction of procollagen 

they produce than wild type cells. The Aha-labeled molecules remained longer 
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residence time was even more dramatically increased in homozygous MEFs (Fig. 

9B). 

 

 

Figure 9. Residence time of procollagen in the cell in G610C pOBs and MEFs. 
(A,B). Kinetics of procollagen clearance from cells measured by pulse-chase 
labeling with Aha from DIBO-AF555/IS-AF488 fluorescence intensity ratios of gel 
electrophoresis bands of intracellular procollagen after different chase time in 
pOBs at passage 1 (A.) and MEFs (B.). The average DIBO-AF555/IS-AF488 
ratio at zero chase time is taken as 100%. All error bars represent standard error 
in triplicate experiments. 

 

Fraction of Mutant Molecules 

Measurement of the composition of procollagen secreted into the media, 

however, suggested that G610C cells retained molecules with and without the 

mutant chains non-selectively. Indeed, secreted procollagen collected hourly in 

the cell culture media of G610C/+ pOBs had ~50:50 ratio of molecules with and 

without mutant chains (Fig. 10A) consistent with the expected 50:50 ratio of 

molecules produced by the cell (assuming similar expression of the normal and 

mutant alleles of Col1a2).  

A higher fraction of molecules with the mutant chain irreversibly denatured 

within several hours after secretion into cell culture media, as expected (26) 
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based on their lower thermal stability (169). Indeed, when we collected the 

secreted fraction of collagen after 16 hours, we observed close to 60:40 rather 

than 50:50 ratio of normal to mutant molecules (Fig. 10B). Rapid thermal 

denaturation was likely responsible for preventing incorporation of the mutant 

molecules into slowly forming extracellular matrix, in which the ratio of normal to 

mutant molecules was close to 70:30 (Fig. 10C). 

 

Figure 10. Composition and thermal stability of procollagen secreted into cell 
culture media and collagen deposited into extracellular matrix by 
G610C/+ pOBs measured by differential scanning calorimetry 

(A.) Denaturation thermogram of ammonium sulfate precipitated and pepsin 
digested procollagen collected hourly in cell culture media. Purified triple helices 
were resuspended in 2 mM HCl, which allows better separation of denaturation 
peaks from mutant (blue) and normal (red) molecules. The thermal stability of 
pepsin-treated triple helices is identical to that of full-length procollagen, except 
for molecules with mutations at the interface with N- and C-propeptides (34). (B.) 
Denaturation thermogram of ammonium sulfate precipitated and pepsin digested 
procollagen collected in cell culture media after 16 hour incubation. Purified 
collagen was resuspended in phosphate glycerol buffer (PGB), pH 7.4, which 
better represents physiological thermal stability of the molecules (26). (C.) 
Denaturation thermogram of ammonium sulfate precipitated and pepsin digested 
matrix collagen in PGB. Relative percent of normal (WT) and mutant (G610C/+) 
molecules was calculated by deconvolution of lower temperature mutant and 
higher temperature normal denaturation peaks with PeakFit software and 
measuring the area under each peak. The maximum of each peak represents the  
apparent denaturation temperature (Tm) in the corresponding buffer at the 
heating rate (0.125 oC/min or 0.25 °C/min) used in the DSC experiment. The 
apparent Tm in physiological saline at the same heating rate may be recalculated 
from the Tm measured in PGB by subtracting 1.7 oC (26).  
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Extracellular Matrix Formation 

We next analyzed the total amount of collagen incorporated into matrix by 

pOBs and MEFs using Raman spectroscopy. Procollagen has a unique Raman 

scattering spectrum compared to the Raman scattering spectrum of other 

proteins and cell cytoplasm, allowing us to compare the ratio of collagen to 

organic material inside cells within different matrix regions (74). After 3 weeks, 

WT and G610C/+ pOBs had deposited 4 and 7 times more collagen than WT and 

G610C/+ MEFs cultured for 8 weeks, respectively (Fig. 11). MEFs had to be 

grown for at least 8 weeks to obtain a measurable amount of matrix. We 

observed significantly less collagen deposited into the matrix by G610C/+ than 

WT pOBs (Fig. 11A). There was even less collagen deposited into the matrix in 

G610C/+ and G610C/G610C MEFs compared to WT MEFs, but no difference 

between the heterozygous and homozygous MEFs (Fig. 11B).  

 

Figure 11. Levels of collagen deposition into matrix in pOBs and MEFs. 
Raman spectroscopy measurements of collagen/cell organic material in matrix 
grown for 3 weeks by pOBs (A.) or 8 weeks by MEFs (B.). Error bars represent 
standard error and statistical significance was determined by a two-tail t-test. 
Each bar represents the ratio of intensities of characteristic Raman peaks for 
collagen and organic material inside cell cytoplasm, which is proportional to the 
amount of collagen deposited in the matrix by a cell.  
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DISCUSSION 

 

Procollagen Misfolding 

In G610C cells, we observed significantly slower folding of procollagen 

proportional to the fraction of mutant molecules they made (Fig. 7A,C). The 

folding rate was not as dramatically decreased as observed by some Gly 

substitutions in human fibroblasts (188), indicating that folding of G610C 

procollagen was re-nucleated faster than in the case of the latter mutations. In 

general, the effect of a Gly substitution on the folding may vary significantly, 

depending on the presence of HSP47 binding sites and other variations in the 

amino acid sequence surrounding the mutation (67). The slower folding caused 

posttranslational overmodification of procollagen, consistent with observations for 

Gly substitutions in human cells (255).   

Folding disruption by the G610C substitution resulted in procollagen 

accumulation in the cell. (a) The total amount of intracellular collagen was higher 

(Fig. 8A,B) while the secretion rate was lower or similar (Fig. 8C,D) in G610C 

compared to WT cells. (b) Newly synthesized procollagen remained longer in 

G610C cells than in WT cells (Fig. 9). These observations were consistent with 

published reports for human fibroblasts with other Gly substitutions in the α2 (I) 

chain of type I collagen (256,257). 

While this general qualitative conclusion holds for both pOBs and MEFs, 

we observed peculiar quantitative “inconsistencies” in how MEFs accumulated 

and released procollagen into the medium. The apparent inconsistencies 

between the behavior of pOBs and MEFs might be related to major differences in 

the amount of procollagen these cells produce and the direction in which they 

secrete it. In general, osteoblasts produce much more procollagen than less 
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differentiated MEFs. The similarity between the amounts of procollagen released 

by pOBs and MEFs into the cell culture medium (c.f. Fig 8C and 8D) is 

misleading. In contrast to MEFs, only a small fraction of the total procollagen 

secreted by pOBs was found in the medium. Osteoblasts secrete procollagen 

primarily into the space between the cells and the surface on which they reside, 

where it is “trapped”, processed and deposited into matrix. It is therefore 

reasonable to expect the effect of the mutation on procollagen synthesis and 

secretion to be somewhat different in pOBs than MEFs. 

Interestingly, procollagen accumulation in homozygous MEFs was much 

less pronounced than either in heterozygous MEFs or heterozygous pOBs, we 

believe that this observation may be explained by reduced procollagen 

translation in response to cell stress associated with the synthesis of just the 

mutant molecules. Indeed, the total fraction of Aha-labeled procollagen, which 

represents newly synthesized molecule, was always lower in homozygous MEFs 

than in the other cell types (data not shown), indicating reduced procollagen 

synthesis. At the same time, the transcription of procollagen mRNA did not 

appear to be affected (Fig. 6B). Much longer procollagen residence time in the 

cell (Fig. 9B) suggests that intracellular degradation of misfolded procollagen 

might not be able to keep up with synthesis of just the mutant molecules in 

homozygous MEFs, potentially causing the reduction in procollagen translation. 

However, alternative interpretations are possible and full understanding of 

procollagen synthesis in homozygous MEFs will require future studies. 

 

No Selective Retention of Mutant Procollagen 

We initially hypothesized that misfolded procollagen molecules would be 

selectively retained and degraded by the cell, but this was not the case. G610C 
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pOBs secreted equal numbers of normal and mutant molecules. Selective 

retention of mutant procollagen was observed in some mechanistic studies of OI, 

but in many others it was not present, suggesting that it might depend on many 

variables (34,177,225,258).  

The most important unknown to be addressed by future studies is the 

conformation of accumulated misfolded procollagen in the ER. In a crowded ER 

environment, slower triple helix folding increases the probability of nonproductive 

interactions between unfolded regions of the chains from different procollagen 

chain trimers, resulting in procollagen aggregation. Nonselective aggregation 

would trap both molecules with and without the mutant chain, resulting in 

nonselective procollagen misfolding, although mutant molecules trigger this 

process. We could not detect the presence of such aggregates, but other OI 

studies reported misfolded procollagen aggregation (70,174).  

Other possibilities include targeting of large chunks of ER for degradation 

by macroautophagy, which may occur in response to misfolding of mutant 

molecules but also may trap procollagen without the mutant chain (174). We will 

return to discussion of the role of macroautophagy in G610C cells in subsequent 

chapters. Gross enough disruption of ER homeostasis caused by misfolding of 

mutant molecules may also affect folding and export of normal procollagen. 

Adaptive and chronic ER stress, which may have profound effects on ER 

homeostasis, has been discussed in a number of OI studies (23,177,195,259) 

and it is the focus of Chapter 7 in this thesis.  

 

Matrix Deposition 

We observed dramatically reduced matrix deposition by G610C cells, 

particularly in MEF cultures (Fig. 11). In part, this observation could be explained 
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by reduced procollagen secretion and lower thermal stability of mutant 

molecules, some of which denatured before they had a chance to be 

incorporated into matrix (Fig. 10). However, reduced procollagen secretion was 

observed most significantly in pOB, not MEF cultures, while the mutation had a 

stronger effect on matrix deposition by the latter. The fact that ~50% of secreted 

mutant molecules did not incorporate into matrix (Fig. 10C) could not explain 

much larger overall change in the collagen deposition either (~ 2 fold in 

heterozygous pOB and ~ 3 fold in heterozygous MEF cultures). Furthermore, less 

procollagen was secreted by homozygous compared to heterozygous MEFs and 

all of the collagen secreted by homozygous MEFs was mutant, but the same 

amount of collagen was deposited by both types of cells.   

Since abnormal matrix deposition could not be explained only by 

availability and malfunction of secreted procollagen molecules, we concluded that 

cellular malfunction caused by accumulation of misfolded procollagen contributed 

to abnormal matrix deposition. Thus, our next step was determining how 

misfolded molecules are handled by the cell, and whether osteoblast 

differentiation and function was disrupted by the G610C substitution. 
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Chapter 7: Osteoblastic Response to Procollagen Misfolding in 

the Cell  

BACKGROUND 

In the previous chapter we described that procollagen misfolding led to 

nonselective retention and accumulation of procollagen molecules in G610C 

cells, which would be expected to cause cell stress. The cells did not die and 

proliferated through multiple passages. They appeared to be able to degrade 

misfolded procollagen, but the ability to deposit matrix and other functions 

appeared to be altered. The goals of the next step in our study reported in this 

chapter were therefore (a) To understand whether accumulation of misfolded 

procollagen causes ER/cell stress. (b) To identify ER/cell stress pathways 

involved in response to this accumulation and characterize how misfolded 

procollagen is degraded by the cell. (c) To identify whether and how the ER/cell 

stress response affects differentiation and function of osteoblasts.  

Historically, OI was proposed to be a protein misfolding disease. Yet, the 

idea of resulting cell stress was not actively pursued for Gly substitutions, 

because early studies did not reveal involvement of BIP pathways considered to 

be a hallmark of UPR, which is commonly equated with ER stress response (60). 

Given multiple recent reports of ER disruption and cell malfunction caused by Gly 

substitutions (174,177,195,196), we hypothesized that G610C osteoblasts might 

utilize an alternative cell stress response pathway. One such pathway is ER 

overload, which can be induced by misfolding of some mutant forms of α1 

antitrypsin protein and does not involve conventional UPR signaling, as 

described in Chapter 4.  
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We therefore tested whether characteristic features of ER overload are 

observed in G610C cells. One such feature, which deserves more detailed 

introduction before we proceed to describing our findings, is degradation of the 

misfolded proteins via macroautophagy.   

Macroautophagy (hereafter referred to as autophagy) is a complex 

process of bulk degradation of proteins or organelles. A double membrane forms 

around the target, fuses with a lysosome to degrade its contents, and molecules 

are translocated out of the lysosome for reuse.  Autophagy activation has best 

been described by nutrient deprivation. Accumulated amino acid reservoirs in the 

lysosome are depleted upon starvation, allowing for the mammalian target of 

rapamycin complex 1 (mTORC1) to dissociate from the lysosomal surface and 

become inactive (260). Another way mTORC1 is inactivated is through 

recognition of a high AMP: ATP ratio, indicating depleted energy reserves, via 

AMP-kinase phosphorylation of components of the mTORC1 complex. 

Inactivation of mTORC1 allows for activation of two kinase complexes, the 

UNC51 like Serine/Threonine Kinases (ULK) and the class III 

phosphatidylinositol-3-phsophate kinase complex (PI3K), which phosphorylate 

proteins required for autophagosome formation (261).  Nucleation of the 

autophagosome is hypothesized to occur at the membrane junction between the 

ER and mitochondria, providing the newly forming autophagosome access to 

many necessary Atg (autophagy related) proteins, other cofactors, and 

associated proteins (261). The ER membrane also forms the autophagosome-

cradling omegasome, which contributes to initiation of the autophagosome (261). 

The double membrane hallmark of an autophagosome elongates by different 

membrane contributions of the ER, Golgi, endosome, and plasma membrane, 

potentially requiring Atg9 (261,262). Other Atg proteins are required for 

autophagosome elongation. For instance, Atg4 is a protease that cleaves a 
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precursor of microtubule associated protein light chain 3 (LC3) to its cytosolic 

LC3I form. Then, Atg7 and Atg3 function as ubiquitin-like E1 and E2 ligases, 

respectively, to allow for the E3-acting ligase Atg5-Atg12-Atg16L complex to 

mediate conversion of LC3I into phosphatidylethanolamine conjugated LC3II 

(262). LC3II remains a part of the autophagosome through its fusion and 

degradation by the lysosome. The Atg5-Atg12-Atg16L complex is also formed 

through other Atg proteins, ubiquitin-like E1 ligase Atg7 and E2 ligase Atg10, and 

remains associated with the autophagosomal membrane throughout the 

elongation process only (262). After closure, fully formed autophagosomes travel 

along microtubule tracks and fuse with lysosomes, thus allowing their contents to 

by broken down by lysosomal enzymes that function at low pH. 

In addition to nutrients, autophagy is induced or inhibited by a variety of 

cell stress pathways, many of which involve the ER. First, general expansion of 

the ER may trigger autophagy induction (263). Second, calcium signaling is 

intricately connected to autophagy through various mechanisms. Cytosolic 

calcium concentration increase due to calcium release from the ER causes 

autophagy activation by inhibition of mTORC1 (264). It can also activate NFκB 

signaling (179), which in turn can increase autophagy in multiple, context 

dependent ways (262). Interestingly, calcium phosphate precipitates transfected 

into cells were found to induce autophagy as well (265).  Third, activation of 

different arms of the UPR mediates some protein degradation via autophagy. 

Phosphorylation of eIF2α, the downstream effector of PERK and other eIF2α 

kinases that are activated due to various cellular stresses can stimulate 

autophagy through mostly unknown mechanisms (262). ATF6 cleavage and 

subsequent activation can also induce autophagy through downstream 

inactivation of mTORC1 (261). Ire1, however, is a negative regulator of 
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autophagy, as when it’s downstream effector XPB1 is absent, autophagy is 

increased (266).  

 

RESULTS 

 

There is ER Dilation in G610C/+ pOBs 

To test how slower folding and intracellular retention of misfolded 

procollagen affected osteoblasts, we examined ultrastructure of pOBs in culture 

and in vivo by electron microscopy (EM). In cellulo, pOBs were incubated for 21 

days to allow for deposition of extracellular matrix and embedding of some of the 

cells within the matrix, fixed with 2.5% glutaraldehyde and further processed for 

EM imaging as described in Chapter 10. In vivo, parietal bones were rapidly 

removed immediately after euthanizing 12 day old mice and fixed in either 2.5% 

glutaraldehyde or in a mixture containing 2% glutaraldehyde and 2% 

formaldehyde. Only the cells with well-preserved mitochondria were selected for 

more detailed ultrastructural examination. 

In cultured G610C/+ cells, EM images revealed dramatically dilated and 

disorganized ER compared to well-organized, mostly undilated ER in their WT 

counterparts. Figure 12A shows the typical appearance of ER in a WT cell. In 

some WT cells, slightly dilated regions of ER cisternae were observed, yet many 

cells did not have any dilated ER regions at all. Figure 12B shows the 

appearance of severely disorganized and dilated ER in a G610C/+ cells. No WT 

cells had such grossly distorted ER. In contrast, many G610C/+ had a significant 

fraction or entire ER with similar appearance. Still, some G610C/+ cells had 
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better organized and less swollen ER that looked only slightly more dilated than 

in WT cells. ER occupied a large fraction of the intracellular space in all pOBs.  

In fixed parietal bones from G610C/+ animals, all examined osteoblasts 

had a significant fraction of grossly distorted ER regions as shown in Figure 12E. 

In bones from WT animals, most cells with well-preserved mitochondria had 

normal ER appearance as shown in Figure 12D. However, other WT cells did 

have some regions of dilated ER. Both G610C/+ and WT osteoblasts had much 

higher ER density and larger number of ER cisternae compared to cultured 

pOBs, indicating that they produced much more procollagen. We also observed 

increased ER dilation in G610C/+ fibroblasts and perivascular cells, which were 

found in soft tissue adjacent to bone (data not shown).  

 

Figure 12. Electron microscopy of WT (A,D) and G610C (B,C,E) pOBs in culture 
(A-C) and in parietal bone from 12 day old animals (D,E).  

Yellow arrows indicate ER. Orange arrow indicates autophagosome. Passage 1 
pOBs were used. 

 

In cultured cells, the ultrastructure of which was better resolved, we also 

identified well-defined and clearly distinguishable autophagosomes. Qualitatively, 

A.            B.            C.

D.    E. 
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we found more autophagosomes in G610C/+ cells, in which we also found 

autophagosomes encapsulating large ER fragments (Fig. 12C).  

 

Cell Stress Response 

 

Figure 13. Analysis of Conventional Unfolded Protein Response in WT and 
G610C/+ pOBs and bone. 

(A). Hspa5 (BIP) mRNA transcript levels in cultured pOBs and mouse calvaria 
from 17 day animals. Transcript levels were normalized to HPRT1/B2M controls 
and relative to WT. (B). Levels of BIP protein detected by western blot in 
untreated pOBs. (C). Representative gel electrophoresis image of qPCR of 
spliced (XBP1-S) and unspliced (XBP1-U) XBP1 mRNA in cultured untreated 
pOBs (in cellulo) and calvaria (in vivo).  (D). ATF6 levels in untreated pOBs 
detected by western blot. (E). Ratio of phosphorylated eIF2α to total eIF2α, each 
first normalized to β-actin, in untreated pOBs. All error bars represent standard 
deviation of at least three experiments and statistical significance was calculated 
by a student’s two tailed t-test.  

 

Despite significant ER disruption indicative of some form of ER stress 
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not observe an increase in BIP, which would be expected to be upregulated in 

UPR (267,268), either at the transcript or protein level (Fig. 13A,B). (b) We did 

not observe activation of IRE1 or ATF6 arms of UPR signaling, at least one of 

which is usually activated in UPR (178). Specifically, we found no upregulation of 

XBP1 mRNA splicing in G610C/+ compared to WT cells, which would be caused 

by IRE1 activation (Fig. 13C). We also found no upregulation of ATF6 cleavage, 

which would be caused by ATF6 activation. (Fig. 13D). (c) We did observe an 

increased ratio of phosphorylated eIF2α to total eIF2α in G610C/+ compared to 

WT pOBs suggesting activation of PERK (Fig. 13E). However, while PERK is an 

arm of conventional UPR, increased eIF2α phosphorylation has also been 

reported in ER overload without UPR.  

 

 

Figure 14. Expression of Serpin H1 (HSP47), Cryab (αB crystalline) and Ddit3 
(CHOP) in cultured pOBs and parietal bone 

(A). Relative HSP47 protein levels detected by western blot (B). Relative mRNA 
transcript levels normalized to HPRT1 and B2M and calculated relative to WT. 

 

At the same time, we observed a statistically significant increase in the 

transcription of SerpinH1 (HSP47) and Cryab (αB crystalline) in parietal bones 

from G610C/+ vs. WT mice (Fig. 14B). In cultured pOBs, a similar trend did not 

reach statistical significance. The level of HSP47 protein measured by western 

blotting was similar in G610C/+ and WT pOBs (Fig. 14A).  Ddit3 (CHOP) mRNA 
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transcription trended higher in G610C pOBs and parietal bones, but the 

difference with WT was not statistically significant (Fig. 14B). 

 

 

Figure 15. ER-overload response features in G610C/+ cells.  
(A,B). LC3I expression measured by qPCR (A) and LC3I and LC3II expression 
measured by western blotting (B); mRNA transcripts were normalized to HPRT1 
and B2M calculated relative to WT. (B). (C,D). Relative calnexin (left) and 
calreticulin (right) protein levels detected by western blotting in pOBs. Calnexin 
and calreticulin were detected on the same gel lane and normalized to β-actin 
with a scaling factor of 100. (E). Relative p65 and phosphorylated p65 (pp65) 
protein levels measured by western blotting  and the pp65/65 ratio in pOBs. (F).  
Immunofluorescence analysis of nuclear localization of p65 in BMSCs (bone 
marrow stromal cells) from 4 month old animals. The fractions of cells positive for 
nuclear p65 are displayed in the graph on the right. All experiments were 
performed at least in triplicate.  Error bars represent standard deviation. The p-
values were calculated from a two tailed student’s t-test.  
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markers of ER overload. We observed more LC3I protein in G610C/+ pOBs while 

mRNA transcript levels of two LC3 genes were not significantly affected (Fig. 

15A,B). We also observed a modest trend for calnexin increase and calreticulin 

increase with a 2-fold lower calnexin/calreticulin ratio in G610C/+ pOBs (Fig. 

15C,D). This trend was consistent between different experiments but did not 

reach full statistical significance. Finally, we got conflicting results on NFκB 

activation. In pOBs, we found no changes in the level of either p65 or active, 

phosphorylated p65 by western blotting (Fig. 15E). In BMSCs from G610C/+ 

animals, however, we saw an increase in the nuclear localization of p65, 

indicating activation of NFκB signaling (Fig. 15F).  

 

Degradation of Misfolded Procollagen 

To further understand the response of G610C/+ cells to misfolded 

procollagen accumulation, we examined degradation of the retained molecules. 

Increased procollagen retention yet similar fraction of Aha-labeled molecules in 

the cell after 2 hour chase (see Chapter 6) indicated upregulated intracellular 

procollagen degradation in G610C/+ pOBs.  

To clarify the role of the autophagy/lysosome degradation pathway, we 

first treated the cells with bafilomycin a1 and chloroquine, chemical inhibitors that 

inhibit parts of this pathway. We observed procollagen accumulation in all cells, 

but the extent of the accumulation was more significant G610C/+ pOBs (Fig. 

16A). Consistently, autophagy enhancement by rapamycin or mild nutrient 

deprivation in serum-free cell culture media reduced intracellular procollagen in 

G610C cells approximately two fold to the level found in WT cells. However, we 

observed virtually no change in WT cells (Fig. 16A). 
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Figure 16. Analysis of procollagen autophagy in pOB culture. 
(A.) Effects of treating pOBs with bafilomycin A1 (Baf., 6 h), bortezomib (Bort., 6 
h), chloroquine (Chlor., 2 h), nutrient deprivation (N. Dep., 2 h), eeyarestatin 
(Eeya., 2 h), and rapamycin (Rapa., 4 h) on procollagen accumulation in the cell; 
measured by western blotting with β-actin as an internal standard. The bars 
show fold change relative to untreated pOBs. (B) Effects of chloroquine, 
bafilomycin and bortezomib on the fraction of Aha-labeled procollagen remaining 
in the cell after a 2 h chase in 10 mM Met medium (preceded by 2 h labeling in 
500 μM Aha medium). Passage 1 pOBs were used. (C and D). LC3I, LC3II, and 
p62 level time course relative to untreated cells in pOBs after nutrient deprivation 
(C) or rapamycin (D); measured by western blotting with β-actin as an internal 
standard. (E and F). LC3II level time course relative to untreated cells after 
chloroquine (E) and bafilomycin (F) treatments. All experiments were repeated at 
least in triplicate. The error bars represent standard deviation in (A,B) and 
standard error in (C-F). The p-values calculated from a two tailed Student’s t-test 
show statistically significant differences between G610C/+ and WT pOBs .  
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G610C/+ cells and no statistically significant effect in WT cells (Fig. 16A). 

Bortezomib, which is a proteasome inhibitor, reduced procollagen in WT cells 

without any effect of G610C cells (Fig. 16A). In contrast to autophagy, 

ERAD/proteasomes did not appear to be involved in misfolded procollagen 

degradation. 

Changes in procollagen synthesis, degradation and secretion from the cell 

could contribute to the observations described above. Thus, we also measured 

the fraction of Aha-labeled procollagen remaining in the cell after a 2 h incubation  

in 10 mM Met chase media. We found a significant increase in the fraction of 

procollagen retained in G610C/+ compared with WT pOBs upon treatment with 

bafilomycin or chloroquine, but not bortezomib (Fig. 16B). Relative to untreated 

controls, chloroquine and to a smaller degree bafilomycin increased procollagen 

retention after the 2h chase, even in WT pOBs. Bortezomib did not have a 

statistically significant effect on procollagen retention relative to untreated cells 

either in WT or G610C/+ pOBs. Interestingly eeyarestatin increased the amount 

of Aha-labeled procollagen remaining in the cells after 2h chase (data not 

shown), even though it did not cause procollagen accumulation upon shorter 

treatment (4h vs 2h) (Fig. 16A). However, this effect was similar in WT and 

G610C cells. 

To more specifically test the role of macroautophagy vs. a broader range 

of lysosomal degradation pathways, we measured the autophagy flux. We found 

that rapamycin treatment (Fig. 16C) and nutrient deprivation (Fig. 16D) had more 

pronounced effects on LC3II accumulation in WT cells, even though LC3I 

conversion was the same between WT and G610/+ cells. This indicates 

increased basal autophagic flux in G610/+ cells, which was further corroborated 

by faster p62 degradation in G610C/+ cells.  Faster accumulation LC3II upon 
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inhibition of lysosomal degradation with chloroquine (Fig. 16E) and bafilomycin 

(Fig. 16F) was consistent with higher autophagy flux in G610C/+ cells as well. 

 

Osteoblast Differentiation and Function 

 

 

Figure 17. Collagen matrix deposition by cultured pOBs treated with rapamycin.  
Raman spectroscopy measurements of collagen/cell organic material in matrix 
grown for 3 weeks by pOBs with and without rapamycin were performed and 
analyzed as described in Figure 11.  

 

To investigate how misfolded procollagen accumulation affected 

osteoblast differentiation and function, we first examined its effects on matrix 

deposition and mineralization by cultured pOBs. As described in Chapter 6, 

G610C/+ osteoblasts deposited less collagen in extracellular matrix compared to 

WT osteoblasts, which could be related to malfunction of mutant collagen 

secreted by the cells, malfunction of the cells themselves or both. Since 

rapamycin reduced misfolded procollagen accumulation and would not be 

expected to affect secreted collagen outside the cell, we tested its effects on 

collagen deposition in the matrix. 10 nM rapamycin did not affect matrix 
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increasing it almost two fold (Fig. 17), Apparently, cellular malfunction did play a 

major role in deficient matrix deposition by G610C pOBs. 
 

 

Figure 18. Mineralization of  p1 pOBs. 
(A) Measurement of average matrix mineralization with xylenol orange. 
Osteoblasts that were plated at 40,000 cells/well in the top row and at 20,000 
cells/well in the bottom row and stimulated with β-glycerophosphate to produce 
mineralized matrix as described in Chapter 10. Xylenol orange staining was 
performed at day 5 and day 13. A representative 24 well plate with xylenol 
orange staining after 5 days of culture is shown. The circles show the area within 
which xylenol orange intensity was quantified, compared relative to WT and 
displayed below. (B). Quantity of mRNA transcripts relative to WT cells at day 0 
in WT and G610C/+ pOBs before (day 0) and after (day 16) stimulation of matrix  
mineralization. The qPCR data were normalized to Runx2 and Sp7 mRNA as 
internal controls for osteoblastic cells. Analysis based on normalizing the data to 
HPRT1 and B2M produced similar results. Experiments were repeated in 
triplicate, error bars represent standard error (A) and deviation (B), and 
statistically analyzed as described in previous figures.  
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time point in every experiment (4 cell densities, each in triplicate). Day 5 xylenol 

orange intensity was quantitated relative to WT at each cell density, and G610/+ 

mineralization was ~1/2 of what was observed in WT (Fig. 18A, bottom panel). 

Comparison of mRNA collected after 16 day incubation in mineralizing media 

revealed reduced Dmp1 and Ibsp transcription in G610C/+ pOBs, consistent with 

altered osteogenic capacity when stimulated to produce mineralized matrix (Fig. 

18B).  

Stimulation of cultured pOBs with exogenous TGFβ1 and Wnt3a revealed 

additional evidence of osteoblast malfunction, G610C/+ pOBs exhibited a  

blunted response to exogenous TGFβ1 compared with WT cells, as evidenced by 

almost no increase in intracellular procollagen and reduced Smad2 

phosphorylation (Fig. 19A,B). In G610C/+ pOBs, we also observed a reduced 

response to exogenous Wnt3a via decreased Axin2 transcription relative to WT, 

a transcriptional target of Wnt signaling (Fig. 19C).  

 

Figure 19. Response to TGFβ1 and Wnt3a.  
(A and B). pOBs were treated with 10ng/mL TGFβ1 for up to 5 hours. 
Phosphorylation of Smad2 (A) and intracellular procollagen content  (B) were 
measured by western blotting with β-actin as an internal standard . Fold change 
was determined relative to untreated controls. The stars represent statistically 
significant differences between WT and G610C/+. (C). pOBs were treated with 
100 ng/mL Wnt3a for 4 hours and mRNA transcripts were normalized to HPRT1 
and B2M as internal controls. The fold change of Axin2 was calculated relative to 
untreated cells. All experiments were repeated at least in triplicate, error bars 
represent standard deviation, and statistically analyzed as in previous figures.  
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Finally, analysis of BMSCs collected from femurs of 4 months old mice 

revealed severely affected differentiation of G610C cells, which produced 

approximately 3 times fewer colonies capable of mineralization (Fig. 20), 

Comparison with less dramatic effects on total and alkaline phosphatase positive 

colonies indicated disruption of osteogenic differentiation. Interestingly, 

enhancement of autophagy in animals placed on a low protein diet for 8 weeks 

(LPD) significantly improved differentiation of G610C/+ BMSCs, even though all 

cells were cultured in the same medium with full serum.  
 

 

Figure 20. Differentiation of BMSCs from 4 month old animals, half of which were 
placed on a low protein diet (LPD) for 8 weeks before they were 
sacrificed. 

The number of colony forming units (CFU) was quantified by staining with Crystal 
Violet (CFU-F), alkaline phosphatase (CFU-ALP) or alizarin red mineralizing 
colonies, (CFU-OB) as described in Chapter 10. To measure CFU-OB, the cells 
were grown for two extra weeks in cell culture medium containing β-
glycerophosphate and dexamethasone. Representative samples of BMSC 
colonies stained with alizarin red are shown on the right. The measurements 
were repeated in biological and technical triplicate and statistically analyzed as 
described in Chapter 10. Error bars represent standard deviation and statistical 
significance was calculated by a student’s two-tailed t-test. 
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with multiple alternative treatments. Such treatments are known to affect cells in 

multiple ways beyond their intended targets (260,269,270). Thus, it was not 

surprising that some of our attempts produced results indicative of significant off-

target effects and artifacts, which we did not pursue. Since we could not properly 

interpret the results of these experiments, we did not discuss them above. 

However, we believe that it is important to list them and provide brief descriptions 

of the problems we encountered.   

Proteasome inhibition with lactacystin and MG132. These commonly used 

inhibitors dramatically reduced procollagen transcription by pOBs, similar to 

transcriptional effects described in (271).  

Autophagy inhibition with 3MA. We observed no increase in intracellular 

p62, which should accompany autophagy inhibition, when we tried 3MA 

treatment of our pOB and MEF cultures. The action of 3MA in cells that secrete 

massive amounts of procollagen might be different from other types of cells. 

Interestingly, 3MA might induce rather than inhibit autophagy in the presence of 

serum (269). Because serum-free media prevented accumulation of procollagen 

in G610C, we chose not to use the combination of serum-free media with 3MA.  

Inhibition of lysosomal degradation with leupeptin and NH4Cl. Instead of 

increasing p62, which is primarily degraded in lysosomes via autophagy, this 

treatment reduced p62 in our pOB and MEF cultures, suggesting possible 

complex off-target effects. 

Activation of autophagy by complete amino acid starvation. We observed 

significant pOB detachment from plastic and death after 1h in balanced salt 

solutions without serum and amino acids, suggesting that such treatment was 

inappropriate for osteoblasts.  

Inhibition of lysosomal degradation with bafilomycin and chloroquine in 

MEF cultures. Similar to pOBs, we observed an increase in LC3II and p62 
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consistent with inhibition of lysosomal degradation. Yet, unlike pOB cultures, we 

did not see an increase in intracellular procollagen in either WT or G610C cells. 

This observation might point to important differences in procollagen processing 

by pOBs and MEFs and would be interesting to investigate in future studies.   

 

DISCUSSION 

 

Our experiments described in this chapter show that (a) Procollagen 

misfolding in the ER of G610C osteoblasts causes ER dilation and disruption, 

triggering some form of cell stress response. (b) This cell stress response does 

not conform to conventional UPR and has some, but not all features 

characteristic of ER overload described in serpinopathies. (c) Osteoblasts adapt 

by upregulating autophagy and degradation of misfolded procollagen in 

lysosomes, preventing more severe cell stress and death. (d) Nevertheless, 

procollagen misfolding disrupts normal differentiation and function of osteoblasts. 

(e) Enhancement of autophagy may reduce detrimental effects of procollagen 

misfolding on osteoblast homeostasis.  

 

Cell Stress Response 

Similar to the Brtl mouse (177), procollagen misfolding in the G610C 

model causes ER dilation and disruption without sequestering BIP (Fig. 13A,B), 

suggesting that canonical UPR is not involved in signaling this disruption to the 

rest of the cell. Based on previous observations for human fibroblasts (60), this 

appears to be a general feature of Gly substitutions in the triple helix. The three 

arms of the canonical UPR are IRE1, ATF6, and PERK. Their activation is most 
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commonly mediated by BIP. Their signaling is repressed by bound BIP and 

activated by the release of BIP when BIP is sequestered by misfolded proteins 

(272,273). IRE1 activation causes splicing of XBP1 mRNA, leading to translation 

of an active transcription factor that increases transcription of a variety of genes 

including chaperones (178). ATF6 activation causes translocation of ATF6 to the 

Golgi, where it is cleaved to yield an active ATF6 transcription factor that also 

changes expression of a variety of genes including chaperones (178). PERK 

activation causes phosphorylation of eIF2α, which blocks translation of most 

proteins except ATF4, which itself acts as a transcription factor (178).  

However, as IRE1, ATF6 and PERK signaling pathways of UPR can be 

activated through other mechanisms than BIP dissociation, it is possible that they 

may still be involved (178). For instance, each of the UPR arms may be triggered 

individually depending on the stressor, such as reduced glycosylation efficiency 

in the ER, or changes in calcium concentration (178). Many ER resident proteins 

require calcium to function, and altered calcium concentration affects multiple 

aspects of ER homeostasis (274). ER/cytosolic calcium signaling mechanisms 

are vast and beyond the scope of this discussion to discuss, but calcium 

signaling defects are a known cause of OI and lead to misfolded procollagen 

(151,152). Another potentially relevant consideration is that that IRE1 activation 

may be turned off in chronic ER stress but PERK activation continues (178). Our 

more detailed analysis revealed no activation of IRE1 and ATF6 signaling in 

G610C, either in cellulo or in vivo (Fig. 13). Yet, we observed increased 

phosphorylation of eIF2α (Fig. 13E), which could be caused by activation of 

PERK. Interestingly, a downstream effector of PERK activation was increased in 

the Brtl mouse as well (195). Thus, it is tempting to speculate that PERK 

activation causes the increased phosphorylation of eIF2α in G610C cells. 

However, there are four different kinases that can phosphorylate eIF2α 
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(262,275). In particular, disruption of ER homeostasis might lead to eIF2α 

phosphorylation by GCN2 (general control nonderepressible-2) and by PKR 

(RNA-activated) kinases (276,277). Therefore, further characterization is needed 

to determine which kinase is responsible for this change, and how it contributes 

to the overall stress response.  

Degradation of misfolded procollagen via autophagy (Fig. 16), a trend 

toward lower calnexin content in the ER (Fig. 15C,D), and apparent activation of 

NFκB signaling in BMSCs (Fig. 15F) from G610C mice point to at least some 

similarities with the ER overload response. The ER overload response was first 

described as an alternative to conventional UPR nearly twenty years ago, but it is 

still poorly understood (180). This may in part be due to cell and context-

dependent factors that complicate a general mechanism. For instance, the 

effects and extent of NFκB activation may be mediated by numerous competing 

signals such as stress, normal development, and inflammation (278).  

Given all these complexities, we are reluctant to classify the stress 

response to procollagen misfolding in the G610C model as a peculiar form of 

UPR or ER overload. An attempt of such classification is further complicated by 

the evolving understanding of various possible stress response pathways in UPR 

and ER overload as well as by different meaning attributed to these terms by 

different researchers. We hope that future, more in-depth studies of the stress 

pathways we identified and the pathways we could have missed will provide 

better clarity. In the meantime, it is clear that the G610C substitution does disrupt 

ER homeostasis and activates some cell response. For the lack of a better term, 

we simply refer to it as a cell stress response.  

We believe that the trend toward reduced calnexin and increased 

calreticulin content in the ER of G610C/+ osteoblasts (Fig. 15C,D) opens a 

particularly interesting venue for future studies. An attractive hypothesis is that 
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calnexin travels with misfolded protein to the autophagosome, which is observed 

in the serpinopathies (183). Calnexin may even be involved in targeting misfolded 

procollagen bound to it in the ER lumen for degradation via autophagy. Together, 

calnexin and calreticulin are necessary for recognizing N-glycosylation of the C-

propeptide of procollagen, and likely to be involved in targeting procollagen for 

export out of the ER for normal trafficking or degradation (54,56). They also 

share a dependency on calcium signaling, and their altered expression may 

indicate altered calcium in the ER and calcium signaling in the cell. All these 

questions are currently being pursued in our laboratory.  

Importantly, we consistently observed greater ER disruption in osteoblasts 

in vivo compared to cell culture, which could be explained by more active 

procollagen biosynthesis by osteoblasts in their natural environment. Our 

experiments also provided evidence of stronger cell stress response to 

procollagen in vivo. In particular, we observed greater changes in HSP47 mRNA 

transcription. As increase in HSP47 and αB crystalline mRNA expression has 

been observed in OI and it may be involved in cell stress response to excessive 

procollagen triple helix misfolding (195,279). Ddit3 (CHOP) transcript levels were 

also more increased in vivo than in cell culture, indicating stronger downstream 

consequences of cell stress. Increased osteoblast turnover rate combined with 

relatively few mature osteoblasts is a common finding in OI (46), which could be 

related to osteoblast apoptosis or disrupted maturation through CHOP signaling.  

 

Osteoblast Malfunction 

While understanding the exact mechanisms and pathways of cell stress 

response to procollagen misfolding will require additional studies, it is clear that 

this response affects differentiation and function of G610C/+ osteoblasts. In 



 98 

particular, deficient osteoblastic differentiation of G610C/+ BMSCs (Fig. 20) might 

be related to higher procollagen synthesis in more mature cells. Cell stress 

caused by increased accumulation of misfolded procollagen with osteoblast 

maturation might trigger a change in the fate or phenotype that requires lower 

procollagen synthesis rate. The outcome may depend on multiple factors and 

differ for different mutations. For instance, an observed shift from osteogenic 

toward adipogenic differentiation of BMSCs from Brtl mice could be a 

manifestation of this effect (196).  

One potential mediator of such an effect in the G610C model might be 

activation of NFκB signaling, which we observed in BMSC cultures (Fig. 15F). In 

general, NFκB activation is detrimental for osteoblast differentiation and function, 

although this is not always the case depending on factors and mechanisms that 

are not well understood (280-289). Canonical NFκB activation is contingent on 

proteasomal degradation of its inhibitors (278). Proteasomal inhibitor bortezomib 

improved osteoblastic differentiation of BMSCs in Brtl mice and in human bone 

marrow osteoprogenitor cells (196,290). It would be interesting to find out 

whether this effect was caused by reduced NFκB activation or by another 

mechanism, e.g. an increase in autophagy that might accompany proteasome 

inhibition (291).  

Not only does accumulation of misfolded procollagen inhibit osteoblast 

differentiation, but once differentiated, the osteoblast is also malfunctioning as 

evidenced by reduced collagen deposition in matrix (Fig. 17), deficient matrix 

mineralization (Fig. 18) and abnormal response to key cytokines (Fig. 19). This 

potentially leads to changes in proliferation and disruption of normal intra- and 

intercellular signaling. For instance, TGFβ signaling is required for normal 

osteoblast function including inter- and intracellular signaling and proliferation 

(113). Dysfunctional TGFβ signaling in G610C osteoblasts may therefore 



 99 

contribute to bone pathology in this model. Interestingly, in a gene expression 

study of human patients with an aggregation-prone mutant α1 antitrypsin that 

causes ER dilation, dysfunctional TGFβ target gene expression has been 

observed as well (292).   

Multiple cell stress pathways may contribute to abnormal osteoblast 

function. For example, an increase in calreticulin concentration in the ER might 

contribute to pathology since overexpression of calreticulin inhibits mineralization 

and reduces canonical Wnt signaling (293-295). The decreased matrix 

mineralization and ability of cultured G610C pOBs to respond to Wnt3a could be 

in part related to calreticulin upregulation. It would be useful to determine whether 

this is indeed the case.  

 

Procollagen Autophagy 

Our observations suggest that procollagen (macro)autophagy may be a 

particularly important pathway both for understanding and targeting osteoblast 

cell stress and malfunction. We discerned that misfolded procollagen in G610C/+ 

pOBs was primarily degraded by lysosomes via autophagy. Similar findings were 

reported for HSP47 null cells and Mov13 cells expressing procollagen α1(I) 

chains with a Gly substitution (174). Potential importance of autophagy can also 

be deduced from observations in the Brtl mouse model (196). Suppression of 

autophagy in bone leads to reduced mineralization, proliferation, and bone 

growth (296,297). The implications of altered autophagic flux may thus be 

important, as autophagy appears to be essential for osteoblast function. For 

instance, a normal function of TGFβ in osteoblasts is to increase both collagen 

expression and autophagy activation; without appropriate autophagy mediation 

by TGFβ stimulation, even normal procollagen accumulates and aggregates in 
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the cell (120). An increase in autophagy is also observed during normal 

osteoblast differentiation into a mature osteoblast, further indicating its 

importance in normal collagen synthesis (296,297). When collagen synthesis is 

disrupted by the G610C substitution, the autophagy requirements might 

supersede what the cell is able to accommodate. The resulting cell stress 

response crosses with normal cell signaling (like TGFβ), and causes osteoblast 

malfunction, including the deficient matrix deposition and mineralization we 

observed.  

One of the most exciting results of this study is that the cell stress caused 

by accumulation of misfolded procollagen and resulting osteoblast malfunction 

might be reduced by enhancing autophagy. In cell culture, autophagy 

enhancement was enough to reduce accumulated procollagen in G610C/+ pOBs 

to WT levels within two hours (Fig. 16). Similarly, autophagy enhancement has 

been shown to reduce accumulation of other proteins in the ER, including mutant 

dysferlin and α1-antitrypsin, providing cytoprotective effects (183,185,298). In 

another collagen disorder caused by deficient type VI collagen synthesis, 

enhancement of autophagy reduced pathogenic effects of the mutation (299). We 

plan to pursue whether enhancement of autophagy mediates cell stress 

mechanisms in G610C pOBs, including its influence on phosphorylation of eIF2α, 

NFκB activation, and ER protein expression.  

To our knowledge, no one has attempted enhancing autophagy as a 

potential treatment for OI. In our lab, we tested an eight week treatment of 

G610C mice by low protein diet supplemented with methionine and aromatic 

amino acids to enhance autophagy. BMSCs isolated from these mice indicated 

that this treatment improved osteoblast differentiation and its effects were long 

lasting (observed in cells grown in full nutrient conditions for 4 weeks before 

analysis). Preliminary analysis of the animals revealed that the bone synthesized 
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in the G610C mice during the low protein diet was more properly mineralized in a 

control group of mice on a normal diet (data not shown). An extended low protein 

diet is not a viable treatment of OI, particularly in children, since nutrient 

deprivation suppresses growth and overall bone deposition, overriding the 

benefits of improvements in the bone material properties, However,  these results 

indicate that autophagy might be an important target for improving osteoblast 

function in OI and potentially other bone disorders. 
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Chapter 8: Preliminary in vivo Characterization of WT, G610C/+, 

and G610C/G610C Animals 

 

BACKGROUND 

Beyond comparing pOB function in cell culture and in vivo, we conducted 

several additional in vivo experiments that were essential for interpreting our 

observations described in Chapters 6 and 7. For these experiments, we utilized 

primarily E18.5 embryos and newborn pups produced from breeding 

heterozygous G610C males with heterozygous G610C females. Despite more 

severe procollagen biosynthesis defects in homozygous vs. heterozygous MEFs 

we observed similar collagen matrix deposition, as described in Chapter 6, These 

observation indicated that comparison of homozygous with heterozygous 

osteoblasts and bone might provide additional insights into the relative role of 

collagen matrix vs. osteoblast pathology. We could not test pOBs from 

homozygous animals, all of which die during or shortly after birth (169). Instead, 

we focused on examining composition and mineralization of extracellular matrix 

and signatures of osteoblast malfunction in vivo.  

 

RESULTS 

 

Embryo and Neonate Viability 

At gestational day E18.5 in heterozygous/heterozygous G610C breeding 

pairs, we observed close to the expected 1:2:1 ratio of wild type : heterozygous : 
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homozygous embryos, all of which had similar size and appeared to be viable. 

However, consistent with previous observations only dead homozygous pups 

were recovered from the breeding cages within hours of delivery. In some litters, 

we recovered dead heterozygous and wild type pups, and we did not observe 

increased death rate among the latter. Close to 1:1 ratio of surviving pups from 

breeding of heterozygous G610C males with WT females was also consistent 

with minimal or no lethal outcomes of heterozygous G610C, in contrast to about 

30% lethality in heterozygous Brtl mice (218). So far, we have not identified the 

exact time and cause of death of the homozygous pups. The corresponding 

study is currently in progress. 

 

Extracellular Matrix Composition 

A previous study of collagen composition in tail tendon of heterozygous 

G610C mice revealed approximately 50% of molecules with the mutant chain 

(169). This observation was consistent with the composition of collagen secreted 

by cultured pOBs measured in the present study but not with the composition of 

collagen deposited by pOBs into matrix (Fig. 10). The tail tendon composition 

suggested that the mutant molecules were capable of normal incorporation into 

the matrix at the physiological temperature in tail tendon, which is lower than the 

core body temperature. Matrix composition in the pOB culture could then be 

explained either by (a) stronger effect of non-physiological matrix deposition in 

culture on the incorporation of mutant molecules or by (b) denaturation of a 

significant fraction of mutant molecules at 37 oC, before they had a chance to be 

incorporated (because of their much lower thermal stability). 

To distinguish between these interpretation, we measured the fraction of 

mutant molecules in skin of G610C/+ animals collected at E18.5, since the entire 
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embryo develops at core body temperature. In three G610C/+ embryos from the 

same liter, we observed 29.6 +/- 2.5% of mutant molecules, in perfect agreement 

with each other and with the matrix composition in pOB culture (Fig. 21).   

 

Figure 21. DSC of skin from G610C/+ E18 fetuses.  
(A). Measurement of the collagen composition by DSC (c.f. Fig. 10). Normalized 
thermograms from individual embryos (n=3) are distinguished by color. (B). The 
fraction of mutant molecules (α2(I) chains) calculated from the DSC thermograms 
as described in Fig. 10; the error bar represents standard deviation.  
 

 

Figure 22. Glycosaminoglycan and collagen content in skin from E18.5 embryos. 
Collagen and proteoglycans were extracted from skin of WT (n=2),  G610C/+ 
(n=3) and G610C/G610C (n=2) embryos according to Sircol collagen assay and 
Blyscan glycosaminoglycan assay instructions. The resulting collagen and 
proteoglycan concentrations were normalized to the total sample weight. 

 

We next examined collagen and proteoglycan content of skin from E18.5 

embryos of all three genotypes (Fig. 22). We observed lower collagen content 
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and greater ratio of proteoglycans to collagen in G610C/+ and G610C/G610C 

relative to WT, but no significant difference between heterozygous and 

homozygous animals. The decrease in collagen content and the similarity 

between heterozygous and homozygous matrix was consistent with our findings 

in matrix produced by MEFs in cell culture (Fig. 11B).  

 

Neonatal Bone 

Skeletal staining (Fig. 23) and X-ray radiography (Fig. 24) of newborn 

animals from multiple litters revealed significant variability of bone pathology in 

animals with the same genotype even within the same litter.  We observed 

severely delayed (virtually nonexistent) mineralization of caudal vertebrae and 

parietal bones in the skull of G610C/G610C animals (Figs. 23A,D and Fig. 24A, 

top). To a lesser extent than in the parietal bones, delayed mineralization was 

also detected in frontal and occipital bones of calvaria. Furthermore, sutures 

between different calvaria bones were poorly formed, resulting in displacement of 

parietal bones upon brain swelling in 2% KOH used for skeleton clearing after 

staining. We observed similar defects in more severely affected G610C/+ 

animals (Fig. 23F and Fig. 24B, top), but most G610C/+ animals were less 

affected (Figs. 23K, and Fig. 24C, top) relative to WT (Fig. 23P, and Fig. 24D, 

top).  
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Figure 23. Skeletal staining of homozygous G610C/G610C (A-E), severely 
affected heterozygous G610C/+ (F-J), moderately affected 
heterozygous G610C/+ (K-O) and wild type +/+ newborn pups. 

A,F,K,P. Skull and parietal bone staining; enlarged images of the corresponding 
parietal bones separated from the skull are shown on each side of the skull. 
B,G,L,R. Rib cage staining. C,H,M,Q. Forelimb staining. Each scapula is shown 
in two projections, to illustrate severe deformities observed in homozygous (C.) 
and severely affected heterozygous (H.) mice. D,I,N,S. Staining of lower lumbar, 
sacral and caudal vertebrae; L4 vertebrae is marked on each image. E,J,O,T. 
Staining of femurs, tibia and fibula. Femurs from the homozygous pups were 
photographed in a different orientation (~90° rotation) relative to other animals 
due to their sharp bending.  

 

Comparison of rib cages revealed severe narrowing of the upper part, 

resulting in a triangular shape of the rib cage outline (flared chest) in 

G610C/G610C and severely affected G610C/+ animals (Fig. 23B,G and Fig. 

24A,B, middle and bottom). Their rib cages were also significantly reduced in 
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size. Furthermore, G610C/G610C animals had severely deformed ribs with 

evidence of numerous fractures. WT (Fig. 23R and Fig. 24D, middle) as well as 

moderately affected G610C/+ (Fig. 23L and Fig. 24C, middle and bottom) 

animals had normally developed rib cages with no apparent deformities.  
 

 

Figure 24. X-rays of homozygous G610C/G610C (A), severely affected G610C/+ 
(B), moderately affected G610C/+ (C), and WT (D) newborn pups. 

Animals are shown with 2x zoom of skeletal defects/deformities at the bottom. 
Brightness/contrast was enhanced for each panel individually to ensure optimal 
reproduction of skeletal features. Skeletal features are described in text.  

 

We also observed a range of fractures and deformities in limbs that 

correlated with the severity of skeletal defects described above. G610C/G610C 

animals had numerous fractures, and almost all animals had severely deformed 

scapula and long bone defects (Fig. 23C,E, and Fig. 24A, middle and bottom). 

Severely affected G610C/+ animals had occasional scapula deformities (Fig. 

23H), while moderately affected animals had no major deformities (Fig. 23M). We 

found fresh long bone fractures only in G610C animals, which indicated 

increased bone fragility and could result from birth, several hours in the cage, or 

A.                B.               C.               D.      
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sample preparation for x-ray radiography and staining. WT animals had no 

deformities or fractures. 

 

Expression of TGFβ Target Genes 

We observed blunted response to exogenous TGFβ in pOBs cultures (Fig. 

19A,B). At the same time, a recently published paper reported hyperactive TGFβ 

signaling in G610C animals based on transcriptional upregulation of TGFβ target 

genes Cdkn1a (Cyclin dependent kinase inhibitor 1A) and Serpine1 (Serine 

peptidase inhibitor, clade e) (201).  

We therefore examined expression of the same genes in calvaria and pOB 

culture. We observed only a trend toward higher Cdkn1a expression in pOB 

culture, but no statistically significant increase of either target gene (Fig. 25). 

However, analysis of calvaria revealed a statistically significant upregulation of 

Cdkn1a, consistent with the results reported in Ref.  (201).  

 

Figure 25. Endogenous TGFβ signaling in culture and in vivo characterized by 
TGFβ transcriptional targets.  

Relative quantity of mRNA transcripts isolated from cultured pOBs and calvaria of 
17 day old pups was measured by qPCR with HPRT1 and B2M as internal 
standards and normalized to WT. 
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DISCUSSION 

 

In vivo observations described in this chapter are consistent with cell 

culture results and support our hypothesis that cell malfunction plays a major role 

in OI pathology. (a) Similar collagen and proteoglycan content in matrix from 

heterozygous and homozygous animals suggest that dramatic differences in OI 

severity between these genotypes are more likely to be related to cell than matrix 

malfunction. (b) A wide range of OI severity in heterozygous animals is more 

likely related to differences in ability of the cells to handle misfolded procollagen 

load than to differences in the function of matrix that appears to have the same 

composition in all heterozygous animals. (c) Severely delayed mineralization of 

immature bone in newborn pups (Fig. 23, 24) and hypermineralization of mature 

bone in adult animals (169) occur in the context of the same bone matrix but 

different osteoblast maturity, suggesting that mineralization defects are more 

likely to be a consequence of dysregulated osteoblast differentiation and 

maturation.  

Importantly, large phenotypic variability is a general feature of OI caused 

by Gly substitutions. Mild to moderately severe range of OI phenotypes was 

described for human patients with the same Gly610Cys substitution and 

moderate to lethal for the Brtl mouse model (169,218). In the latter case, one 

could assume that at least some variation in the function of bone matrix may be 

caused by variations in expression of matrix molecules other than type I collagen 

or by mutations/polymorphisms in these molecules as the Britl mouse is on a 

heterogenous background. In G610C mice, all of which have the same C57BL/6J 

genetic background, such variations are much less likely yet the phenotype range 

is just as wide. In contrast, big differences in ability of osteoblasts to handle the 
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misfolded procollagen load could be explained by subtle epigenetic and 

environmental factors. Our observations cannot exclude that malfunction of 

mutant collagen molecules in bone matrix contributes to bone pathology in OI, 

which it probably does. However, they suggest that osteoblast malfunction is at 

least just as important.  

Abnormal TGFβ signaling is one manifestation of osteoblast malfunction 

that may be important in pathophysiology of OI. A recent study described 

excessive TGFβ signaling in the CRTAP-/- mouse model of recessive OI and in 

heterozygous G610C mice, which it attributed to the lack of sequestration of 

active TGFβ on the matrix (201). The pathology appeared to be reduced by 

treatment with a TGFβ inhibiting antibody (201). We observed a similar increase 

in expression of TGFβ target genes in bone of G610C mice, but we found the 

matrix proteoglycan content in G610C animals to be higher rather than lower 

compared to WT animals. Since active TGFβ is sequestered by proteoglycans, 

our observations appear to be inconsistent with the interpretation proposed in 

Ref. (201). However, we estimated the overall proteoglycan content based on a 

glycosaminoglycan assay. More careful analysis of the content of individual 

proteoglycans known to sequester TGFβ with more specific assays should clarify 

this issue. In the meantime, the appearance of overactive TGFβ signaling in vivo 

may also be related to abnormal cell response to this cytokine even without an 

excess of unsequestered active TGFβ outside. In osteoblasts, TGFβ signaling 

mediates a transient release of Ca2+ from the ER to cytosol (122). As we 

discussed in the preceding chapter, osteoblast response to procollagen 

misfolding may also include Ca2+ release. The latter could blunt the cell response 

to actual TGFβ signaling and at the same time create an appearance of 

overactive TGFβ, particularly in the case of more severe accumulation of 

misfolded procollagen expected in vivo. This is just one out of many possible 
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speculations that would reconcile the cell culture observations here and in 

studies of osteoblasts from OI patients (199,200) with an appearance of 

overactive TGFβ reported in (201). Alternative explanations of the reported 

beneficial effects of a neutralizing TGFβ antibody for bone in G610C animals 

(201) are also possible, since global modulation of TGFβ may have multiple 

complex effects on function of different cells.  
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Chapter 9: Conclusions and Future Directions 

To understand molecular mechanisms underlying OI pathophysiology, we 

utilized a mouse OI model with Gly610 to Cys substitution in the α2(I) chain in the 

triple helical region of type I procollagen. 
 

• We developed a novel non-radioactive pulse-chase labeling assay for 

analyzing disruptions in procollagen biosynthesis and their consequences 

for cell function with minimal off-target effects. 

 

• Combined with steady-state analysis, pulse-chase experiments 

demonstrated delayed folding, excessive accumulation and reduced 

secretion of procollagen by mutant cells. 

 
• We discovered that accumulation of misfolded molecules inside cultured 

osteoblasts and fibroblasts triggered an unconventional cell stress 

response, resulting in abnormal differentiation and function of collagen-

producing cells. 

 
• Analysis of mutant animals revealed that this cellular malfunction 

significantly contributed to the disease phenotype.  

 
• Most importantly, we found that misfolded procollagen was degraded 

primarily by autophagy and that autophagy enhancement might be a 

promising therapeutic target for reducing OI severity.   

 

Our findings define the following OI pathophysiology pathway. Slower 

folding and misfolding of type I procollagen caused by Gly substitutions in the 

triple helix result in excessive accumulation of incompletely- and mis-folded 
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molecules in osteoblast ER and dilation of ER cisternae. This accumulation does 

not activate conventional UPR signaling and ERAD; likely because triple helix 

misfolding does not expose large hydrophobic patches, does not result in 

sequestering of BIP, and therefore does not signal ER stress through IRE1 and 

ATF6 (60,300). Instead, increased phosphorylation of eIF2α, decreased calnexin, 

increased calreticulin, and degradation of misfolded procollagen via autophagy 

point to cell stress response involving Ca2+ signaling that shares some features 

with “ER overload” in serpinopathies (181-183). Osteoblasts survive and adapt to 

the increased load of misfolded procollagen. However, their differentiation and 

response to the surrounding environment as well as their ability to deposit and 

mineralize bone matrix changes. This osteoblast “malfunction” alters the sites, 

quantity, and quality of bone deposition as well as disrupts the balance between 

bone deposition and resorption during remodeling, causing bone fragility and 

skeletal deformities. The pathology is likely compounded by deficient 

incorporation and function of mutant collagen in the bone matrix. 

We hypothesize that that the extent of osteoblast malfunction may differ 

depending on genetic and epigenetic variations and this is a key contributing 

factor to the observed phenotypic variability in OI. Based on the results reported 

in this dissertation, we propose that the pivotal genes will be related to the cell 

stress response to procollagen misfolding. Determining the factors that cause 

greater osteoblast malfunction in more severe patients and lesser osteoblast 

malfunction in milder patients will be pivotal to developing therapeutic targets to 

combat cellular stress caused by procollagen misfolding.  

Multiple studies of different genetic disorders support the notion of 

recovering cellular homeostasis as a potential therapeutic approach. In cystic 

fibrosis, recovering partial function of the mutant protein improved global cellular 

function (301). In muscular dystrophy caused by type VI collagen mutations, 
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enhancement of autophagy improved cellular function and reduced the severity 

of this disorder in mice (299). In Huntington disease, enhanced autophagy 

reduced accumulation mutant protein aggregates in the cell and reduced 

pathogenesis in flies and mice (302).  

We believe that therapeutic targeting of the osteoblast malfunction is the 

most realistic approach to reducing OI severity, at least in the short run. 

Reducing the synthesis of defective molecules would be an ideal solution, which 

would correct malfunctions of both osteoblasts and collagen secreted by them. 

However, development of safe and effective approaches to suppressing 

expression of dominant negative mutations is more difficult and likely to take 

much longer.  

Our idea of targeting osteoblast malfunction is to prevent excessive 

accumulation of misfolded procollagen in the cell, which appears to be the initial 

cell stress trigger. Based on the results of the present study, we propose to focus 

on enhancing the ability of the cell to degrade the misfolded molecules. In 

culture, both rapamycin and nutrient deprivation reduced intracellular procollagen 

to almost normal levels in mutant osteoblasts and had almost no effect on 

intracellular procollagen in normal osteoblasts. In vivo, a low protein diet allowed 

G610C animals to produce BMSCs capable of almost normal differentiation into 

osteoblasts and had no effect on differentiation of BMSCs from normal animals. 

We therefore hypothesize that pharmacological and/or nutritional targeting 

of autophagy is a promising therapeutic approach to OI. The present work lays 

the foundation, but more detailed studies of misfolded procollagen accumulation 

and recognition by the cell as well as of autophagy (both in culture and in vivo) 

are needed for testing our hypothesis and implementing this idea.  
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PROCOLLAGEN MISFOLDING AND ACCUMULATION. 

Pulse-chase labeling with azidohomoalanine (Aha), which replaces 

methionine in protein chains and is amenable to highly specific conjugation with a 

fluorescent probe, revealed slower folding and clearance of procollagen from 

mutant cells in culture. Ultrastructural examination of ER dilation by electron 

microscopy suggested that procollagen folding and trafficking is even more 

severely affected in animals, emphasizing the need for developing approaches to 

monitoring these processes in vivo. 

One idea for such future in vivo studies is to further exploit the non-toxic 

nature of Aha as well as its lack of effect on procollagen synthesis and thermal 

stability. Similar approach to glycoprotein labeling by azides was reported in 

mouse studies (303). In cell culture, we found that the Aha assay produces fewer 

(if any) disruptions in cell function compared to radioisotope labeling as well as 

provides a safer, more cost-effective and more time-efficient way to connect cell 

stress response with procollagen synthesis in the same experiment (Chapter 5). 

On a cautionary note, however, potential off-target effects of Met replacement 

with Aha in animal diet compared to cell culture media will need to be further 

characterized. For instance, tRNA charging rate of Aha is ~400 times slower than 

Met, which could activate ATF4 pathway that recognizes uncharged tRNA and 

signals this information to the cell (249,304).  

The decrease in calnexin at the protein level provides a hint that calnexin 

might be degraded by autophagy together with misfolded procollagen. For 

instance, slower procollagen folding and misfolding might prevent its timely 

release from calnexin, resulting in ubiquitination of the cytoplasmic tail of calnexin 

and targeting of the calnexin/procollagen complex for degradation (183,186,305). 

Nonselective retention of molecules with and without the mutant chain in 
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G610C/+ pOBs suggests that increased concentration of partially unfolded 

procollagen chains in the ER may trigger their nonspecific aggregation, which 

could be involved in this process (174).  

Further studies are also needed to understand how the cell recognizes 

excessive accumulation of misfolded procollagen, and how these molecules are 

targeted for degradation by autophagy. 

 

CELL STRESS RESPONSE AND AUTOPHAGY OF MISFOLDED PROCOLLAGEN. 

Two important aspects of the cell stress response and its interplay with 

osteoblast function are the roles NFκB and TGFβ and their contributions to 

osteoblast malfunction. NFκB activation is a known inhibitor of osteoblast 

function (280,281), and it would be tempting to speculate that its activation or 

even dysregulation by the cellular stress response to procollagen misfolding 

produces the negative effect on osteoblast differentiation that we observed. 

Furthermore, NFκB activation can inhibit activity of Smad proteins, which 

are crucial effectors of TGFβ signaling (287). Thus, there may be significant 

alterations in normal TGFβ signaling upon cellular stress to procollagen 

misfolding, which may explain why we observed increased endogenous TGFβ 

target gene expression in vivo, but decreased phosphorylation of Smad proteins 

upon exogenous treatment of TGFβ in vitro. TGFβ is a key regulator of osteoblast 

differentiation and function, and TGFβ signaling may be a target as well as a 

reporter of the osteoblast function in the G610C mouse model.   

Likely involvement of Ca2+ signaling in the osteoblast cell stress response 

to misfolded procollagen accumulation is particularly interesting to pursue, since 

it might be a common factor tying together the underlying pathways. For 

instance, an increase in cytosolic Ca2+ caused by its release from the ER 
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activates autophagy (264). NFκB activation via ER stress is also mediated by 

Ca2+ signaling (179).  Canonical cytokine signaling required for proper osteoblast 

function is at least to some extent mediated by Ca2+ signaling as well (122). 

Taken together, it is tempting to speculate that procollagen accumulation in the 

ER leads to Ca2+ release into cytosol, activating Ca2+-dependent cell stress 

pathways and interfering with Ca2+-dependent signaling mechanisms involved in 

normal osteoblast function. We are currently planning a study that would 

compare Ca2+ levels and flux between G610C and WT pOBs. We are then 

planning to determine Ca2+  flux in response to exogenous stimuli such as 

canonical mediators of Ca2+  flux from the ER as well as to TGFβ1 and other 

cytokines important for osteoblasts and known to affect TGFβ1 signaling. 

Another approach to better understanding the cell stress pathways in 

G610C osteoblasts is to determine how modulation of individual components of 

the stress response we observed affects osteoblast differentiation and function. A 

first and probably most important step in this study is to fully characterize how 

misfolded procollagen is recognized, trafficked and degraded by the cell. (a) 

Since autophagy appears to be primarily responsible for delivery of misfolded 

procollagen for degradation and its enhancement improves osteoblast 

differentiation and function, it is a major focus of our present research as 

described below. (b) Since calnexin might mediate recognition and targeting of 

misfolded procollagen for autophagy, as discussed above, testing of this 

hypothesis is also currently under way. (c) To visualize specific autophagy routes 

as well as other procollagen trafficking pathways, we are developing approaches 

to super-resolution imaging of photo-activatable/switchable fluorescently tagged 

procollagen. Cotransfection of such procollagen chains with fluorescently tagged 

autophagy, ER, Golgi, and other markers will allow us to monitor trafficking of 

newly synthesized normal and mutant molecules in real time.    
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MANIPULATION OF AUTOPHAGY IN VIVO 

The present study provides compelling evidence for the role of autophagy 

in misfolded procollagen degradation and possible autophagy targeting for 

reducing osteoblast malfunction. This evidence is based on several different 

approaches to inhibiting and enhancing autophagy, but all of the chemical 

compounds and nutrient deprivation might affect cell function in multiple ways 

and produce artifacts, as discussed at the end of Chapter 7. These approaches 

were appropriate for the initial study reported here. Yet, before focusing more 

efforts and resources on autophagy as a potential therapeutic target in bone 

disorders, we are working on validating and extending our findings by more 

targeted and specific genetic manipulation.  

We are presently generating two separate mouse models for manipulating 

autophagy. The first model is based on existing mice, in which both Atg5 alleles 

contain loxP sites and can be conditionally inactivated by expressing Cre-

recombinase under the control of a lineage-specific promoter (306). Breeding of 

these mice with G610C animals, transgenic mice expressing Cre under the 

control of osteocalcin promoter (307), and transgenic mice expressing 

fluorescent LC3-GFP fusion protein to monitor autophagy (308,309) is almost 

complete. We expect to obtain the first results within several months.  

The second model is based on inserting Atg5 transgene preceded by a 

loxP controlled stop-cassette into the ROSA26 locus, allowing for conditional 

overexpression of Atg5 based on the same Cre-expressing mice as for 

conditional Atg5 knock-out. The corresponding embryonic stem cells have been 

generated and validated and the last phase of animal generation is presently 

under way.  
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The choice of Atg5, which is an essential autophagy gene is based on the 

following findings. (a) It has been shown that knockdown of Atg5 in osteoblasts 

causes significant disruption of function and differentiation (296). We expect a 

significant increase in OI severity upon Atg5 knockdown in G610C osteoblasts. 

(b) Global Atg5 overexpression has been shown to be beneficial for mice, e.g., 

extending their life span (310). We expect a significant reduction in OI severity by 

Atg5 overexpression in G610C osteoblasts. Furthermore, it will be interesting to 

see how osteoblast specific Atg5 expression or overexpression affects bone in 

aged mice compared with young mice. By monitoring changes in procollagen 

folding and cellular stress, this will be a beginning approach for understanding 

the role of procollagen misfolding and autophagy in osteoporosis.  

An additional benefit of this approach is that it will allow to trace 

autophagy-dependent effects through different stages of osteoblast 

differentiation. Specifically, if the first phase described above is successful, we 

plan to exploit existing mouse models, in which Cre expression is controlled by 

osterix, collagen, Dmp1 and other promoters that are activated at different stages 

in osteoblast differentiation.  

For therapeutic applications, autophagy may be targeted 

pharmacologically, nutritionally or through a combination of these two 

approaches. Enhancing autophagy by rapamycin, which inhibits the mTORC1 

pathway, is possible but potentially problematic in the context of OI. Rapamycin 

affects osteoclasts as well as osteoblasts and may have some detrimental effects 

on bone growth and remodeling (311-314). A low protein diet supplemented with 

methionine and aromatic amino acids did not have detrimental effects on bone in 

older mice, and may both reduce synthesis of new proteins and enhance 

degradation via autophagy (315).  Our experiments showed that such a diet 

improves BMSC differentiation and quality of the bone material, but it also 
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suppresses growth and overall bone deposition in younger animals. Interestingly, 

BMSCs from low protein diet animals cultured in 20% FBS were able to 

“remember” the treatment for at least several weeks, as judged from significantly 

improved osteoblast differentiation. It would be tempting to speculate that the 

treatment may cause some epigenetic or other long term changes in induction of 

autophagy, which means it might be possible to treat intermittently without 

adverse effects on bone and overall growth.  

 

IMPLICATIONS FOR OTHER BONE DISORDERS 

In conclusion, there may be universal benefits of targeting osteoblast 

malfunction for application to osteoporosis and other bone disorders, all of which 

may involve excessive accumulation of misfolded procollagen. For instance, it is 

known that autophagy activity decreases with age (316). Furthermore, chaperone 

expression is also known to decrease with age, including calnexin (317). As 10-

15% of normal procollagen molecules are typically misfolded even in normal 

osteoblasts, it would be tempting to speculate that the decrease in autophagy 

with age causes accumulation of normal but misfolded procollagen. Accumulation 

of misfolded procollagen may underlie many observed similarities between OI 

and age-related bone pathology. These and other bone disorders may thus have 

common pathophysiology mechanisms and may be amenable to the same 

therapeutic interventions.  
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SECTION 4: MATERIALS AND METHODS 

Chapter 10: Methods2 

ANIMALS 

B6.129(FVB)-Col1a2tm1.1Mcbr/J (G610C/+) and C57BL/6J (WT) animals 

were obtained from The Jackson Laboratory and housed at NIH in a pathogen 

free room, exposed to a 12 hour light/dark cycle, ambient room temperature and 

ad libitum access to water and food. G610C/+ animals were bred to produce 

animals homozygous for the mutation. Animals were genotyped using forward 

primer (TCCCTGCTTGCCCTAGTCCCAAAGATCCTT) and the reverse primer 

(AAGGTATAGATCAGACAGCTGGCACATCCA) to generate WT (165 bp), 

homozygous (337 bp) or heterozygous (both bands) PCR products. All 

procedures were reviewed and approved by the NIH Institutional Animal Care 

and Use Committee.  

 

CELL CULTURE  

 

Mouse Primary Embryonic Fibroblasts (MEFs) 

Primary mouse embryonic fibroblasts (MEFs) were isolated from E14.5 

embryos as described in (318). MEFs were cultured at 37°C, 5% CO2, in 

                                            
2Portions of this chapter are reprinted from Pulse-chase analysis of procollagen biosynthesis by 
azidohomoalanine labeling, 2014; 55(5-6): 403-410, copyright © 2014, Informa Healthcare. 
Reproduced with permission of Informa Healthcare. 
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Dulbeccos modified Eagle’s medium (DMEM) with GlutaMAX™ (Invitrogen), 10% 

fetal bovine serum (FBS, Sigma), and 1% Pen-Strep (Invitrogen). MEFs from P3 

to P6 were used for experiments; 0.05% Trypsin-EDTA (Invitrogen) was utilized 

for cell passage. 

Mouse Primary Parietal Osteoblasts (pOBs) 

Primary calvarial osteoblasts (pOBs) were isolated from parietal bone of 4-

8 day old mice as described in (319). Briefly, the parietal bone of calvaria was 

removed, cleaned, washed with PBS, and digested with 3mg/mL collagenase in 

15 minute fractions at 37°C. Cells from collagenase released fractions 3-5 were 

plated at a density of 2,000 cells/cm2 and cultured at 37°C, 5% CO2, 5% O2 in 

growth medium containing advanced modified Eagle’s medium (αMEM) with 

GlutaMAX™ (Invitrogen), 10% FBS (Valley Biomedical), 100 µM ascorbic acid 2-

phosphate (hereafter ascorbic acid, Sigma), and 1% Pen-Strep (Invitrogen). For 

all experiments we used FBS from the same lot that was preselected for its ability 

to support proliferation and osteoblastic potential of pOBs and bone marrow 

stromal cells. Since presence of ascorbic acid in media resulted in matrix 

deposition, for passaging the cells were treated with 3 mg/mL collagenase 

followed by 0.05% Trypsin-EDTA (Invitrogen).  

Osteoblasts from p0 (passage 0) to p2  (passage 2) were used. All figures 

show p0 pOBs, except the following. Figures 9A, 12A-C, 16B, and 18 represent 

p1 pOBs. Figure 7A represents p2 pOBs.  

 

Mouse Bone Marrow Stromal Cells (BMSCs) 

Primary bone marrow stromal cells (BMSCs) were isolated as described in 

(320). Briefly, femurs of 17 week old mice were cleaned of soft tissue, cut at each 
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end, and the marrow was flushed with a syringe. For experiments (3 animals 

from each group), the marrow plugs (accumulated at the bottom) were 

transferred and treated with 2-3 mg/ml collagenase and 4-5 mg/ml dispase in 

PBS at 37 °C for 30 min for digestion of stroma. After spinning to remove 

enzymes, cell pellets were resuspended, strained, and the number of nucleated 

cells were counted. BMSCs were cultured at 37°C, 5% CO2, 5% O2 in growth 

medium containing advanced modified Eagle’s medium (αMEM) with 

GlutaMAX™ (Invitrogen), 20% FBS (Valley Biomedical), 100 µM ascorbic acid 2-

phosphate (hereafter ascorbic acid, Sigma), and 1% Pen-Strep (Invitrogen). 

BMSCs were plated directly from isolation for differentiation experiments, and p2 

BMSCs were used for p65 experiments. Since presence of ascorbic acid in 

media resulted in matrix deposition, for passaging the cells were treated with 3 

mg/mL collagenase followed by 0.05% Trypsin-EDTA (Invitrogen). 

 

Human Fibroblasts 

Normal control dermal human fibroblasts were generously provided by Dr. 

Joan Marini, National Institute of Child Health and Human Development, National 

Institutes of Health. Human dermal fibroblasts containing a type I collagen α1-

chain Gly766 to Cys substitution were generously provided by Dr. Peter Byers, 

University of Washington School of Medicine.  Fibroblasts were cultured at 37°C, 

5% CO2 for less than 15 passages; 0.05% Trypsin-EDTA (Invitrogen) was 

utilized for cell passage.  
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AZIDOHOMOALANINE (AHA) EXPERIMENTS 

 

Cell Culture Media 

(a) Growth medium, described above. (b) Labeling medium, Met and Cys 

free DMEM and 250 μM (human fibroblasts) or 100 µM (mouse MEFs and pOBs) 

ascorbic acid 2-phosphate (Sigma) (c) Chase medium, Met and Cys free 

DMEM, 250 μM (human fibroblasts) or 100 µM (mouse MEFs and pOBs) 

ascorbic acid 2-phosphate, and 10 mM Met.  

Labeling with Azidohomoalanine (Aha) 

For determining the appropriate Aha concentration and pulse experiments, 

confluent human fibroblasts were treated with 250 μM ascorbic acid 2-phosphate 

(Sigma) in the DMEM growth medium for 1 day, depleted of Met in the depletion 

medium for described length of time, and incubated with the described 

concentration of Aha (IRIS) in labeling medium.  

 

Procollagen Isolation and Purification 

Media procollagen was precipitated with 176 mg/mL ammonium sulfate. 

To measure the amount of secreted procollagen, internal collagen standard was 

added to 0.8 μg/mL final concentration before the precipitation. The internal 

standard (rat-tail-tendon collagen cleaved with MMP-1 and fluorescently labeled 

with Alexa Fluor 488) allows accurate measurement of the initial collagen 

concentration and provides a control for the efficiency of subsequent fluorescent 

labeling (244). Intracellular procollagen was extracted by washing the cells with 
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PBS for 10 minutes at 4 °C on a rocker, followed by lysis with cell extraction 

buffer for 20 minutes at 4 °C on a rocker (1% NP40, 50 mM Tris-HCl, 150 mM 

NaCl, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 5 mM benzamidine, 10 

mM N-ethylmaleimide, 0.15-0.78 µg/mL internal standard, pH 8.0) and 

precipitation with 176 mg/mL ammonium sulfate. Note that N-ethylmaleimide 

covalently modifies cysteine residues, but normal type I collagen chains do not 

contain such residues and we have never observed any effect of NEM on 

purification or gel electrophoresis of mutant collagen chains with Gly to Cys 

substitutions. Collagen was purified from procollagen precipitates by 

resuspension and overnight incubation in 0.1 mg/mL pepsin in 0.5 M acetic acid 

at 4 °C followed by precipitation with 0.7 M NaCl (final concentration). 

 

Fluorescent Labeling and Gel Electrophoresis 

Click-IT Alexa Fluor 555 dibenzocyclooctyne (DIBO-AF555, Invitrogen) 

and monoreactive N-hydroxysuccinimide ester of Cy5 (Cy5, GE Healthcare) were 

suspended in anhydrous dimethylformamide, aliquoted, lyophilized, and stored 

with desiccant at 4 °C (Cy5) or -20 °C (DIBO-AF555) protected from light. For 

Aha labeling, collagen resuspended in 0.2 M phosphate, 150 mM NaCl, pH 8.0 

was rapidly mixed 10:1 with DIBO-AF555 resuspended in dimethylformamide at  

concentration indicated, vortexed and incubated for 1 h at room temperature on a 

shaker. Besides Figure 1A, the only concentration of DIBO-AF555 used was 71.4 

µM. Labeling of collagen Lys with Cy5 was performed as previously described 

(321). In double labeling experiments, the reaction of AHA with DIBO-AF555 was 

followed by the reaction of Lys with Cy5 in the same buffer.  

Fluorescently labeled samples were mixed with lithium dodecyl sulfate 

sample buffer (Invitrogen), denatured for 10 min at 55-65 °C, and separated on 
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precast 3-8% Tris-acetate mini gels (Invitrogen). The dye front was run off the gel 

to reduce fluorescence background. Gel images were captured in an FLA5000 

fluorescence scanner (Fuji Medical Systems, Stamford, CT) and analyzed with 

Multigauge 3.0 software supplied with the scanner. The total amount of secreted 

and intracellular collagen was determined from the known concentration of the 

internal standard and measured ratio of Cy5 fluorescence intensities in the 

collagen and internal standard bands as previously described (244).  

  

Procollagen Folding Experiments 

MEFs, pOBs, or human fibroblasts were plated in 22-cm2 dishes, grown to 

confluence in the appropriate growth medium, stimulated with fresh 250 µM 

(human fibroblasts) or 100 µM (MEFs or pOBs) ascorbic acid 2-phosphate for 1 

day (human fibroblasts) or 16 hours (MEFs or pOBs), depleted of methionine for 

30 min, pulse labeled with 500 µM AHA for 10 min in the labeling medium, and 

chased with 10 mM methionine in the chase medium for different time intervals 

from 0 to 120 min. All media were pre-warmed to 37°C and cell culture dishes 

were maintained on a heat block set to 38°C to ensure that the cells were at 37°C 

during all media changes. After the chase, a dish was incubated at 22°C for 10 s, 

cell lysis buffer concentrate was added directly to the media for a final 

concentration of 1% NP40, 200 µg/mL chymotrypsin, 80 µg/mL trypsin, 2 mM 

EGTA (all from Sigma). The dish was shaken for 10 s, incubated for 50 s, and 

shaken again for 10 s. At 75 s after the lysis buffer addition, the dish was tilted 

slightly to allow lysate to pool. At 90 s, the lysate was collected into a clean 2.0 

mL microcentrifuge tube. At 120 s, protease inhibitors (5 mM EDTA, 1 mM 

phenylmethylsulfonyl fluoride, 5 mM benzamidine, 10 mM NEM) were added to 

stop the enzymatic digestion. The lysate was vortexed, placed on ice, and mixed 
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with internal collagen standard (0.15-0.78 μg/mL final concentration) and Tris-

HCl (100 mM final concentration, pH 7.4). Collagen was precipitated, labeled, 

and analyzed as described above.  

 

Pulse Chase Analysis of Procollagen Residence Time  

Collagen pulse chase measurements were performed on pOBs and MEFs 

using azidohomoalanine (Aha) labeling as described previously (322). MEFs, 

pOBs, or human fibroblasts were plated in ~10 cm2 dishes, grown to confluence 

in the appropriate growth medium, stimulated with fresh 250 µM (human 

fibroblasts) or 100 µM (MEFs or pOBs) ascorbic acid 2-phosphate for 1 day 

(human fibroblasts) or 16 hours (MEFs or pOBs), depleted of methionine for 30 

min, pulse labeled with 500 µM AHA for 2 hours in the labeling medium, and 

chased with 10 mM methionine in the chase medium for different time intervals 

from 0 to 120 min. For experiments utilizing inhibitors, inhibitors were added to 

both pulse and chase media. Procollagen isolation, purification, labeling, and gel 

electrophorese was done as described above. 

 

BMSC DIFFERENTIATION 

Freshly isolated BMSCs were plated at 20,000 nucleated cells/25 cm2 

flask for CFU-F and CFU-ALP and 100,000 nucleated cells/~10 cm2 dish for 

CFU-OB in sextuplicate and incubated for 14 days without removal from the 

incubator. On day 14, cells were stained first for alkaline phosphatase activity 

(Leukocyte Alkaline Phosphatase Kit based on napthol AS-BI and fast red violet 

LB and fast red violet LB, Sigma). Images were taken, then the same cultures 

were stained with Crystal Violet (Sigma) for nucleated cells, and images were 
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taken again. CFU-F represents the number of colonies with >20 cells stained with 

Crystal Violet. CFU-ALP represents the number of colonies with >15 cells 

positive for alkaline phosphatase activity. 

After 14 days, media in plates for CFU-OB was replaced with osteogenic 

media (Normal BMSC growth media + 5 nM Dexamethasone (Sigma) + 5mM β-

glycerol phosphate (Sigma)) for two weeks with regular media changes, then 

fixed and stained with Alizarin red (Sigma) according to manufacturers protocol. 

As CFU-OB was measured after 2 additional weeks of growth compared to  CFU-

F and CFU-ALP, it represents the number of colonies with >50 cells that 

deposited mineral stained with alizarin red in BMSCs isolated from either control 

mice or low protein diet mice.  

 

DIFFERENTIAL SCANNING CALORIMETRY (DSC) 

Human procollagen precipitated with ammonium sulfate was either 

resuspended and dialyzed in PBS at 4°C or treated with 0.1 mg/mL pepsin in 0.5 

M acetic acid overnight at 4°C, followed by 0.7 M NaCl precipitation, 

resuspension and dialysis in 2 mM HCl, pH 2.3.   

For secreted collagen, G610C/+ pOBs were stimulated with 100 uM 

ascorbic acid-2-phosphate in αMem with 0.5% FBS and media was collected 

either after 1 hour or 16 hours, then precipitated with ammonium sulfate, treated 

with 0.1 mg/mL pepsin in 0.5 M acetic acid overnight at 4°C, followed by 0.7 M 

NaCl precipitation two times, resuspension and dialysis in 2 mM HCl, pH 2.3 or 

0.5M glycerol buffer, pH 7.4 overnight. Matrix was grown in normal culturing 

conditions for 3 weeks, then scraped off the cell culture dish, incubated for 4 days 

in 0.5M Acetic acid and 0.1 mg/mL pepsin at 4° C, salt precipitated twice in 0.7 M 

NaCl, resuspended and dialyzed in 0.5M glycerol buffer, pH 7.4.    
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For collagen extracted from skin of E18.5 G610C/+ animals, skin was 

dissected, cleaned, and treated with 0.1 mg/mL pepsin in 0.5 M acetic acid for 5 

days at 4°C, followed by 0.7 M NaCl precipitation two times, resuspension and 

dialysis in 2 mM HCl, pH 2.3. 

The resulting ~0.1 mg/ml solutions of procollagen and collagen were 

scanned at 0.125 °C/min or 0.25 °C/min heating rate in a Nano III DSC 

instrument (Calorimetry Sciences Corporation).  

 

ELECTRON MICROSCOPY 

Osteoblasts were cultured on an Aclar film (Electron Microscopy Sciences) 

for 3 weeks in 6-well plates with normal growth medium. The resulting 

matrix/pOB samples were fixed with fresh 2.5% glutaraldehyde (Sigma) in 0.13M 

Sodium Cacodylate (Sigma) buffer for 1 hour at room temperature and stored at 

4 °C in 0.13M Sodium Cacodylate buffer until analysis. Fixed samples were 

processed into Spurr's epoxy via increasing concentrations of ethanol followed by 

propylene oxide. Semi-thin, 1 µm sections were cut from plastic blocks, stained 

with Toluidine Blue O stain and examined in a microscope. Thin, 70-90 nm 

sections were prepared from selected samples, stained with uranyl acetate and 

lead citrate, and examined in a JEOL 1400 electron microscope operating at 80 

kV. Sample embedding, staining, sectioning and EM imaging were performed at 

Electron Microscopy Unit of NICHD Microscopy and Imaging Core under the 

supervision of Dr. Luis (Chip) Dye.  
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IMMUNOFLUORESCENCE 

For immunofluorescence, p2 BMSCs from 1 WT and 2 G610C/+ animals 

were fixed with 4% formaldehyde and permeabilized with 0.3% Triton X100. 

Primary antibody for p65 was incubated overnight at 4° C. AlexaFluor 555 

labeled secondary antibodies to rabbit (Invitrogen) were used, DAPI stained (Life 

sciences), and cells were visualized on an Evos FL Auto microscope (Life 

Sciences). Cells from ~10 fields of vision at 20x magnification were counted 

(~300 WT cells and ~600 G610C/+ cells), and the fractions of p65 nucleus 

positive cells were calculated.  

 

INHIBITORS, CYTOKINES, AND ANTIBODIES 

 

Inhibitors 

100 nM Bafilomycin A1 (Sigma), 25 uM Chloroquine (Sigma), 10 mM 3-

MA (Sigma), or 10 µM Leupeptin (Boehringer Ingelheim)/10 mM NH4Cl were 

utilized to inhibit autophagy/lysosomal degradation. 100 nM Rapamycin (Cell 

Signaling) or nutrient deprivation in MEM (CellGro), 100 µM ascorbic acid, and 

1% Pen-Strep was used to activate autophagy. 2.6 nM Bortezomib, 8 µM 

Eeyarestatin 1 (Sigma), 5µM Lactacystin (EMD Millipore), or 4 µM MG132 (EMD 

Millipore) were used to inhibit ERAD/proteasome, All chemicals were added to 

standard growth medium for experiments, unless explicitly described otherwise.  
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Cytokines 

Cytokines were added to normal growth media for time indicated. Final 

cytokine concentrations were 10 ng/mL TGFβ2 (Peprotech), and 100 ng/mL 

Wnt3a (Peprotech).  

 

Antibodies 

Antibodies used were procollagen α1 C-propeptide (LF42, Larry Fisher), 

p62 (Cell Signaling), LC3A/B (Cell Signaling), β-actin (Abcam), eIF2α (Cell 

Signaling), phospho-eIF2α (Cell Signaling), Atf6 (Abcam), Calnexin (Abcam), 

Calreticulin (Abcam), Bip (Cell Signaling), HSP47 (Enzo Lifesciences), phospho-

Smad2 (Cell Signaling), p65 (Cell Signaling), phospho-p65 (Cell Signaling). 

AlexaFluor 488, 555, or 632 secondary antibodies to rabbit, mouse, or rat (Life 

Sciences) were used for visualization.  

 

OSTEOBLAST MINERALIZATION 

 

WT and G610C/+ pOBs were plated in triplicate at four different dilutions: 

40,000 cells/well, 20,000 cells/well, 10,000 cells/well, and 5,000 cells/well in a 24 

well plate. Osteogenic media (Normal pOB growth media + 5 mM β-glycerol 

phosphate) was added the next day and media was replaced regularly. To detect 

mineral in live, unfixed cells, on Day 5 and 13 we added a final concentration of 

20 µM Xylenol Orange (Sigma) in osteogenic media and incubated overnight in 

the normal cell culture environment as described previously (323).  The next day 
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excess xylenol orange was removed with multiple PBS washes, and the cells 

were scanned with a 532 nm laser (FUJI FLA5000 scanner).   Analysis was done 

using MultiGauge 3.0 software.  

 

QUANTITATIVE REAL TIME POLYMERASE CHAIN REACTION (QPCR) 

 

Human Fibroblasts  

RNA was isolated from fibroblasts with an RNeasy kit (Qiagen), reverse 

transcribed with SuperScript III First Strand Synthesis Supermix and random 

hexamers as primers (Invitrogen), and analyzed in a 7500 Fast Real Time PCR 

system (Applied Biosystems) with Taqman gene expression assays (DDIT3 

(CHOP), Hs00358796_g1; HSPA5 (BIP), Hs00607129_gH; BCL2 (BCL2), 

Hs00608023_m1; CRYAB (αB crystalline), Hs00157107_m1; COL1A1 

(procollagen α1(I)), Hs00164004_m1; Applied Biosystems). The same CT 

threshold value was used for all samples. Relative mRNA quantity was calculated 

from ΔΔCT values by utilizing HPRT1 (Hypoxanthine Phosphoribosyltransferase 

1), Hs99999909_m1 and B2M (B2M), Hs99999907_m1 (Applied Biosystems) as 

endogenous controls and assuming 100% PCR efficiency (324). 

Mouse MEFs, pOBs, and Calvaria  

For in cellulo RNA extraction, cell culture media was aspirated, and RNA 

was collected with TRIzol reagent (Invitrogen). For in vivo RNA extraction, 

calvaria was flash frozen in RNAlater (Invitrogen), pulverized at liquid nitrogen 

temperature, and isolated with TRIzol. RNA was purified using DirectZol RNA 

MiniPrep kit (Zymo Research), reverse transcribed with SuperScript III First 

Strand Synthesis Supermix and random hexamers as primers (Invitrogen), and 
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analyzed in a 7500 Fast Real Time PCR system (Applied Biosystems) with 

Taqman gene expression assays. The same CT threshold value was used for all 

samples. Relative mRNA quantity was calculated from ΔΔCT values assuming 

100% PCR efficiency (324) on a 7500 Fast Real Time PCR system (Applied 

Biosystems) with Taqman gene expression assays (Table 3). 

 
Gene  Protein Taqman Assay ID 
Col1a1 collagen α1 chain Mm00801666_g1 
Col1a2 collagen α2 chain Mm00483888_m1 

Gapdh glyceraldehyde-3-
phosphate dehydrogenase Mm99999915_g1 

B2m β-2-microglubulin Mm00437762_m1 

HPRT1 
Hypoxanthine 
Phosphoribosyltransferase 
1 

Mm01545399_m1 

Spp1 osteopontin Mm00436767_m1 
Ibsp bone sialoprotein Mm00492555_m1 
Sp7 osterix Mm00504574_m1 

Runx2 runt –related transcription 
factor 2 Mm00501584_m1 

Dmp1 dentin morphogenetic 
protein 1 Mm01208363_m1 

Bglap bone γ-carboxyglutamate 
protein Mm03413826_mH 

Ifitm5 Bril Mm00804741_g1 
Serpinh1 HSP47 Mm00438058_g1 
Hspa5 BIP Mm00517690_g1 
Ddit3 Chop Mm01135937_g1 

Nfkbia 

nuclear factor of kappa 
light polypeptide gene 
enhancer in B-cells 
inhibitor, α 

Mm00477800_g1 

Cryab αB crystalline Mm00515567_m1 

Cdkn1a Cyclin dependent kinase 
inhibitor 1a Mm04205640_g1 

SerpinE1 Serpin peptidase inhibiter, 
clade E Mm00435860_m1 

Table 3. Taqman gene expression assays 
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Xbp1 Splicing in pOBs and Calvaria 

Xbp1 splicing was analyzed using 1 µg total RNA collected from each 

sample, reverse transcribed as described above. Standard PCR was performed 

using primers ACACGCTTGGGAATGGACAC (XPB1-F) and 

CCATGGGAAGATGTTCTGGG (XBP1-R) and Phusion High Fidelity DNA 

polymerase (Thermo Scientific). PCR was run using standard cycling conditions 

on a PeqStar 2x gradient thermal cycler (Peqlab). PCR products were run on a 

2% agarose gel with Ethidum bromide. 

 

RAMAN SPECTROSCOPY 

Raman microscopy was done as described previously (74). Briefly, cells 

were cultured for 3 (pOBs) or 8 (MEFs) weeks in standard culturing conditions, 

with media changes every 2-3 days. At collection, the resulting matrix was rinsed 

with PBS then fixed in 0.7% formaldehyde in 0.7x PBS at 37°C for 4 hours 

followed by room temperature overnight. Matrix samples were mounted on quartz 

slides, and auto-fluorescence was observed and calculated to represent cell 

cytoplasm. Within at least 10 different regions of the matrix, Raman scattered 

light was collected from lasers pointed either to the cell cytoplasm or to the cell 

periphery at a 7µm high focal volume to capture cells and matrix, and corrected 

for contributions of water and quartz. Using purified collagen as a reference, 

matrix collagen to cell organic ratios were calculated by analyzing Raman spectra 

within spectral regions where collagen and cell cytoplasm have different spectra. 

Intracellular collagen levels were too small to contribute to the measurements.  
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NON AHA LABELED TOTAL INTRACELLULAR PROCOLLAGEN AND SECRETION RATE 

Collagen secretion rate experiments were performed on pOBs and MEFs 

in triplicate 10 cm2 wells of a 6-well plate. Briefly, 16 hours prior to each 

experiment, confluent cells were given growth medium containing fresh ascorbic 

acid. Fresh ascorbic acid containing medium (0.5% FBS; DMEM- MEFs, αMEM-

pOBs) was added at time zero. Secreted collagen was collected hourly in the 

culture medium, to which 1 mM phenylmethylsulfonyl fluoride, 5 mM 

benzamidine, 10 mM N-ethylmaleimide, internal standard and 1x TE buffer was 

added. For each time point, the number of cells in one well was counted and 

used to normalize total secreted and intracellular collagen per cell. Intracellular 

procollagen from the other two wells was extracted by washing the cells with PBS 

for 10 minutes at 4 °C on a rocker, followed by gentle lysis with cell extraction 

buffer (1% NP40, 50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1 mM 

phenylmethylsulfonyl fluoride, 5 mM benzamidine, 10 mM N-ethylmaleimide, and 

internal collagen standard, pH 8.0). Collagen was precipitated with 176 mg/mL 

ammonium sulfate, treated with 0.1 mg/mL pepsin in 0.5 M acetic acid, 

reprecipitated with 0.7 M NaCl, resuspended in stain buffer (0.1M Sodium 

Carbonate, 0.5M NaCl, pH 9.3), fluorescently labeled with Cy5 as described 

previously (321), and analyzed by gel electrophoresis as described above.   

 

SKELETAL STAINING AND X-RAYS 

Pups from G610C/+ male and G610/+ female breeding pairs were 

collected within several hours of birth. Live pups were euthanized by 

decapitation. For skeletal staining without x-ray radiography, dead/euthanized 

pups were skinned, eviscerated, fixed in 95% ethanol overnight and stained 

overnight in 0.02% Alcian Blue 8 GX, 0.005% Alizarin Red, 5% acetic acid, 70% 
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ethanol. After a brief wash in water, soft tissues were cleared in 2% KOH 

followed by 1% KOH. The remaining skeletons were gradually transferred into 

0.25% KOH, 50% glycerol for final clearing, storage and imaging. For x-ray 

radiography, dead/euthanized pups were eviscerated and fixed overnight in 70% 

ethanol; their heads were carefully cut with a scalpel at mid-sagittal plane prior to 

x-ray imaging, and x-rays were performed on a Faxitron. After the imaging, the 

heads and bodies were skinned and processed for skeletal staining as described 

above.   

 

TOTAL PROTEOGLYCAN AND COLLAGEN MEASUREMENTS IN VIVO 

Skin was dissected from E18 fetuses and frozen until ready for use. Skin 

was then divided, and one half was used for DSC experiments. For DSC 

experiments, collagen was extracted by 5 day digestion in 0.1 mg/mL pepsin 

followed by selective salt precipitation and dialysis in 2 mM HCl, as described 

above. For Sircol (Biocolor) and Blyscan (Biocolor) assays, skin was flash frozen, 

pulverized, and put into preweighed 1.7 mL microcentrifuge tubes. Samples were 

spun to remove excess liquid, and weighed. Assays were continued as detailed 

by manufacturer’s instructions, absorbance spectra of each sample was 

measured on a NanoDrop 2000 (Thermo Scientific), and normalized to the 

standard curve of controls then to initial sample weight. 

 

WESTERN BLOTTING 

For western blot analysis, at time of collection cells were washed once 

with PBS, lysed in 2% SDS, 4x LDS, 50 mM DTT, 1x PhosphoStop (Roche), 1 

mM phenylmethylsulfonyl fluoride, 5 mM benzamidine, 10 mM N-ethylmaleimide, 
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50 mM Tris, 150 mM NaCl, and 5 mM EDTA, vortexed vigorously, and frozen at  

-80 °C until ready for analysis.  From freezer, samples were heated at 95°C for 

10 minutes. Samples were loaded onto a gel, and transferred onto a 0.45 µm 

nitrocellulose membrane. Different gels were used to best resolve proteins of 

different molecular weights, including 3-8% Tris Acetate, 4-12% Bis-Tris, and 

12% Bis-Tris. After transfer, the membrane was blocked with 5% BSA in TBS, 

then primary antibodies were added and rocked at 4°C overnight. Secondary 

antibodies conjugated to AlexaFluor dyes (Life Sciences) were used and images 

were captured in an FLA5000 fluorescence scanner (Fuji Medical Systems, 

Stamford, CT) and analyzed with Multigauge 3.0 software supplied with the 

scanner, normalizing the protein of interest to β-actin amount on the same gel 

lane.  
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