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ABSTRACT 

Procollagen misfolding underlies or accompanies pathologies from rare congenital 

diseases to common ailments, yet it is known only that the resulting cellular response and 

malfunction are different from the response to misfolding of other proteins. Osteogenesis 

imperfecta (OI) is a heritable disorder of bone development, in which over 80% of severe cases 

are caused by misfolding of type I procollagen (PC1). Not only PC1 misfolding leads to bone cell 

(osteoblast) malfunction in severe OI but it is also a likely factor in common osteoporosis and 

other bone pathologies. Nonetheless, it is not targeted by any of available therapies because it is 

poorly understood. To address this knowledge gap, we utilized gene editing technology to develop 

a new cell culture model of osteoblasts that enables visualization of the cellular response by super-

resolution imaging of fluorescently tagged endogenous PC1 molecules in live cells. We used this 

model to demonstrate noncanonical quality control of PC1 folding. Like other secretory proteins, 

PC1 misfolds and accumulates in the lumen of endoplasmic reticulum (ER), disrupting the 

function of this crucial cellular compartment. Unlike other proteins, misfolding of which is 

detected in the ER lumen where it occurs, misfolded PC1 is recognized at ER exit sites (ERESs) 

away from the ER lumen. We used a G610C mouse model of moderately severe OI to validate this 

unexpected finding and confirmed it in vivo. Because physical separation between the sites of 

pathogenic accumulation and recognition of misfolded molecules has not been described before, 

we had to search for how cells might respond without any a priori knowledge. We therefore 

analyzed detectable RNA products of all genes in individual cells by single-cell RNA sequencing 

of mouse osteoblasts. We identified Hspa9 and Atf5 genes encoding chaperone HSPA9 and 

transcription factor ATF5 as likely regulators of the stress response to PC1 misfolding. Focusing 

on Atf5, we confirmed its increased expression in osteoblasts directly in bone sections from G610C 

mice. We discovered that ATF5 might be regulating not only osteoblast response to PC1 
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misfolding but also stress response of other cells to misfolding of all procollagens. We believe that 

the tools and the findings from this study lay a foundation for future research and eventual 

development of new therapies for procollagen misfolding disorders.  
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 

1.1 Bone and Bone Diseases 

Bone provides structural support, calcium regulation, hematopoiesis, endocrine signaling, 

and other vital body functions.(1-4) It is produced by mineralization of extracellular matrix (ECM), 

with hydroxyapatite mineral accounting for ~50-70% of bone material.(1, 5) The organic ECM, of 

which ~80% is type I collagen, provides a mineralization template, cohesiveness, and structural 

reinforcement. Less than 1% of bone is comprised of the cells responsible for making, maintaining, 

and mineralizing the ECM. Osteoblasts are responsible for ECM synthesis and mineralization. 

Osteocytes act primarily as mechanosensors, regulating extent and sites of bone formation and 

resorption. Osteoclasts demineralize and resorb bone ECM when needed for growth or 

replacement of damaged and fatigued bone.(6) Continuous turnover (remodeling) by these cells is 

essential for maintaining bone quality in long-living vertebrates, including humans.(7, 8) 

Pathologies affecting bone quantity and/or quality are common and can have devastating 

effects on the body, yet we still lack safe and efficient therapeutics. For instance, age-related bone 

loss affects approximately 33% of women and 20% of men over the age the 50 worldwide.(9, 10) 

Bone-like arterial calcification is a common comorbidity in cardio-vascular diseases, which is the 

leading cause of death in the US and other developed countries.(11, 12) Bone pathology is a 

common comorbidity in cancer, which is the second leading cause of death.(13) Nevertheless, 

current treatments of bone pathology are based mostly on symptom management rather than 

addressing the underlying causes.(14, 15) 

The most common cause of bone failure is insufficient amount of bone material, which is 

referred to as osteoporosis when bone density is more than two and a half standard deviations 
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below the population average or as osteopenia in milder cases. (10) Osteoporosis is caused mostly 

by failure of osteoblasts to produce enough bone to keep up with normal bone resorption by 

osteoclasts.(16, 17) Natural decline in osteoblast number and function with age causes 

osteoporosis in elderly population, which is a particularly severe problem in postmenopausal 

women. In addition, osteoblast malfunction might be associated with infection, inflammation, 

mutations, and many other factors.(18) Idiopathic osteoporosis, in which the underlying cause is 

unknown, is common as well. Although the net bone loss in osteoporosis is more often caused by 

osteoblast rather than osteoclast malfunction, it is generally treated by anti-osteoclast drugs 

inhibiting resorption of damaged, poor-quality bone instead of rescuing formation of new 

bone.(15, 16) Not only these treatments reduce bone loss at the cost of bone quality but they also 

have other major side effects, causing avoidance of even necessary treatment and prompting the 

American Society of Bone and Mineral Research (ASBMR) to issue a recent “Call to Action to 

Address the Crisis in the Treatment of Osteoporosis.” (19) The long-term solution for this public 

health crisis is developing of new, better targeted, and safer treatment options based on better 

understanding of osteoblast biology.  

A particularly useful approach to gaining mechanistic insights into biology and pathology 

of different organs, tissues, and cells has proven to be studies of the corresponding rare congenital 

diseases. In relation to osteoporosis, such disease is osteogenesis imperfecta (OI). It is a 

heterogenous group of hereditary bone development disorders, which are distinguished by bone 

fragility and often accompanied by congenital osteoporosis.(20-25) The majority, 80-85%, of OI 

cases are caused by mutations in the procollagen precursor (PC1) of type I collagen (Col1), while 

most other cases are caused by mutations linked to PC1 metabolism.(22, 23, 26) In all cases, OI 

mutations appear to result in deficient or otherwise abnormal osteoblast function. Currently, OI is 



3 

treated by the same anti-osteoclast drugs as age-related osteoporosis, although utilization of bone 

resorption inhibitors in children is more controversial and riskier than in aging adults.(27-31) 

Understanding molecular mechanisms underlying osteoblast malfunction in OI might thus be 

important both for treating this devastating bone development disorder and for treating more 

common forms of osteoporosis.(20, 25, 32) 

Here we focus on OI caused by autosomal dominant missense mutations in PC1, which are 

responsible for over 80% of severe OI cases.(22) They alter procollagen metabolism in the cell, 

thereby disrupting osteoblast function. They also alter the function of secreted mutant molecules 

in the ECM, thereby disrupting bone matrix structure and function. These two effects are 

intimately linked and difficult to separate. Osteoblast malfunction disrupts bone matrix structure 

and function as well. Conversely, altered bone matrix structure and function disrupts osteoblast 

function. Still, preventing secretion and deposition of mutant molecules in the ECM by gene 

therapy is not practical (at least in the short term), yet deleterious effects of procollagen metabolism 

disruption on osteoblast function are potentially amenable to pharmacological treatments. For 

instance, improved clearance of mutant procollagen from osteoblasts by 4PBA has been shown to 

reduce bone pathology in a zebrafish model of OI.(33) This drug, which is approved by FDA for 

urea cycle disorders, may not be a viable OI treatment in humans because of its very rapid 

clearance from the body.(34) However, observations in the zebrafish OI model and their 

implications for other forms of osteoporosis underscore the need for understanding PC1 

metabolism in osteoblasts, its effects on osteoblast function, and potential therapeutic targets for 

its manipulation. 
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1.2 Osteoblasts  

While all cells actively producing bone are referred to as osteoblasts (OBs), they differ in 

developmental origins and differentiation pathway depending on their location and even on the 

age of the organism. Developmentally, OBs are derived from mesenchyme, yet some 

mesenchymal cell and thereby their osteoblastic progeny come from mesoderm and some from 

neural crest; the latter end up mostly in craniofacial bones.(35)  OBs forming intramembranous 

bone (e.g., calvaria) via fibrous membrane intermediates might be different from OBs forming 

endochondral bone (e.g. femur) via cartilage intermediates.(35, 36) Endochondral bone OBs 

originating from the growth plate, bone marrow, perichondrium, or periosteum might also differ 

from each other.(36-38) However, beyond identity of the precursor cells, these differences and 

their implication for functional properties are not well understood.   

Regardless of their origin, differentiation of all OBs is presumed to proceed through several 

common steps typically characterized by expression of specific marker genes. Pre-OBs, which 

highly express RUNX2 and SOX9, are highly proliferative cells. They divide to cover the newly 

forming bone surface and produce little PC1, which could impede the latter process.(39, 40) As 

they progress to OBs, they upregulate expression of a key OB transcription factor SP7, lose their 

ability to proliferate, and begin to produce PC1 and lay down new ECM.(18, 35, 41) They begin 

to produce osteopontin (SPP1) and a variety of other ECM molecules. Subsequent OB maturation 

is accompanied by rapidly increasing expression of PC1 (COL1A1 and COL1A2) as well as 

osteocalcin (BGLAP), bone sialoprotein (IBSP), and other molecules playing key role in bone 

ECM deposition and mineralization.(18, 41) Mature OBs are responsible for deposition of most of 

the bone ECM. After several days to several weeks, late OBs become embedded in the newly 

formed, still unmineralized ECM layer (osteoid). They gradually reduce COL1A1 and COL1A2 
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expression and begin to express a marker of OB-to-osteocyte transition DMP1 (dentin matrix 

protein) followed by MEPE (matrix extracellular phosphoglycoprotein), PHEX (phosphate 

regulating endopeptidase X-linked), SOST (sclerostin), and other osteocyte genes.(18, 39, 41) 

Other late OBs become quiescent bone lining cells or undergo apoptosis.(18) Mature osteocytes 

produce little or no PC1 and can be characterized by rapid upregulation of FGF23 expression in 

response to active vitamin D.  Late OBs transitioning into osteocytes are believed to be responsible 

for osteoid mineralization that produces bone, but relative contribution of cells at different stage 

in this process is not fully understood.(18, 41)   

Rapid ECM synthesis that requires massive production of PC1 and other ECM molecules 

distinguishes OBs from most other cells (except cartilage chondrocytes and dentin odontocytes), 

which is essential for understanding OB differentiation and function. For instance, ~4 µm thick 

layer of mouse OBs deposits ~2 µm layer of bone per day (42), meaning that a cell replaces ~50% 

of its volume with very dense osteoid ECM containing over 80% PC1 in just one day! No wonder 

that OBs focus exclusively on the ECM synthesis, leaving the job of ECM resorption to osteoclasts 

that have completely different developmental and tissue origins as well as completely different 

structure and function. Although fibroblasts are often used for cell culture studies of PC1 

metabolism in bone disease, it is important to keep in mind that they produce much less PC1 and 

perform both ECM deposition and ECM resorption functions.(43)  

The exclusive focus of OBs on ECM synthesis and the sheer volume of PC1 produced by 

mature OBs impose restrictions responsible for distinct features of OB maturation and PC1 

metabolism in mature cells. For instance, because OBs focus only on the ECM synthesis but not 

on its maintenance, their maturation and the rate of PC1 synthesis are largely regulated by 

exogenous signals, the best known of which are various TGFβ, BMP, and WNT molecules.(6, 41, 
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44, 45) Disruptions in the corresponding signaling pathways cause and/or accompany a variety of 

bone disorders from deficient bone production in OI to dysregulated, excessive bone production 

in heterotopic ossification or fibrodysplasia ossificans progressive.(20, 46-48) Because of massive 

PC1 translation, the ATF4 molecule regulating protein translation might have a unique secondary 

role of a differentiation factor in OBs.(49, 50) As we discuss in section 1.7 and later in this thesis, 

this secondary function of ATF4 might have important implications for how OBs respond to cell 

stress, since otherwise ATF4 is a key molecule in integrated cell stress response.(51)      

1.3 Type 1 Collagen 

Type I collagen accounts for over 80% of bone and skin ECM, making it not only the most 

common of 28 types of mammalian collagens but also by far the most abundant vertebrate protein. 

Overall, the collagen family is distinguished by one or more large triple helical domains formed 

by three individual polypeptide chains with an obligatory glycine (Gly) in every third amino acid 

(AA) position of each chain. This distinct AA sequence is referred to as Gly-X-Y repeats. In Col1, 

about half of the X and Y positions following Gly are occupied by proline (Pro) or hydroxyproline 

(Hyp). In most tissues, Col1 is an α1(I)2α2(I) heterotrimer of two α1(I) and one α2(I) chains 

encoded by COL1A1 and COL1A2 genes, respectively. The other possible Col1 isoform is an 

α1(I)3 homotrimer, which occurs in embryonic tissues, tumors, and fibrosis. Homotrimeric Col1 

is caused by reduced expression of COL1A2 relative to COL1A1 or deficient co-assembly of the 

α2(I) chain with α1(I).(52)  Col1 appearance in early vertebrates and retention throughout 

vertebrate evolution suggest its particular importance for bone (53), yet Col1 is also the main 

structural component of tendons, ligaments, cornea, dermis layer of skin and other connective 

tissues.  
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Like other collagens, Col1 is synthesized as a procollagen precursor. Proα1(I) and proα2(I) 

chains of PC1 contain a central triple helical domain (338 sequential Gly-X-Y repeats in humans), 

which is flanked by N-terminal and C-terminal propeptides. The proα chains are co-translationally 

translocated into the lumen of endoplasmic reticulum (ER), where they are assembled into PC1 

trimers and folded. PC1 molecules are then transported from the ER to Golgi, packed into secretory 

vesicles, and secreted. Subsequent cleavage of the propeptides by specialized proteases produces 

mature Col1, although some propeptide cleavage might occur already in the secretory vesicles.(54) 

The resulting Col1 molecules are ~ 300-nm-long triple helices containing the central triple helix 

flanked only by short terminal peptides (telopeptides). Propeptide removal initiates Col1 assembly 

into fibers that act as structural scaffolds of bone and other tissues and as primary bearers of the 

mechanical load in many of these tissues.  

Not only the structure and AA sequence but also the physical and chemical properties of 

the collagen triple helix are very different from most other proteins. Because the side chains of all 

AAs in the X and Y positions of Gly-X-Y triplets are exposed to the surrounding solvent, the triple 

helix contains no large stretches of hydrophobic AAs and no hydrophobic core. Being held 

together mostly by relatively weak inter-chain hydrogen bonds without hydrophobic interactions, 

the collagen triple helix has very low stability. At 37 oC, human Col1 and PC1 spontaneously and 

irreversibly unfold, although this occurs very slowly (several days). PC1 is capable of refolding 

into the native conformation, but only below 35 oC.(55-57)  

Such instability at and slightly below normal body core temperature is counterintuitive, yet 

it is a physiologically essential property of Col1, as indicated by denaturation studies of Col1 

molecules extracted from a wide range of species from arctic fish to mammals.(58) This instability 

does not disrupt collagen fibers. Col1 molecules assembled into fibers are prevented from full 



8 

unfolding at least up to 50 oC by their interactions with nearest neighbors.(55) Instead, reversible 

“micro-unfolding” of small regions surrounding the weakest spots within the helices enhances 

collagen fiber formation (57) and improves mechanical properties of the fibers (59). At the same 

time, molecules not incorporated into the fibers do unfold completely, promoting faster 

degradation of otherwise protease resistant Col1 and therefore unimpeded maintenance and 

recycling of connective tissues.(60)  

While the unique triple helical structure and low thermal stability of individual molecules 

are beneficial for the ECM, these features present major challenges for Col1 synthesis and 

homeostasis in cells. As discussed in the next several sections, these features necessitate special 

cellular adaptations and collagen-specific, “noncanonical” folding, quality control, and trafficking 

mechanisms and pathways.    

1.4 Procollagen Folding 

Folding of most secretory proteins has the following common features. (a) They begin to 

fold at the N-terminal end once it enters the ER lumen before the synthesis and translocation of 

the entire polypeptide chain is completed. The folding continues toward the C-terminal end until 

the native conformation is attained. (b) The driving force of this process is the energy benefit of 

the native conformation, which is the most thermodynamically favorable protein state attainable 

in the ER environment.(61) (c) ER resident chaperones assist the folding process by blocking 

unwanted yet stable interactions between unfolded regions of polypeptide chains, mostly 

nonspecific hydrophobic association.(62) For instance, binding and release cycles of chaperones 

like BIP/GRP78 at hydrophobic patches alter the folding energy landscape in favor of native state 

vs. nonspecific hydrophobic aggregation.(63) (d) Proper folding of the native conformation 

releases the chaperones, indicating that the protein is ready for export from the ER and subsequent 
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secretion.(62) This is a key quality control signal in the ER lumen; prolonged chaperone retention 

results in rerouting polypeptide chains for degradation.  

Remarkably, none of this is true for collagen triple helix folding. (a)  PC1 folding begins 

at the C-terminal end after the three chains are fully synthesized and translocated into the ER 

lumen.(64) It proceeds in the C-to-N rather than N-to-C direction. The first step is assembly and 

folding of two proα1(I) and one proα2(I) C-propeptides into a trimer.(64) The next step is zipper-

like, C-to-N folding of the triple helix.(64) N-terminal propeptide folding occurs only after 

completion of these two steps.(64)  

(b) The energy landscape for PC1 folding favors the native state only for the globular C-

propeptide. Folding of the thermodynamically unfavorable triple helix is instead an “uphill 

climbing process”. It is made possible by preferential binding of a collagen-specific ER chaperone 

HSP47 to multiple Gly-X-Arg sites along the natively folded helix, which changes the energy 

landscape in favor of the native state.(65) Without HSP47, cells are capable of folding PC1 only 

at reduced temperatures.(66) Triple helix stabilization by preferential binding of other chaperones 

was also discussed but not firmly established.(65) 

(c) ER chaperones like BIP block unwanted interactions during folding of the C-propeptide 

but not during folding of the triple helix. Not only the triple helical region of PC1 chains lacks 

hydrophobic patches, but preferential chaperone binding to unfolded chains would alter the energy 

landscape in favor of the bound states. This would make the energy hill for the triple helix folding 

even higher and would be counterproductive.(65) To the best of our knowledge, the role of ER 

chaperones in the N-propeptide folding has not been explored. 



10 

(d) While the C-propeptide folding is likely accompanied by chaperone release, the triple 

helix folding is accompanied by chaperone binding (>25 HSP47s per PC1), suggesting that a 

different type of quality control must be employed for the latter process.(65) HSP47-dependent 

procollagen export from the ER has been proposed as a possible alternative.(67) However, this 

hypothesis is inconsistent with many HSP47 molecules remaining bound to misfolded PC1 in the 

ER lumen.(68) Furthermore, recent live cell imaging studies indicate that HSP47 is somehow 

released from PC1 at ER exit sites (ERESs) before PC1 export toward Golgi, also inconsistent 

with this hypothesis.(69) The latter studies indicate that the quality control of PC1 folding might 

occur at ERES rather than in the ER lumen, but the underlying mechanism is still unclear. We will 

return to this question throughout this thesis.  

The final important distinct feature of PC1 folding is posttranslational modifications. Like 

many other secretory proteins, the C-propeptide undergoes N-linked glycosylation that enables 

calnexin/calreticulin binding cycles and plays an important role in the folding quality control.(70, 

71) Modifications within the triple helix region are, however, more specific to collagens. The most 

important one is 4-hydroxylation of Pro at Y-positions into 4-Hyp by collagen proline 4-

hydroxylases. It favors the native conformation of the chains and is essential for the folding 

process.(72) This modification is dependent on ascorbic acid (Asc), which is a cofactor for 

collagen prolyl-4-hydroxylases.(73) Other modifications include 3-hydroxylation of several Pro at 

specific X-positions, hydroxylation of some lysines (Lys) to hydroxylysines (Hyl) and subsequent 

glycosylation of Hyl.(64)  The latter modifications appear to be more important for Col1 function 

in the ECM than for PC1 folding.(74) All modifications occur only within unfolded regions of 

PC1. Delayed folding causes increased exposure of these regions to the modifying enzymes and 

results in over-modification, which is often used as an indicator of folding disruptions.(75) The 
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over-modification increases thermal stability of the triple helix.(76) Relative contributions of 

different modifications to this increase are not known, e.g., the increase might be caused primarily 

by more complete Pro 4-hydroxylation at Y-positions. 

1.5 Intracellular Trafficking  

The next steps in PC1 production are trafficking of properly folded molecules for secretion 

and misfolded molecules for degradation. Because of massive PC1 synthesis (see section 1.2), 

secretory PC1 trafficking plays major role in normal OB homeostasis and bone disease.(77) The 

degradative trafficking is equally important. High likelihood of misfolding causes up to ~ 15% of 

PC1 molecules being rerouted from the ER for degradation even under normal condition, 

presenting yet another major challenge for the cell.(78) In OI, the fraction of misfolded and 

degraded molecules might approach or even exceed 50%.(79) Given the complexity of these 

processes, in this section we briefly review of more general principles of protein trafficking before 

we proceeding to the discussion of PC1 in section 1.6.  

All secretory proteins are folded in the ER, exported from ER exit sites (ERESs), delivered 

to cis-Golgi by ER-Golgi transport intermediates, progress through Golgi, exported and delivered 

to the plasma membrane (PM) in Golgi-PM transport intermediates, and secreted.  Misfolded 

proteins can be diverted to proteasomal degradation from the ER lumen (ER associated 

degradation pathway or ERAD).(80) They can also be diverted to lysosomal degradation (the 

process referred to as autophagy) directly from the ER via several different pathways we discuss 

below or from Golgi via the endo-lysosomal system.(81) All these trafficking routes and cell 

organelles involved in them are schematically illustrated in Fig. 1.1. Here and throughout the rest 

of this thesis we focus just on trafficking of luminal proteins out of the ER, which includes 

secretory ER-Golgi routes, ERAD, and autophagy routes from the ER to lysosomes.  
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1.5.1 ER-Golgi Trafficking 

The most widely used model for ER-Golgi trafficking of secretory proteins presumes the 

following steps (Fig. 1.1). 1. Upon dissociation of ER chaperones, luminal proteins are loaded into 

a COPII coated ERES by trans-membrane cargo adapters bound to the COPII coat on the other 

side of the ERES membrane.(82) 2. Next they are exported in 60-90 nm COPII-coated 

vesicles.(83) 3. These vesicles deliver their cargo to an ER-Golgi intermediate compartment 

(ERGIC) after losing their COPII coat (84) or directly (85). 4. At ERGIC, the Golgi-bound cargo 

is repackaged into COPI-coated vesicles using a transmembrane cargo adapter bound to the COPI 

coat.(86) 5. The latter vesicles deliver the cargo to cis-Golgi, where they are recognized by 

specialized tethering molecules.(87)  

The two key building blocks of this model are COPII and COPI coated membranes. The 

COPII coat is assembled from cytosolic SEC proteins. It has an inner layer composed of SEC23-

SEC24 heterodimers and an outer layer composed of SEC132-SEC312 tetramers.(88) In humans, 

SEC13 has one isoform, SEC23 and SEC31 have two isoforms A and B, and SEC24 has four 

isoforms A-D. All these isoforms appear to be able to co-assemble with each other and their 

relative roles in COPII coat formation and function remain largely unclear.(89, 90) Formation of 

COPII-coated ERES is activated by GDP→GTP exchange at cytosolic SAR1 GTPase, which is 

mediated by SEC12 exchange factor. After the exchange, SAR1-GTP binds to the outer leaflet of 

the ER membrane and recruits SEC23 and SEC24 that polymerize on the membrane surface. The 

inner coat formation is followed by polymerization of the outer coat layer from SEC13 and SEC31.  
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Figure 1.1: Canonical model of protein trafficking and degradation. 

Protein cargo is loaded into ERES by cargo-specific transmembrane adapters that bind to 

the inner COPII coat on the other side of the ERES membrane SEC24.(91)  GTP hydrolysis at 
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SAR1 releases SAR1-GDP from the membrane and causes COPII coat disassembly, resulting in 

COPII coat assembly/disassembly cycles.(92) The hydrolysis is also believed to be involved in 

membrane fission that releases COPII vesicles.(93) It is activated by SEC23 and regulated by 

several factors, although the latter process is not fully understood.(94) COPI coat is formed by 

hierarchical assembly of seven different proteins (COPα, COPβ, COPβ’, COPγ, COPδ, COPε and 

COPζ), some of which have several isoforms as well. (95) Unlike COPII coat components, these 

proteins assemble into a stable COPI-coatomer complex in the cytosol before COPI coat 

formation; the coatomers then assemble into the coat.(96) Similar to COPII, COPI coat assembly 

is triggered by GDP→GTP exchange at a GTPase (ARF1) mediated by an exchange factor 

(GBF1). A conformational change induced by the exchange causes GTPase binding to the 

membrane followed by recruitment and polymerization of the COPI-coatomer.(96) The same or 

similar transmembrane cargo adapters might be responsible for protein loading into ERES and 

Golgi-bound COPI transport vesicles.(97) ARF1 GTPase and GBF1 exchange factor are believed 

to be primarily responsible for the COPI coat, but other ARF proteins and exchange factors might 

be involved as well.(96) GTP hydrolysis by ARF1, which is dependent on the COPI-coatomer, 

releases the ARF1 and coatomer into cytosol.(96) These COPI coat assembly/disassembly cycles 

seem to be slower than similar COPII coat cycles.(96) ARF1 GTPase may not be involved in 

membrane fission in the same manner as SAR1.(98)  

Most of what is known about this ER-Golgi trafficking model built on COPII/COPI coated 

membrane structures is deductions from indirect experiments, many of which have been performed 

in yeast or cell-free in vitro assays.(99) The validity of these deductions and their relevance to 

protein trafficking in mammalian cells are still being debated.(100) Imaging of ER-Golgi transport 

intermediates in live mammalian cells has so far revealed no bona fide COPII transport 
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intermediates and no stopover of observed bona fide COPI intermediates at any distinct 

compartment between the ER and Golgi.(101) It has also been established that ERGIC marker 

ERGIC53 is a transmembrane cargo adapter that rapidly cycles between the ER and Golgi (102), 

suggesting that ERGIC53 membranes are transient transport intermediates. One commonly 

discussed explanation of these more direct observations is that transport vesicles released from 

ERES lose their COPII coat right away, e.g., because the release requires GTP hydrolysis by 

SAR1.(69, 103) The uncoated structures may then fuse together, gain COPI coat and move toward 

cis-Golgi, acting as ERGIC and COPI transport intermediates at the same time.(103, 104) 

However, this is just a hypothesis; recoating of transport intermediates from COPII to COPI has 

not been directly observed. Another hypothesis is that COPII coat assembles specifically at ER-

ERES connections through which the protein cargo is loaded into the ERES, while the cargo might 

exit ERES toward cis-Golgi from distal ERES regions in COPI-coated membrane structures. (105)  

1.5.2 ERAD 

Instead of entering the secretory pathway through ERES, misfolded polypeptide chains that 

retain bound ER chaperones are rerouted to ERAD for proteasomal degradation in cytosol. 

Misfolded chains unable to exit calnexin-calreticulin binding cycles are recognized by lectin 

ERAD receptors XTP3-B and OS-9 and targeted to ER membrane E3 ubiquitin ligase complexes 

once their N-linked oligosaccharides are trimmed by mannosidases.(70)  After ubiquitination and 

retro translocation to cytosol, the chains are recognized by proteasomes and degraded. Misfolded 

chains can also be directed to ER membrane E3 ubiquitin ligase complexes for ubiquitination and 

retro-translocation by BIP and other ER chaperones independent of N-linked glycosylation.(63)  



16 

1.5.3 ER-Lysosome Autophagy 

Misfolded polypeptide chains that escape ERAD, e.g., because of aggregation, are 

sequestered and the corresponding ER regions are directed for delivery to lysosomes by autophagy. 

There are three autophagy mechanisms historically referred to as macroautophagy, 

microautophagy, and chaperone-assisted autophagy (Fig. 1.1), although the “macro” and “micro” 

prefixes might be misleading.(106) Some microautophagy cargo is larger than macroautophagy 

one. Since chaperone-assisted autophagy is a cytosolic pathway not known to be involved in 

secretory cargo degradation, it is not discussed here.  

 In macroautophagy, lysosome-destined cargo is engulfed and isolated by a specialized 

double membrane (phagophore).(107) The resulting autophagosome delivers the isolated cargo by 

autophagosome-lysosome fusion either directly or through and intermediate step of 

autophagosome-endosome fusion. Macroautophagy relies on complex protein machinery needed 

for phagophore biogenesis. ATG family proteins initially identified in yeast play key roles in this 

machinery. Lipidated LC3 and GABARAP subfamily proteins (mammalian homologues of yeast 

ATG8) are essential for phagophore formation and cargo recognition.(81, 107, 108) Several other 

ATG proteins and their cofactors are essential for LC3 and GABARAP lipidation (107), e.g., some 

of the work described later in this thesis relies on ATG5 being required for this process.   

ER-phagy (macroautophagy of ER regions, e.g., containing sequestered cargo) is presumed 

to be the most likely autophagy mechanism for misfolded secretory proteins.(109-111) Selective 

ER-phagy is activated by specialized receptors that have cytosolic LIR motif for binding to 

LC3/GABARAP and recruiting phagophore, but the mechanisms of cargo recognition by these 

receptors are not known.(109) Two of the receptors, FAM134B and RTN3L have been additionally 

implicated in ER fragmentation, shedding ER vesicles containing lysosome-bound cargo, and 
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subsequent macroautophagy of these vesicles.(109, 111, 112) Alternatively, ER-phagy may also 

be mediated by P62 binding to ubiquitinated proteins at the outer surface of the ER.(109) P62 is 

an autophagy adapter protein that has a LIR motif and can simultaneously bind to ubiquitinated 

cargo and LC3/GABARAP (109), recruiting phagophore membrane to the ER. A recent study 

proposed that ER-phagy and subsequent degradation of luminal molecules by lysosomal enzymes 

within sequestered ER regions might proceed even without fission of the neck between the 

phagophore engulfed region and the rest of the ER network.(111, 113)   

In microautophagy, ubiquitinated cargo destined for degradation is directly engulfed by 

lysosomal membrane akin to endocytosis.(114, 115) The microautophagy degradation pathway 

has been observed for cytosolic molecules, fragmented organelles, lipid droplets, whole organelles 

like mitochondria, and ER regions with sequestered cargo.(106, 115) Lysosomal membrane can 

be recruited to microautophagy cargo by p62.(115) In addition, SEC62, which is one of the ER 

autophagy receptors containing cytosolic LIR motif, has been implicated in selective ER 

microautophagy.(113) These observations suggest involvement of lipidated LC3 and/or 

GABARAP, but it is not known whether these proteins are required for microautophagy. Overall, 

microautophagy has been less extensively studied than macroautophagy.    

1.6 Procollagen Trafficking 

1.6.1 ER-Golgi Trafficking  

PC1 and other procollagens were long used as prototypical cargoes for studying how 

molecules too large for 60-90 nm COPII vesicles could be exported from ERES.(116) Mutations 

in COPII proteins were found to disrupt PC1 trafficking in skeletal dysplasias, underscoring COPII 

coat importance, but the function of the coat remained unclear given the size mismatch.(117-120) 

A particularly interesting puzzle is why mutations in SEC24D but not in other SEC24 or SEC23 
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isoforms cause a syndromic form of OI.(118) The latter question has not been addressed yet, but 

models for transport intermediates delivering PC1 from ER to Golgi and the role of COPII coat in 

their export from the ERES are beginning to emerge.(120, 121)  

In one model, PC1 is presumed to be exported from ERES in enlarged (~ 1 µm or larger) 

COPII vesicles, formation of which depends on mono-ubiquitination of SEC31 by the E3 ubiquitin 

ligase Cullin-3 and its adapter KLHL12.(122) Such large vesicle-like structures marked by COPII 

proteins and containing PC1 and KLH12 observed in immortalized human fibroblasts were 

interpreted as ER-Golgi PC1 transport intermediates. However, they were not traced from ERES 

to ERGIC or Golgi in live cells and therefore their bona fide function as transport intermediates 

was not established. Instead, subsequent imaging of live human fibroblasts and mouse OBs 

revealed such vesicle-like structures being stationary or exhibiting only limited stochastic 

movements inconsistent with directional ER-Golgi trafficking.(121)  Moreover, PC1 vesicles 

marked by COPII and KLHL12 in mouse OBs were found to be colocalized with LC3 and late 

endosome and lysosome marker LAMP1, identifying them as autophagic structures rather than 

ER-Golgi PC1 carriers.(123)  

In a second model, enlarged procollagen transport intermediates are presumed to be formed 

from ERGIC membranes after fusion of ERGIC-derived vesicles with ERES.(124) This model is 

based on the observation of ER-Golgi trafficking of procollagen VII being dependent on SLY1 

and STX18 mediated fusion of ERGIC membranes with ERES and follow up studies of ERGIC 

membrane recruitment to ERES. This concept is supported by observations of COPI vesicle arrival 

directly to or adjacent to ERES in retrograde trafficking studies.(125, 126) However, neither of 

these experiments addressed either the origin of the arriving ERGIC/COPI vesicles or the structure 

and composition of procollagen transport intermediates departing ERES.  
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In a third model of “short loop” PC1 trafficking, PC1 transport intermediates are presumed 

to mature into ERGIC and subsequently cis-Golgi structures without ever moving away from 

ERES.(127) These intermediates might either bud off from ERES or form direct ERES-Golgi 

connections. This concept builds on the second model and live cell imaging of immortalized 

human fibroblasts expressing SBP-GFP-proα1(I) chains, in which monomeric GFP and 

streptavidin binding protein (SBP) are fused to the N-terminal end of proα1(I). These chains were 

retained in the ER with streptavidin. After synchronized release from the ER with biotin, SBP-

GFP-proα1(I) chains were observed to rapidly fill Golgi without any directionally moving carrier 

vesicles being detectable by 15-30 s/frame time-lapse imaging.(127)  

In a fourth model, PC1 is presumed to be exported from ERES in ~ 0.5 µm transport 

intermediates that move along microtubules and deliver PC1 to cis-Golgi without stopping at any 

intermediate compartment.(69) They form at distal regions of ERES, require GDP→GTP 

exchange at ARF1 for exiting ERES, have no COPII coat at any time point, and contain ERGIG53. 

This model is based on much faster (0.5-2 s/frame) time-lapse imaging of live mouse OBs 

transiently expressing GFP-proα1(I) or GFP-proα2(I) chains, in which part of the N-propeptide 

was replaced with GFP.(123) Such transport intermediates delivering PC1 from peripheral ERES 

to perinuclear Golgi over large distances were likely missed by the 15-30 s/frame imaging in (127) 

because of their rapid (~ 1 µm/s and faster) movement relative to their size. Even at 0.5-1 s/frame 

super-resolution Airyscan imaging such vesicular carriers are difficult to detect and many might 

be missed.(69)       

Combined analysis of the data behind the four models suggests that PC1 is exported from 

ERES and delivered to Golgi in transport intermediates with features commonly attributed to 

ERGIC membranes rather than in COPII vesicles.(69, 127-129) These intermediates might be ~ 
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0.5 µm vesicular carriers rapidly travelling along microtubules over large distances from 

peripheral ERES to Golgi, “short loop” carriers formed at perinuclear ERES that fuse together and 

mature into Golgi without traveling, or direct ERES-Golgi connections.(69, 127, 129) The 

frequently invoked ERGIC concept as a distinct recoating and/or sorting station for anterograde 

transport intermediates is not required for interpreting the data. As pointed out by other protein 

trafficking studies, one does not need to invoke this concept for describing the pool of diverse 

anterograde and retrograde ER-Golgi intermediates; it might be simply a matter of 

preference.(102, 130) Regardless, anterograde PC1 intermediates likely form at distal regions of 

ERES after ERES fusion with retrograde intermediates.(121, 128) Export of the anterograde PC1 

intermediates from ERES is dependent on COPI coat since it requires GDP→GTP exchange at 

ARF1 that initiates COPI coat assembly. It is presently unclear whether the COPI coat is required 

for fusion of retrograde intermediates with ERES, exit of COPI-coated anterograde PC1 

intermediates from ERES, or both.  

The COPII coat appears to be essential for separating ERES from the ER and regulating 

procollagen loading into ERES rather than procollagen exit from ERES.(69, 125) This concept is 

based mostly on the studies of type VII procollagen (PC7) trafficking, but it is believed to apply 

to PC1 as well.(124) The latter studies revealed that a transmembrane ER protein TANGO1 

(assisted by a homologue and binding partner cTAGE5 (131)) binds to COPII coat and organizes 

it into rings coating narrow necks connecting ERES with ER in mammalian cells (131) or even 

Golgi with ER in drosophila(132). Cytosolic tail of TANGO1 appears to be responsible for 

recruiting ERGIC membranes (retrograde transport intermediates) for fusion with ERES.(129) 

Luminal tail of TANGO1 binds PC7 and appears to be responsible for PC7 loading into ERES. 

(124) It also binds HSP47 and might be responsible for loading PC1 and other procollagens into 
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ERES using HSP47 as an adapter.(129, 133) The narrow neck and membrane barrier at the ER-

ERES connection formed by TANGO1, cTAGE5, and COPII coat might be important not only for 

procollagen and other cargo loading and sorting but also for maintaining distinct ERES membrane 

composition and ERES lumen environment. We will return to this potential function later when 

discussing the role of HSP47 in quality control of procollagen triple helix folding. 

1.6.2 ERAD 

Like other misfolded proteins, misfolded PC1 is prevented from exiting the ER through the 

normal secretory pathway described above and directed either for proteasomal degradation via 

ERAD or for lysosomal degradation via autophagy.(79, 112, 134, 135)  As noted earlier (section 

1.5), degradation up to 15% of PC1 chains under normal conditions and up to 50% or more in 

some OI cases is a major challenge. Nonetheless, the quality control mechanisms recognizing 

misfolded PC1 and pathways of intracellular PC1 degradation are still incompletely understood.  

The ERAD pathway has been demonstrated for individual proα1(I) chains (136, 137) and 

proposed for trimeric PC1 with under-hydroxylated prolines (138), but it is unknown how these 

molecules are rerouted to ERAD. They could be recognized via N-linked oligosaccharides, BIP 

sequestered at misfolded C-propeptides, PDI subunit of collagen prolyl 4-hydroxylases bound to 

under-hydroxylated prolines, other bound chaperones, or any combination of the above.(138) The 

biggest unresolved puzzle is why unassociated proα2(I) chains have been found in Golgi and 

lysosomes despite also being N-glycosylated as well as binding PDI and other chaperones like 

proα1(I).(139, 140)  

1.6.3 ER-Lysosome Autophagy 

Misfolded trimeric PC1 molecules have been observed to undergo lysosomal degradation, 

except for a single study of proline under-hydroxylation mentioned above.(79, 134) One proposed 
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mechanism is recognition of misfolded PC1 aggregated by calnexin complexes with FAM134B 

receptor of ER-phagy followed by recruitment of phagophore, isolation of sequestered PC1 

aggregates in autophagosomes, and autophagosome-lysosome fusion.(112) Intermediates of this 

ER-phagy pathway were visualized in human osteosarcoma and mouse embryonic cells by 

inhibiting autophagosome-lysosome fusion and lysosomal degradation of PC1 with bafilomycin 

A1 for 6-12 h until almost the entire cell was filled with autophagosomes.  

No such intermediates and a different ERES microautophagy pathway of PC1 degradation 

were, however, observed by time-lapse imaging of live mouse OBs (MC3T3 and primary cells) 

transiently expressing GFP-proα2(I) with a mutation that increases PC1 misfolding.(123) Most 

misfolded molecules appeared to escape the ER lumen quality control and enter ERES, where they 

were retained, sequestered, and captured by direct lysosomal engulfment of the corresponding 

ERES regions or entire ERESs.(123) In contrast to (112), only a small fraction of observed 

autophagic structures contained ER lumen and membrane markers, suggesting that the ERES 

microautophagy pathway was dominant and the ER-phagy pathway had little role in the 

degradation. This discrepancy is likely related to inhibition of lysosomal degradation with 

bafilomycin A1 in (112), which increases PC1 accumulation in the ER (123) and thereby might 

result is significant upregulation of ER-phagy after prolonged treatment (79).  

The ERES microautophagy pathway and quality control of PC1 triple helix folding at 

ERES rather than the ER lumen can also explain seemingly noncanonical role of HSP47 in the 

folding quality control and PC1 trafficking.(69, 141) Analysis of HSP47/PC1 sorting during ER-

Golgi trafficking in live OBs transiently co-expressing GFP-proα1(I) or GFP-proα2(I) with 

mCherry-HSP47 or mApple-HSP47 revealed that HSP47 was released from PC1 at ERES rather 

than co-transported with PC1 to ERGIC or cis-Golgi as presumed before.(69, 142, 143) HSP47 
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was observed to exit ERES in PC1 transport intermediates only when its C-terminal ER retention 

sequence RDEL was either deleted or mutated to RNGL. Apparently, distinct ERES environment 

enabled by the TANGO1/cTAGE5/COPII barrier between the ER and ERES, e.g., reduced pH, 

releases HSP47 from properly folded PC1, which then enters the secretory pathway.(69) Retention 

of HSP47 by misfolded PC1 at ERES might then be responsible for preventing PC1 exit and 

subsequent ERES microautophagy, as suggested by analysis of published studies of fibroblasts 

from OI patients with HSP47 mutations.(144) This hypothesis is also consistent with the known 

quality control function of other ER chaperones, but it has not been experimentally tested yet. 

1.7 Procollagen Metabolism Disruptions and Cell Stress 

Deficient folding, quality control, ERAD, autophagy, or secretion of PC1 might all cause 

excessive accumulation of the molecules in the ER, disrupting ER and cell function. Throughout 

this thesis we refer to these disruptions as cell stress.  

1.7.1 General Mechanisms of Cell Stress 

Regardless of the stressor, cells typically adapt by reducing overall protein synthesis and 

simultaneously upregulating essential chaperones through integrated stress response pathway 

(ISR).(145) The hallmark of ISR is phosphorylation of eIF2α by at least one of four kinases GCN2, 

PKR, HRI, and PERK depending on the origin and nature of the stress. GCN2 is known to be 

activated by nutrient stress; PKR by viral dsRNA, organelle disruptions, and lipotoxicity; HRI by 

oxidative stress; and PERK by protein misfolding in the ER.(146) However, these are just the best 

studied kinase activation mechanisms and other stress-kinase relationships might still be unknown. 

Stressors and pathways triggering different ISR kinases as well as different downstream ISR 

effects might also vary with the cell type. Widely cited stress paradigms, which are often based on 

studies of HeLa or HEK293 cell lines, might therefore not apply to OBs. For instance, commonly 
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presumed ATF4 upregulation by eIF2α phosphorylation.(145). might be altered in OBs, in which 

ATF4 is not just a stress transducer but also a regulator of cell differentiation.(49, 147)    

One of the best studied types of cell stress response to excessive accumulation of molecules 

in the ER is the unfolded protein response (UPR) characterized by activation of one or more of ER 

membrane stress sensors IRE1, ATF6, and PERK.(148) The stress transducer function of these 

transmembrane proteins is inactivated by bound BIP, which is a master regulator of UPR. 

Unfolded regions of polypeptide chains sequester BIP at exposed hydrophobic patches, resulting 

in BIP release from and activation of one or more of these ER membrane stress sensors.(63) 

Activation of IRE1 alters splicing of XBP1 mRNA, resulting in synthesis of active XBP1 

transcription factor that regulates expression of several downstream response factors.(149) 

Activation of ATF6 leads to its translocation and cleavage in Golgi, enabling cytosolic domain of 

ATF6 to enter nucleus and change transcription of its targets, which include XPB1, DDIT3, and 

HSPA5.(150) Activation of PERK triggers ISR as discussed above. The specific balance between 

the IRE1, ATF6, and PERK arms of UPR depends on a multitude of factors and additional 

regulators of these stress sensors as well as their downstream effects. (51, 151) Overall, UPR 

activates ERAD and/or autophagy for removing the misfolded proteins from the ER, upregulates 

chaperones synthesis, and downregulates other proteins.(51) Once the ER environment is 

normalized, excess BIP inactivates the UPR receptors. If the response is not sufficient for at least 

partially normalizing ER environment, escalating UPR causes escalating expression of DDIT3 and 

other downstream UPR targets that trigger apoptosis.(152)  

While viewed by some as the only ER response to stress and equated with ER stress, none 

of these three arms of canonical UPR might be activated by protein misfolding that does not result 

in excessive exposure of hydrophobic surfaces and therefore BIP sequestration.(65, 79) Probably 
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the best-known example of the latter is misfolding and polymerization of α1-antitrypsin (AAT), 

which causes severe ER disruption without activating canonical UPR.(153) To avoid confusing 

UPR-based ER stress response afficionados, authors of the latter studies even referred to the ER 

disruption caused by accumulating AAT aggregates as “ER overload” instead of “ER stress”, 

although AAT aggregates were clearly stressing the ER.    

Making the purely UPR-centric approach to cell stress even more misleading, any ER 

disruption might affect folding of common globular proteins, resulting in BIP sequestration at their 

exposed surfaces and secondary UPR irrespective of the primary stressor.  Not only ER can be 

initially disrupted by protein misfolding without triggering the canonical UPR, but ER can also be 

affected by stressors not related to protein misfolding. In both cases, altered ER environment might 

produce a secondary UPR. Nonetheless, any UPR evidence is often taken to mean that UPR is the 

primary effect, distracting from the real underlying pathology and not only hindering scientific 

progress but also misdirecting search for treatments. Unfortunately, this was the case in studies of 

mutations causing procollagen triple helix misfolding.  

1.7.2 PC1 Misfolding and Cell Stress in OI  

For a while, OB malfunction due to misfolded PC1 disrupting the ER was suspected but 

not pursued as a cause of OI, in part because consistent UPR was found only for C-propeptide 

mutations but not more common Gly substitutions within the triple helix.(137, 154) Almost 30 

years ago, substitutions of the obligatory Gly within the Gly-X-Y sequence, which are responsible 

for ~ 80% of all severe OI cases, were shown to cause no BIP sequestration by misfolded PC1.(155, 

156) Not only these Gly-s are required for the triple helix integrity, but delayed folding and 

misfolding of the triple helix with Gly substitutions has been well documented in numerous in 

vitro and cell culture studies.(65) Severely misfolded molecules were found to be retained and 
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degraded by the cells.(65) ER dilation was observed in all cells affected by Gly substitutions that 

were examined by electron microscopy in vivo and in most cells in culture (where the cells produce 

less PC1), suggesting that ER disruption by the triple helix misfolding is a general feature of these 

mutations.(79)  However, UPR was detected in only some of these cases.(79) Given the lack of 

BIP sequestration by Gly substitutions at misfolded PC1, the latter cases are most consistently 

explained by secondary UPR. If induced only by most severe ER disruptions resulting in 

misfolding of other secretory proteins in addition to PC1, such secondary UPR would indeed be 

observed only in some but not all cases. For instance, no evidence of UPR was found in OBs from 

G610C mice carrying heterozygous Gly610→Cys substitution in the triple helical region of α2(I) 

despite severe ER dilation and disruption.(79) In contrast, UPR was detected in hypertrophic 

chondrocytes from the same animals, probably because they produce many more secretory proteins 

other than PC1 and are therefore more susceptible to secondary UPR than OBs.(157)     

PC1 misfolding caused by Gly substitutions might have different effects on the cell (and 

ECM) depending on the substitution identity and location within the triple helix.(158) Once the 

mutation is encountered during the C→N triple helix folding, the process is interrupted until the 

helix is renucleated on the N-terminal side of the mutation.(56) Depending on the identity and 

location of the substitution, the effects of the folding delay and subsequent helix renucleation might 

vary dramatically.(158) One effect of the delay is increased probability of the unfolded chains to 

interact and renucleate helix formation with unfolded chains that belong to another PC1 trimer, 

resulting in gelatin-like entanglement, complete misfolding, and aggregation of several or even 

many PC1 molecules.(79, 159) Another effect of the delay is posttranslational over modification 

of the chains on the N-terminal side of the mutation, which is routinely used for identifying 

approximate mutation location but might also alter PC1 trafficking through the cell and Col1 
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function in the ECM.(160) In addition to the folding delay, helix renucleation might disrupt the 

register of the three chains causing more severe structural defects than a bulge caused by local 

helix unfolding at the mutation site.(161) Dramatic differences in the effects of different Gly 

substitutions is well illustrated by wide variation in selective detection and retention of the mutant 

molecules by the folding quality control machinery of the cell, which ranges from barely detectable 

to 50% or more.(56) As briefly noted in sections 1.6.2 and 1.6.3, it is presently unknown which 

structural defects in misfolded PC1 are detected by this machinery and how they are detected.  

Cell stress caused by ER accumulation of misfolded PC1 with Gly substitutions has 

become a subject of more detailed studies only recently, so that the nature of this stress and its 

effects on OB differentiation and function are still poorly understood.(32) Like the authors of the 

AAT misfolding studies, we deliberately avoid “ER stress” terminology, which brings up the 

canonical UPR in minds of many researchers, the association we try to avoid for the reasons 

discussed above.  Instead, we use the more general and less “loaded” term of “cell stress”, even 

when the disruption of the cellular function originates in the ER. Recent studies demonstrated clear 

evidence of ISR and downstream upregulation of DDIT3 transcription known to be involved in 

cellular adaptation to stress as well as apoptosis.(79) Misfolding of PC1 with Gly substitutions 

was shown to alter OB differentiation, maturation, ECM deposition, and ECM mineralization.(79) 

The cell stress was shown to activate autophagy of misfolded PC1 (79, 162), but almost nothing 

else is known about molecular mechanisms and signaling pathways involved in response of the 

cell to the primary stress.         

1.8 Key Unresolved Questions 

It was this knowledge gap that motivated our studies described in this thesis. To at least 

begin closing this gap, we addressed the following key questions.  
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First, do the existing models of PC1 ER-Golgi trafficking and autophagy represent normal 

physiological processes or just response of cultured cell lines to experimental manipulation needed 

for visualizing these processes? Even beyond potential differences between in vivo OBs and 

cultured OB-like cells, the most compelling existing models are based on visualizing exogenous 

proα chains expressed under the control of CMV rather than physiological PC1 promoters 

(sections 1.6.1, 1.6.3). Unnatural trafficking and autophagy intermediates could therefore be 

observed in the corresponding studies despite all the precautions. Hence, Section 2 of this thesis is 

devoted to developing and characterizing a cell culture model for monitoring trafficking and 

autophagy of endogenous PC1.   

Second, where and how is PC1 triple helix misfolding recognized? As described in section 

1.6.3, one mechanism behind such recognition might involve HSP47 release from PC1 at ERES 

akin to release of BIP and other common chaperones from globular proteins in the ER lumen. 

However, not only this hypothesis has not been verified, but it is still poorly understood how PC1 

is loaded into ERES, sorted, and subsequently loaded into Golgi-bound transport intermediates. 

Even if the hypothesized HSP47 retention by misfolded molecules does prevent loading and/or 

departure of ER-Golgi transport intermediates, it is unknown how this happens and how the 

subsequent degradation of misfolded PC1 by ERES microautophagy activated. The complete 

answer is likely to take efforts of multiple labs over many years. Nonetheless, here we begin 

addressing it by validating ER-Golgi trafficking and autophagy pathways in the newly developed 

cell culture model and subsequently test some conclusions in vivo in the G610C mouse model of 

OI (Section 3). 

Third, what are the cell stress pathways activated by accumulation of misfolded PC1 in the 

ER? As described in section 1.7.2, we know only that the ER accumulation of misfolded PC1 with 



29 

Gly substitutions does not appear to trigger UPR by itself but does activate ISR and autophagy. 

We do not know which pathways are involved in the latter responses and what other responses and 

pathways might be involved. To begin answering this question, in Section 3 we analyze 

transcriptional changes in OBs at a single cell level in vivo in the same G610C mouse model. 
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CHAPTER 2: OSTEOBLAST CELL CULTURE MODEL FOR PC1 

TRAFFICKING1 

2.1 Introduction 

Procollagens have been used as prototypical large cargoes, yet neither their secretory nor 

degradative trafficking under physiological conditions are well understood (see Section 1.6). Using 

transient transfections, we previously observed that ER to Golgi vesicles had no COPII coat, 

formed at ERES after GDP to GTP exchange at ARF1 GTPase, contained ERGIC53, and delivered 

GFP-proα1(I) or GFP-proα2(I) chains from ERES to Golgi without stopping at a distinct ERGIC 

compartment.(69) Similar visualization of autophagic structures containing transiently transfected 

GFP-proα1(I) or GFP-proα2(I) chains suggested recycling of misfolded procollagen primarily via 

direct engulfment by lysosomes at ERESs without autophagosome formation (ERES 

microautophagy pathway).(123) However, it remained unclear whether these studies revealed 

cellular response to expression of exogenous PC1 chains or physiological secretory and 

degradative trafficking pathways for endogenous PC1. 

A major obstacle to resolving this question is visualization of bona fide transport 

intermediates without disrupting cellular function. Traditional analysis of such intermediates in 

fixed or frozen cells suffers from assuming rather than identifying their origin and destination as 

well as from altering cellular function and ultrastructure when testing these assumptions. 

Transfection with exogenous GFP-tagged PC1 chains helps preventing misidentification of PC1 

transport intermediates by tracing their origin, dynamics, and destination in live cells, but it might 

 

This chapter has been submitted to: Gorrell L, Makareeva E, Omari S, Leikin S. Noncanonical ER-Golgi trafficking 

and   autophagy of endogenous procollagen in osteoblasts. Cell. Mol. Life Sci. Forthcoming 2021. 
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activate non-physiological trafficking. Compounding the uncertainty, it is unclear how the 

expression of the exogenous chains affects cellular differentiation and function. 

In this section, we describe an OB cell culture model for live cell imaging of endogenous 

PC1 tagged with GFP. We created Col1a2GFP mouse osteoblasts by replacing gDNA encoding 

most of the proα2(I) N-propeptide with GFP cDNA in one of the two alleles of Col1a2 in the 

MC3T3 mouse osteoblast cell line. We selected the clones with unaltered expression of key genes 

and extracellular matrix (ECM) deposition and mineralization. To further validate these clones as 

functionally appropriate OB models, we measured procollagen synthesis, folding, secretion, and 

clearance from the cells. We confirmed that the GFP-proα2(I) chain was incorporated into PC1 

and trafficked through the cell as efficiently as unmodified proα2(I). The GFP tag increased PC1 

misfolding and accumulation in the ER lumen, causing malfunction of some of the cells, yet it did 

not disturb normal physiological trafficking of PC1 in other, healthy cells. 

2.2 Results 

2.2.1 MC3T3 Osteoblasts Expressing GFP Tagged Endogenous Proα2(I)  

To examine intracellular trafficking of GFP-tagged endogenous procollagen molecules, we 

edited endogenous Col1a2 gDNA in MC3T3-E1 cells, creating GFP-tagged procollagen 

molecules identical to those previously studied by transient transfection.(69, 123) Specifically, we 

replaced exons 2-6 and flanking regions of introns 1 and 6 with an insert, in which exon 2 of 

Col1a2 was fused to the 5’ end and exon 6 to the 3’ end of the eGFP cDNA as shown in Fig. 2.1a. 

CAS9 enzyme was targeted to genomic Col1a2 by guide RNAs (gRNAs) to intron 1 and intron 6 

(Supp. Table S2.1). In addition to the fused coding sequence, the insert contained flanking regions 

of introns 1 and 6 with the endogenous splice sites. It also contained FRT1 and FRT3 sites for 

subsequent insert swapping with Flp recombinase, e.g., GFP replacement with different color 
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fluorescent proteins or restoration of endogenous N-propeptide coding sequence.  The 

corresponding template for homology directed repair contained 1 kb homologous arms upstream 

and downstream of the insert and CAS9 cleavage sites outside of the homologous arms (to 

facilitate template linearization and increase repair efficiency (163)).  

Edited MC3T3 cells were isolated by single cell flow sorting based on GFP fluorescence 

and used for generation of Col1a2GFP clones expressing the desired GFP-proα2(I) chains. 16 

heterozygous Col1a2GFP clones with correct GFP insertion in one Col1a2 allele (hereafter referred 

to as Col1a2GFP cells) were generated. No homozygous clones were obtained, likely because of 

much higher probability of nonhomologous end joining (NHEJ) compared to homology directed 

repair after CAS9 cleavage. Homozygous cells could also have low viability given that even some 

heterozygous clones failed to thrive. Several Col1a2GFP clones had excision of exons 2-6 in the 

second Col1a2 allele (Supp. Fig. S2.1B). All but one of the latter clones were discarded. Six clones 

(A-F) were selected for detailed characterization (Table 2.1).  

We validated GFP-proα2(I) chain synthesis and incorporation into procollagen by SDS 

polyacrylamide gel electrophoresis (SDS-PAGE) as illustrated in Fig. 2.1B. These chains were 

detected within proα1(I)2proα2(I) heterotrimers secreted into cell culture media. Their GFP 

fluorescence was detectable on a nonreducing gel after denaturation of collagen triple helices at 

65 oC, and their electrophoretic migration was consistent with the construct design. However, 

SDS-PAGE pointed to synthesis of homotrimeric proα1(I)3 molecules in addition to the normal 

proα1(I)2proα2(I) in some of the clones. One cause of the homotrimer synthesis could be altered 

expression of the Col1a2GFP allele due to potential effects of the genomic DNA editing on mRNA 

transcription and splicing. Another cause could be altered expression of the second Col1a2 allele 

due to indel mutations at NHEJ sites after CAS9 cuts. 
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Table 2.1:  Basic properties of Col1a2GFP clones selected for the study. 

Clone 
Col1a2 

genotype 

Homotrimer 

secretion 
Mineralization 

Ddit3/Cryab 

upregulation 

SP7/Bglap 

expression 

MC3T3 +/+ - + - + 

Col1a2GFP-A GFP/+ + + - + 

Col1a2GFP-B GFP/+ + - - + 

Col1a2GFP-C GFP/+ - - - + 

Col1a2GFP-D GFP/+ - - ND* ND* 

Col1a2GFP-E GFP/- + + - + 

Col1a2GFP-F GFP/+ - + - + 

* ND – not determined. The cells had significantly altered morphology and were discarded after the mineralization 

experiment. 

Therefore, we examined relative expression of Col1a2 and Col1a1 mRNA transcripts by 

qPCR (Fig. 2.1C). In unedited MC3T3 cells (hereafter referred to as MC3T3 cells), clone E that 

had exon 2-6 excision, and clone F we measured this ratio with two different qPCR probes. Probe 

1 at the exon 1-2 interface was designed to detect only Col1a2GFP in clone E while detecting both 

alleles in all other clones. Probe 2 at exon 34-35 interface was designed to detect both alleles in all 

clones. Analysis of clone E with the probe 1 revealed ~ 10 times lower transcription of the 

Col1a2GFP mRNA (p<0.001) than unaltered Col1a2 (~ ½ of total Col1a2 mRNA in MC3T3 cells), 

likely because of the significant change in gDNA of this allele between exons 2 and 6. Since 

homology driven repair should produce the same gDNA, we assumed the same transcription of 

the Col1a2GFP allele in all clones, which thereby was much smaller than the transcription of the 

other Col1a2 allele. The latter was close to unaltered Col1a2 in clones C-F, but lower in clone A 

(not statistically significant). Exon 2-6 excision seemingly did not alter the shortened Col1a2ΔE2-6 

allele transcription or the resulting transcript stability in clone E. Note that NHEJ repair in all these 
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second Col1a2 alleles could introduce different indel mutations and have variable effects on the 

transcription in different clones. 

We further examined the chain composition and stability of procollagen secreted by 

different clones into cell culture media by SDS-PAGE and differential scanning calorimetry (DSC) 

after purification of pepsin-resistant triple helical domains of these molecules. The α2(I):α1(I) ratio 

measured by SDS-PAGE appeared to be significantly affected (reduced) only in clone E, 

suggesting possible presence of α1(I)3 homotrimers (Fig. 2.1D), which was confirmed by DSC 

(Fig. 2.1E). A DSC thermogram shows the heat associated with denaturation of the triple helix, 

the peak of the thermogram representing apparent denaturation temperature and the area under the 

thermogram being proportional to collagen concentration. The thermograms of collagen domains 

in molecules produced by clones C and F were indistinguishable from unedited cells, indicating 

that partial replacement of the N-propeptide with GFP in proα2(I) had no effect on the thermal 

stability and therefore integrity of the triple helix.(158) The thermograms of molecules produced 

by clones A and E had a second peak at higher temperature consistent with denaturation of triple 

helices in α1(I)3 homotrimers.(164) The fraction of the homotrimers was larger in clone E, 

consistent with the significantly reduced α2(I):α1(I) ratio.  

Taken together, gel electrophoresis, qPCR, and DSC experiments demonstrate successful 

generation of heterozygous Col1a2GFP cells producing fluorescent GFP-proα2(I) chains. 

Expression of these chains by the Col1a2GFP allele is reduced compared to expression of proα2(I) 

by unaltered Col1a2, but they seem to be efficiently incorporated into procollagen heterotrimers 

without affecting triple helix integrity and subsequently secreted into cell culture media. Synthesis 

of proα1(I)3 homotrimers by some of the clones is caused by disruptions in the second Col1a2 

allele rather than reduced expression of GFP-proα2(I).  
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Figure. 2.1: Design of Col1a2GFP MC3T3 murine osteoblasts. A. CRISPR/CAS9 editing scheme at exons 1-7 (gray boxes). 

Homologous repair of CAS9 cleavage sites in introns 1 and 6 (scissors) based on a donor plasmid with two large homologous 

arms (dashed lines) results in replacement of exons 2-6 with the following DNA sequence (5’-> 3’): A Flp recombinase FRT1 

site -> endogenous intron 1 splice site with full-length exon 2 -> eGFP without start and stop codons -> full-length exon 6 

with endogenous intron 6 splice site -> a second, unique Flp recombinase site FRT3. Homologous repair was facilitated by 

introducing the same CAS9 cleavage sites into the donor plasmid. The editing was validated by PCR with a common 

forward primer (small black arrow) and reverse primers for uncut sequence (small red arrow), eGFP insertion (small green 

arrow), and additional insertions/deletions (small blue arrow).  B. Top gel shows GFP fluorescence (green) in Cy5-labeled 

PC1 (red) secreted by Col1a2GFP clones, which migrate close to PC1 control on non-reducing SDS-PAGE. Bottom gel shows 

GFP-proα2(I) chains integrated into PC1 heterotrimers, as revealed by reducing SDS-PAGE of the main bands cut out 

from the top gel followed by Western blotting with anti-proα1(I) (blue) and anti-GFP (green). For the first gel, PC1 was 

denatured at 65°C to partially preserve the fluorescence of GFP. PC-collagen (PC-Col), PC-α1(I), and PC-α2(I) denote PC1 

molecules and chains after cleavage of N-propeptides, respectively. c Relative Col1a2:Col1a1 mRNA ratio in different 

Col1a2GFP clones measured by qPCR with probe 1 at exon 1-2 interface (gray) and probe 2 at exon 34-35 interface (white). 

D. Fluorescence intensity ratio of Cy5-labeled α2(I) and α1(I) chains after purification of pepsin-resistant PC1 triple helices 

from cell culture media. e Differential scanning calorimetry (DSC) thermograms of pepsin-purified PC1 triple helices 

secreted by wild type MC3T3 cells and Col1a2GFP clones (0.125 oC/min heating rate in 0.2 M Na-phosphate, 0.5 M glycerol, 

pH 7.5). The DSC peaks represent triple helix denaturation; higher denaturation temperature at the first peak indicates 

posttranslational over modification of PC1 in Col1a2GFP clones. The second peak at ~45 oC is associated with synthesis of 

homotrimeric proα1(I)3 molecules caused by deficient expression of Col1a2 (165). In c (N=3-9) and D (N=3), error bars 

represent standard error of the mean, N is the number of biological replicates. In c, probe 1 measured only the Col1a2GFP 

allele, expression of which was more than 10 times lower than one Col1a2 allele in MC3T3 cells (50% total Col1a2 mRNA) 

with p<0.001, as indicated by ***. In D, the statistical power was sufficient for comparing α2(I):α1(I) ratios only between 

clone E and MC3T3;  ***p<0.001. 
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2.2.2 Cellular and Extracellular Localization of GFP-Proα2(I)  

Next, we validated colocalization of GFP-proα2(I) chains and GFP-PC1 heterotrimers 

containing them with unedited PC1 inside and outside the cells by imaging fixed cells for GFP and 

PC1 triple helix (Figure 2.2). We observed similar patterns of the triple helix antibody (anti-Col1) 

fluorescence in Col1a2GFP and MC3T3 cells (Figure 2.2A). Without ascorbic acid (Asc), GFP and 

anti-Col1 fluorescence were fully colocalized inside the ER and absent in Golgi or outside the cells 

(Figure 2.2B, arrowheads). 24 h after Asc addition, more PC1 appeared to be localized in Golgi, 

both in Col1a2GFP and MC3T3 cells. 52 h after Asc addition, significant accumulation of 

extracellular collagen fibers was observed, and PC1 was relatively evenly distributed between the 

ER and Golgi inside the cells. GFP and anti-Col1a1 fluorescence signals were fully colocalized 

both inside and outside the cells, although fewer anti-Col1 antibodies were colocalized with GFP 

at extracellular collagen fibers. The latter effect was likely related to deficient cleavage of GFP-

containing N-propeptides and less efficient binding of anti-Col1 to collagen fibers compared to 

individual PC1 molecules. The only notable difference between Col1a2GFP and MC3T3 cells was 

higher incidence of PC1 pools (Fig. 2.2A, arrows) that appeared to be consistent with dilated ER 

areas previously reported after transient transfection of MC3T3 cells with GFP-proα2(I).(69, 123)  

2.2.3 Osteoblastic Differentiation of Col1a2GFP Clones 

Having established synthesis, secretion, and extracellular fiber incorporation of GFP-PC1, 

we examined osteoblastic differentiation of Col1a2GFP clones after stimulation with 100 µM Asc 

and 2.5 mM β-glycerophosphate (βGP). After 8 weeks in culture, formation of mineralized ECM 

was observed in MC3T3 cell culture and Col1a2GFP-A, E, and F but not in other clones (Table 2.1, 

Fig. 2.3A). After removing fluorescent background associated with GFP-proα2(I) incorporation 

into ECM by a gaussian blur filter, we visualized localization and relative GFP-proα2(I) expression 
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by Col1a2GFP cells in partially mineralized areas of the ECM (Fig. 2.3B). There did not seem to be 

any correlation between GFP-proα2(I) expression and mineral deposition. Both mineralizing and 

non-mineralizing clones expressed similar levels of key osteoblast (Sp7 and Bglap) and cell stress 

(Ddit3 and Cryab) genes after 7-day stimulation with Asc (Fig. 2.3C). Significantly increased 

Col1a1 expression in clone E was likely caused by the reduced Col1a2 expression, consistent with 

the proα1(I)3 homotrimer synthesis. These observations suggested that the inability of some of the 

clones to mineralize is related either to CAS9 effects outside of the targeted Col1a2 sequences or 

to effects of the single cell clone selection process (known to produce distinct subclones). 

 

Figure 2.2: PC1, collagen, and GFP-proα2(I) localization in Col1a2GFP cells. A. Immunofluorescence of PC1 and collagen 

molecules in fixed MC3T3 and Col1a2GFP-A cells imaged with collagen triple helix antibody (anti-Col1) before and after 

treatment with ascorbic acid 2-phopsphate (Asc). Bright ER labeling combined with distinct perinuclear shadows 

(arrowheads) indicate PC1 retention in the ER and empty Golgi before Asc addition. Most PC1 is translocated from the 

ER to Golgi 24 h after Asc addition. Normal steady-state PC1 trafficking and collagen fiber formation are observed 52 h 

after initial addition of Asc. Arrows show procollagen pools likely within dilated ER regions (see Fig. 2.5). B. Colocalization 

of anti-Col1 with GFP-proα2(I) inside Col1a2GFP-A cells and in extracellular fibers. Complete colocalization indicates 

efficient incorporation of GFP-proα2(I) chains followed by folding and secretion of the resulting PC1 molecules.  Less 

efficient staining of extracellular fibers by anti-Col1 relative to GFP-proα2(I) is likely related to reduced binding of the 

antibody to the triple helices at fiber surfaces. Scale bars = 20 µm. 
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Figure 2.3: Extracellular matrix (ECM) mineralization by Col1a2GFP cells. A. Low resolution (10 µm/pixel) images of ECM 

in cell culture plates after mineral labeling with Alizarin Red. Multiple mineralization nodules are observed in unedited 

MC3T3 cells and Col1a2GFP clones A, E and F but not in clone C (8 wk culture in 100 µM Asc and 2.5 mM βGP). B. Higher 

resolution images of mineralization nodules in clones A and E, showing localization of primarily intracellular GFP-proα2(I) 

(green) relative to mineralized ECM (red). Insets and main panels show the same images before and after removal of 

background ECM fluorescence by a gaussian blur (σ=70) filtering of the GFP channel. Scale bars = 100 µm. c Relative 

transcription of osteogenic (Sp7, Bglap, Col1a1, and Col1a2) and cell stress (Cryab and Ddit3) genes in different Col1a2GFP 

clones after 7-day stimulation with Asc and βGP in the same experiment. The values were calculated relative to one of the 

WT replicates, using Hprt1 and B2M genes as internal controls. Error bars represent SEM for 3 biological replicates.  

 

2.2.4 Trafficking of GFP-PC1 Through the Cell 

After identifying osteoblastic Col1a2GFP clones, we examined GFP-PC1 trafficking 

through the cell (Fig. 2.4). The observed Golgi refill rate after photo bleaching of GFP-PC1 in 

Col1a2GFP cells (Fig. 2.4A,B and Movie 2.1 (Appendix A)) was ~ 10-15 min. It was similar to the 

refill kinetics observed in MC3T3 cells transiently transfected with GFP-proα2(I) (69) and 

consistent with 20-30 min needed for folded PC1 to travel from the ER to extracellular space in 

mouse osteoblasts (79). The overall kinetics of PC1 secretion into the cell culture media by 

Col1a2GFP-A and -F was similar to MC3T3 cells (Fig. 1.4C). Reduced PC1 secretion by Col1a2GFP-

http://dx.doi.org/10.17632/5k636wkd7n.1
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E cells was consistent with significantly reduced synthesis of proα2(I) chains due to the knockout 

of the second Col1a2 allele. The GFP tag did not appear to affect PC1 translocation from the ER 

to Golgi and secretion.  

 

Figure 2.4: PC1 trafficking through the cell. A. Golgi (red) refill by fluorescent GFP-proα2(I) (green) in a Col1a2GFP-A cell 

after photobleaching of GFP-proα2(I) in the Golgi area (dashed oval in the middle panel), see Movie 2.1 (Appendix A). 

Scale bars = 10 µm. B. Kinetics of GFP-proα2(I) fluorescence recovery after photobleaching. C. Relative kinetics of PC1 

secretion per cell by clones A, E, and F.  In A, cis-Golgi cisternae (red) were marked by transfecting the cells with cis-Golgi 

marker mCherry::GM130in the presence of Asc. Scale bars = 10 µm.    

 

2.2.5 GFP-PC1 Accumulation in Dilated Regions of ER Lumen 

While many Col1a2GFP cells appeared to exhibit normal PC1 trafficking, slower clearance 

of molecules pulse-labeled with azidohomoalanine (Aha) from the cells suggested PC1 retention 

in a fraction of the cells (Fig. 2.5A). Within 60 min after the Aha labeling pulse, 70 ± 9% of labeled 

PC1 was cleared from MC3T3 and Col1a2GFP-F cells, but only 30 ± 7.5% was cleared from 

Col1a2GFP clones A and E.  

http://dx.doi.org/10.17632/5k636wkd7n.1
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Time lapse imaging of Col1a2GFP cells after Asc addition (Fig. 2.5B, Movie 2.2 (Appendix 

A)) and colocalization with ER membrane (Fig. 2.5C,D) and lumen (Fig. 2.5D) by super-resolution 

(Fig. 2.5C) and regular confocal microscopy (Fig. 2.5D) revealed GFP-PC1 accumulation in 

vesicle-like dilated regions of the ER lumen in some Col1a2GFP cells. Dilation of the ER by 

accumulating GFP-PC1 was more pronounced in clones A (Fig. 2.5C) and E consistent with the 

pulse-chase labeling experiments. It still occurred in some Col1a2GFP-F cells (Fig. 2.5D), yet the 

fraction of such cells in this clone was smaller. Asc is essential for proline hydroxylation by 

collagen prolyl hydroxylases in the ER.(166) Without Asc, just as much (or even more) PC1 is 

present in the ER of MC3T3 cells, but procollagen translation, triple helix folding, and export from 

the ER are strongly inhibited. Prior to Asc addition, the fluorescence patterns of GFP-proα2(I) in 

Col1a2GFP cells were consistent with the reticular structure of the ER and similar to anti-Col1 (Fig. 

2.2). Within several hours after Asc addition, GFP-PC1 was released from the ER to Golgi (Fig. 

2.5B, Movie 2.2 (Appendix A)). At the same time, many (cells 1 and 3) but not all (cell 2) cells 

formed vesicle-like pools of GFP-proα2(I), which were similar to vesicle-like dilated ER regions 

observed after brefeldin A treatment and had ~ 1 µm or larger size.  Time-lapse imaging (Fig. 

2.5B, Movie 2.2 (Appendix A)) showed slow dissipation of these pools in some cells (cell 1) as 

well as slow growth and fusion of these pools in other cells (cell 3). These pools were surrounded 

by the ER membrane (Fig. 2.5C, D) and colocalized with an ER lumen marker (Fig. 2.5D). 

Apparently, once PC1 synthesis was stimulated with Asc, a fraction of GFP-PC1 slowly 

accumulated in the ER lumen and caused ER dilation in some Col1a2GFP cells, similar to GFP-

proα2(I) accumulation in MC3T3 cells more than 24 h after transient transfection. Reduced 

synthesis (clone A) or knockout (clone E) of the unlabeled proα2(I) appeared to increase this 

http://dx.doi.org/10.17632/5k636wkd7n.1
http://dx.doi.org/10.17632/5k636wkd7n.1
http://dx.doi.org/10.17632/5k636wkd7n.1
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accumulation either by increasing the fraction and interaction between GFP-proα2(I) chains or by 

altering ER homeostasis. 

 

Figure 2.5: PC1 Trafficking and accumulation in the ER. A. Kinetics of PC1 clearance from cells measured by pulse-chase 

labeling with Aha that replaces Met in proteins synthesized during Aha pulse in Met-free media. Plotted is the fraction of 

Aha-labeled chains relative to the start of Aha chase in Aha-free, Met-containing media. B. Time lapse images of PC1 

clearance, formation of PC1 pools, and dynamics of these pools in the ER of Col1a2GFP-A cells after addition of Asc. Cells 

1 -3 illustrate different observed behaviors, including formation and slow clearance of large PC1 pools in the ER (cell 1), 

no formation of such pools (cell 2), and accumulation and enlargement of dilated ER containing procollagen (cell 3). C. 

Airyscan imaging of ER membrane marker li33 (167) surrounding large procollagen pools in a Col1a2GFP-A cell transfected 

with li33::RFP. Zoomed orthogonal cross-sections of regions 1 and 2 show ER membrane localization in 3D. D. 

Colocalization of procollagen pools with an ER lumen marker KDEL  in a Col1a2GFP-F cell co-transfected with ss-RFP-

KDEL, Halo::SEC61 (ER membrane (168)), and mTagBFP2::ARF1 (COPI vesicles, ERGIC, and Golgi.(169)) Scale bars 

in B-D = 10 µm. 

2.3 Discussion 

Imaging of proteins in live cells is revolutionizing cell biology (104, 170-173); yet it 

necessitates accounting for side effects of the required fluorescent protein (FP) tags and 
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overexpression of exogenous FP-chains being imaged, which is particularly important for PC1 

trafficking. Exogenous FP-proα might overwhelm the cell and alter the trafficking because PC1 

naturally tends to misfold (causing degradation up to ~ 10-15% of all proα chains even under 

normal conditions.(174, 175)) PC1 assembly from 3 chains, slow C-to-N terminal folding, low 

stability, and high proα concentration inside the ER (particularly in osteoblasts) enables (Gly-X-

Y)n stretches of any 3 chains to form a triple helix together, even when misaligned or belonging to 

different molecules. Such nonspecific assembly might produce insoluble gelatin-like aggregates 

containing from few to many molecules (79, 162), triggering excessive cell stress and potentially 

activation of alternative trafficking pathways upon overexpression of exogenous FP-proα. The 

introduction of a swappable GFP tag into one of the two endogenous Col1a2 alleles in the present 

study is a first step toward resolving this problem, eliminating the uncontrolled overexpression, 

and enabling future analysis of other side effects by swapping the tag.  

We generated 10 Col1a2GFP clones by CRISPR/CAS9 editing of Col1a2 in MC3T3 cells, 

of which 3 (A, E, and F) produced mineralized matrix and therefore retained osteoblastic nature. 

Other clones did not, likely because of off-target CAS9 cuts or mutations acquired during the 

clonal selection process. Each of the three osteoblastic clones had one Col1a2 allele with the 

desired GFP insertion (Col1a2GFP+), and the second allele without the insertion (Col1a2GFP-). In 

clone E, the Col1a2GFP- allele (Col1a2ΔE2-6) had a 4.6 kb excision of exons 2-6, yet it was 

transcribed and stable. Since Col1a2GFP+ results from homologous recombination, this allele 

should have the same gDNA as well as similar transcription and GFP-proα2(I) synthesis in all 

clones. However, its expression might differ from Col1a2 in unaltered MC3T3 cells due to the 

gDNA changes (e.g., loss of regulatory elements in deleted introns, altered binding of enhancer 

and promoter complexes, and altered transcript structure and splicing). The Col1a2GFP- allele is 
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either uncut Col1a2 or NHEJ product after CAS9 cuts. Even though the cuts occur within introns, 

the error-prone NHEJ might cause some variation in Col1a2GFP- expression. The loss of exons 2-

6 might further affect the expression of this allele in clone E.   

The measured transcription of Col1a2GFP+ was ~ 10 times lower than unaltered Col1a2 

(Fig. 1c), consistent with SDS-PAGE and immunoprecipitation of secreted PC1 that indicated only 

~ 10% of the molecules containing the GFP tag (Fig. 2.3C, Supp. Fig. S2.2). Col1a2GFP- 

transcription was similar to unaltered Co1a2 in clones C, E and F despite the exon 2-6 excision in 

clone E (Fig 2.1C). It was lower (although not significantly) in clone A. The overall reduction in 

untagged and GFP-tagged proα2(I) synthesis caused formation of a small fraction of proα1(I)3 

homotrimers in clone A but not in clones C and F (Fig. 2.1C-E). A much larger (~50%, Fig. 2.1E) 

fraction of the homotrimers in clone E indicates inefficient translation of Col1a2ΔE2-6 and/or 

inefficient integration of proα2(I)ΔE2-6 into PC1. Although PC1 chain assembly begins at the C-

terminal end, Col1a2ΔE2-6 mRNA could be directed to wrong ribosomes, affecting the translation 

and translocation proα2(I)ΔE2-6 into the ER. Note that low GFP-proα2(I) synthesis is beneficial for 

reducing GFP side effects on procollagen trafficking and cellular function, despite the homotrimer 

formation in clones A and E. 

 As expected, the GFP tag increased PC1 misfolding, resulting in a noticeable delay in 

average PC1 clearance rate from the cells in clones A and E (Fig. 2.5A). Only clone F cells that 

appeared to produce the lowest fraction of proα2(I) that was tagged with GFP (<10 %, Supp. Fig. 

S2.2), the average clearance rate was indistinguishable from unedited MC3T3. Still, dilated ER 

regions filled with GFP-PC1 were observed in some cells even in clone F within 24 h after 

stimulation of PC1 synthesis with Asc (Fig. 2.5D). Such ER dilation shortly after Asc addition 

appears to be caused by Asc-initiated triple helix folding in the ER lumen overfilled with unfolded 
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proα chains (Fig. 2.5B-D), since Asc is required for Pro hydroxylation that precedes the 

folding.(166) More pronounced ER dilation in clones A and E vs. clone F might be caused by the 

larger fraction GFP-tagged chains, proα1(I)3 homotrimer synthesis, or both.   

Most Col1a2GFP cells, even in clones A and E, clear the dilated ER regions within 12-24 h 

and appear to function normally afterward, yet malfunction of some of the cells (Fig. 1.5A,C) 

underscores the significance of even small assay-related disruptions for PC1 trafficking.  For 

instance, cells transiently transfected with FP-proα appear to function normally only at low to 

moderate transfection and only up to ~ 24 h after the transfection, until FP-proα accumulation, ER 

dilation, and resulting cellular malfunction become prevalent.(69, 123) Since cells might adapt by 

altering PC1 biosynthesis and trafficking pathways, even more caution should be exercised in 

interpreting observations based on stable overexpression of GFP-tagged PC1.(127) The same 

applies to utilization of split GFP for visualizing PC1 in the ER and/or insertion of tags that 

significantly elongate or induce non-physiological interactions/function of PC1 chains.(176, 177) 

Synchronized ER export assays based on deliberate PC1 retention in the ER (127, 178, 179) and 

assays based on inhibition of secretory or degradative trafficking (112) might also be expected to 

exacerbate ER disruption and cellular malfunction. It is important to keep in mind that 

unintentional enhancement of ER disruption in any of these assays might activate cell stress 

response pathways that would be mostly dormant otherwise. Therefore, it is important to validate 

any conclusions by using several different assays and approaches.  

The design of our Col1a2GFP clones with FRT sites for swapping the GFP insert for any 

other cDNA by Flp-recombinase enables one to perform many additional experiments, including 

but not limited to testing potential effects of the tag itself on procollagen trafficking. Some of these 

experiments are currently ongoing in our laboratory. In addition to flexibility of the insert 
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swapping in the Col1a2GFP+ allele, different expression of the second, Col1a2GFP- allele among 

these clones and the expression of proα1(I)3 homotrimers in two of the three clones open up further 

opportunities for various studies.  

2.4 Materials and Methods 

Design of HDR/gRNA 

Targeting sites for CRISPR/Cas9 were identified using the Broad Institute online web 

application (https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design). The top 

three scoring gRNA were used for intron 1 and intron 6. Target sites were located >100bp from 

exon/intron boundaries to avoid disturbing endogenous splice sites. Sequences encoding gRNAs 

(Supp. Table S1) were purchased as 5’ phosphorylated single stranded oligos (Sigma), annealed 

to form double stranded inserts, and ligated into a CAS9 expressing plasmid (pSpCas9(BB)-2A-

GFP, Addgene #48138) downstream of a U6 promoter and upstream of the gRNA scaffolding 

sequence as described in.(180) Six plasmids were generated, each encoding one of the six gRNAs. 

All plasmids were sequenced using a U6 promotor primer (GCTTACCGTAACTTGAAAGT) to 

ensure correct insertion of the gRNA (ACGT, Inc.).  

The homology directed repair (HDR) template was designed in silico (SnapGene) and 

made de novo by Genscript (Fig. 2.1A). To prevent cleavage of homologous arms within the HDR 

template by CAS9, the corresponding NGG sequences were mutated.(181) This construct was 

ligated into the EcoRV site of Puc57 per Genscript protocol.  

Cell Culture 

The murine osteoblast cell line MC3T3-E1 subclone 4 was obtained from ATCC (ATCC 

CRL-2593). Cells were cultured at 37 oC, 5 % CO2 in growth medium containing αMEM 

https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design
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+Glutamax (32571-036; Gibco) supplemented with 1%  Pen-Strep (Corning) and 10% FBS ) tested 

for supporting osteoblastic differentiation (Gemini, GemCell, Lot #A83F821). Media was replaced 

every 48-72 hours. Cells were maintained in a proliferative stage (<80% confluency). Collagen 

synthesis was stimulated using 100 µM ascorbic acid 2-phosphate (Asc, Sigma-Aldrich), which 

was refreshed every 48 hours.     

CRISPR/CAS9 editing 

MC3T3 cells were transfected in a 96-well plate with a mix of 0.3 µl Fugene 6 (Promega), 

50 ng of HDR, 25 ng intron 1 CRISPR/CAS9 plasmid, and 25 ng of intron 6 CRISPR/CAS9 

plasmid in 160 µl of cell culture media without Asc. 24 to 36 hours after the transfection, the media 

was replaced with the standard culture media. 96 hours after transfection the cells were dissociated 

with 0.05% Trypsin-EDTA (Gibco), pooled, and seeded in a T25 flask. Once 80% confluent, GFP 

positive cells were sorted into one well of a 6-well plate using a custom-built flow sorter (NHLBI 

Flow Cytometry Core) to increase the efficiency of subsequent single cell sorting. Once the well 

reached 80% confluency, GFP positive cells were sorted at a density of one cell per well into a 96-

well plate. Each colony was expanded and treated as an individual clone. Once cells reached 80% 

confluency, they were passaged into 12-well plates and subsequently T25 flasks. During the latter 

passage, ~ 10,000 cells were retained for genotyping. The genotyping was performed with a Phire 

Direct PCR kit (Thermo Fischer) following the manufacturers protocol with the final 

concentrations of 500 nM common forward primer, 250 nM reverse Col1a2 primer, and 250 nM 

reverse Col1a2GFP primer (Supp. Table S2). After 100 fold dilution of DNA with water, 

genotyping fragments were amplified using 30 cycles of 5 s 98 oC, 5 s 68 oC, and 1 min 72 oC, 

which were preceded by 5 min 98 oC DNA denaturation and followed by 1 min final extension at 
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72 oC. The fragments were separated by electrophoresis on precast 2% agarose ethidium bromide 

gels (e-Gel, Invitrogen).  

Analysis of secreted PC1 

Confluent cells were pretreated with 100 µM Asc for at least 24 h. Secreted PC1 was 

collected by incubating cells for 8h with FBS-free media (to reduce contamination with bovine 

collagen) containing fresh Asc. Multiple cycles of 8 h Asc in FBS-free media followed by 

overnight Asc in 10% FBS media were used to collect enough protein. PC1 was precipitated with 

176 mg/mL of ammonium sulfate and resuspended in 0.1 M sodium carbonate 0.5 M sodium 

chloride (pH 9.0).  After removing ammonium sulfate with G50 buffer exchange columns (GE 

Life Sciences), PC1 was conjugated with Cy5 (ThermoFisher), denatured at 65 oC in a non-

reducing LDS buffer, and separated on a precast 3-8% Tris-Acetate SDS polyacrylamide mini-gel 

(Invitrogen) as previously described.(135) PC1 and PC-Col bands cut out from the gel were re-

denatured in a reducing loading LDS buffer (50 mM DTT) at 95 oC, separated on a precast 10% 

Tris-Glycine mini-gel (Invitrogen), and transferred to nitrocellulose for Western blotting with LF-

42 (1:1000 dilution, ENH017-FP, Kerafast) and anti-GFP (1:1000 dilution, GTX628528, 

GeneTex) antibodies.(79, 182)  

Differential Scanning Calorimetry  

 Ammonium sulfate precipitates of PC1 were resuspended in 0.5 M acetic acid, digested 

with 0.1 mg/ml pepsin (Millipore) overnight, precipitated with 0.7 M NaCl (final concentration), 

resuspended in 0.2 M sodium phosphate, 0.5 M glycerol, pH 7.4, and dialyzed against the latter 

buffer. Differential scanning calorimetry was performed in a Nano III calorimeter (TA 

Instruments) from 20 to 60℃ at 0.125 ℃/min heating rate as previously described.(57) 
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qPCR 

 RNA was purified with a Direct-zol kit (Zymo Research) and reverse transcribed with a 

random hexamer primer mix using SuperScript III kit (ThermoFisher). Relative mRNA 

transcription was measured on a 7500 Fast Real Time PCR system (Applied Biosystems) with 

TaqMan gene expression assays (Applied Biosystems) for Sp7 (Mm00504574_m1), Bglap 

(Mm03413826_mH), Col1a1 (Mm00801666_g1), Col1a2 (Mm00483888_m1, probe 1 and 

Mm00483921_m1, probe 2), Cryab (Mm00515567_m1), Ddit3 (Mm01135937_g1), Hprt1 

(Mm01545399_m1), B2m (Mm00437762_m1), and Gapdh (Mm99999915_g1). The latter 3 genes 

were used as endogenous controls for calculating the values of ΔΔCT.  

Immunofluorescence  

 Cells were fixed for 15-20 min in methanol-free formaldehyde (Pierce), which was freshly 

diluted 8-fold to 2% final concentration with PBS, pH 7.4. Fixed cells were washed three times 

with PBS, permeabilized and blocked with 0.3% Triton-X and 3% BSA in PBS for 1 hour at room 

temperature, incubated overnight at 4 oC with primary antibodies diluted in the same buffer, 

washed twice with PBS, incubated with secondary antibodies in 3% BSA in PBS for 30-60 minutes 

at room temperature, and mounted with Prolong Diamond Antifade with DAPI (ThermoFisher). 

We used the following antibodies: Rabbit anti-Col1 (AB765P, 1:400; Millipore), Mouse anti-GFP 

(GTX628528, 1:400; GeneTex), Goat anti-Rabbit IgG (DyLight 550, SA5-10033, 1:10,000; 

ThermoFisher), and Goat anti-Mouse IgG (AlexaFluor 647, A-21236, 1:10,000; ThermoFisher). 

Differentiation and mineralization 

 Cells were seeded in 24-well plates in growth medium. At confluency, the medium was 

supplemented with 100 µM Asc. For analysis of osteoblast and cell stress mRNA markers, the 
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cells were cultured for 7 days with 3 changes of Asc supplemented media. For mineralization 

analysis, four days after initial stimulation with Asc the medium was additionally supplemented 

with 2.5 mM β-glycerol phosphate (βGP). The Asc and βGP supplemented medium was changed 

every two days for 8 weeks. Cell cultures were then fixed with freshly prepared 2% formaldehyde 

in PBS, stained with Alizarin Complexone (Sigma), and imaged at low resolution on FLA9500 

scanner (Cytvia) as previously described.(79) 

Pulse chase experiments 

Confluent cell cultures were pretreated with 100 µM Asc for 24-48 h, incubated in Met, 

Cys, and Gln free DMEM (21013-024, Gibco) supplemented with Glutamax (Gibco) for 30 min, 

pulse-labeled with 0.5 mM azidohomoalanine (Aha) in the same medium for 2 h, and chased with 

10 mM Met in the same medium. Collagen triple helices were separately isolated from the chase 

medium and cell layer after adding internal standard (long fragments of MMP-1 cleaved rat tail 

tendon collagen labeled with Alexa Fluor 488, 0.7 µg /mL final concentration).(183) The fraction 

of triple helices labeled with Aha was determined by conjugation of Aha with Alexa Fluor 555 

DIBO alkeneand conjugation of Lys/Hyl residues with Cy5 followed by SDS-PAGE 

analysis.(183) The total amount of secreted collagen was calculated based on the Cy5 labeling 

intensity ratios for the α1(I) chains in secreted collagen and internal standard.(183) Cell nuclei 

remaining after the lysis were labeled with Hoechst 33342 stain (ThermoFisher) and counted to 

determine collagen secretion per cell.   

Imaging and image processing 

High resolution fixed-cell, live-cell, and fluorescence recovery after photobleaching 

(FRAP) imaging was performed on LSM 780 (standard confocal resolution) or LSM 880 with 
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Airyscan (super resolution) microscopes (Zeiss) with 63x oil-immersion objectives as previously 

described.(69) Live cell imaging was performed using a temperature-controlled incubation stage 

set to maintain 37 °C and 5% CO2. Long-term time-lapse imaging after Asc addition was 

performed on a Nikon spinning disk confocal microscope with a 60x oil immersion objective. 

Except for FRAP, time-lapse experiments were corrected for photobleaching using a Bleach 

Correction plugin with histogram matching within the FIJI image processing package.(184) 

Selected areas of fixed, mineralized cell cultures stained with Alizarin Complexone were imaged 

on Evos FL Auto fluorescence microscope (ThermoFisher) with 10x and 40x air objectives. 

Background fluorescence of thick GFP-labeled ECM in the latter cultures was removed by a 

gaussian blur filter (σ=70). The original images are shown as insets in the corresponding Fig. 3b.  

Transfections were done using Fugene 6 (Promega) according to the manufacturer’s 

recommendations.  

Statistical analysis 

The standard error of the mean was calculated for all quantitative experiments with at least 

3 biological replicates. The statistical significance for differences between mean values was based 

on the two-tailed Student’s t-test. 
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2.5 Supplemental Tables 

Table S2.1: gRNA targeting sequences to introns 1 and 6. The score indicated was calculated by the Zhang Lab algorithm 

for cutting efficiency and offsite targeting (185). 

Target Location Sequence Score 

Intron 1 AAAACATAGCAGGGATCCGC 84 

Intron 1 ACAGAAGGGGTCTTTCAATC 78 

Intron 1 CCAGTGCTCAGCAATTATGG 76 

Intron 6 TAGCCGTGCTTCGTATTTCA 85 

Intron 6 ATTCTTTTTAGGAGGCACGT 80 

Intron 6 ACTCCTTGAAATACGAAGCA 79 

 

Table S2.2: Genotyping and sequencing primers.  

   Primer           Sequence PCR fragment length, bp 

Forward 1, common TGCAGGCTAACGTTTTCTCA  

Reverse 1, Col1a2GFP AGTCGTGCTGCTTCATGTGG         648 

Reverse 2, Col1a2 CCTCCCCAGAAATGACACC         517 

Reverse 3, Col1a2 indels CCCGGATTCTCCTGTTATGA 
1611 (GFP), 4932 (uncut), 

~470 (exon 2-6 excision) 

*Forward 2 for Reverse 3 TTGGGGGAAAGGGCTAAGTC 
4641 (GFP), 7962 (uncut), 

~2500 (exon 2-6 excision) 

*Forward 2 primer was used in early genotyping experiments (Fig. S2.1b) 
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2.6 Supplemental Figures 

 

Supplemental Figure S2.1: Sample genotyping gels. A 2:1:1 mix of forward 1 : reverse 1 : reverse 2 primers. B 1:1 mix of 

Forward 2 : Reverse 3 primers. Clone M did not survive freezing; clones N and O did not mineralize and were discarded. 

Bottom band in clone E results from exon 2-6 excision. 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure S2.2: Fraction of secreted PC1 labeled with GFP. Secreted PC1 was precipitated with 0.178 mg/ml 

ammonium sulfate, resuspended in bead buffer (10 mM Tris/Cl pH 7.5, 0.5 M NaCl, 0.5 mM EDTA) and incubated 

with anti-GFP agarose beads (Chromotek). After separating the free and bound fractions, collagen triple helices were 

isolated by pepsin treatment and selective NaCl precipitation, labeled by Cy5 and quantified by SDS-PAGE (insets). 

Error bars represent standard error of the mean in 3 biological replicates. 
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CHAPTER 3: PROCOLLAGEN QUALITY CONTROL AT ER EXIT SITES 

3.1 Introduction 

As described in Section 1.7, protein quality control in the ER is crucial for normal function 

of secretory cells. It enables the cell to prevent catastrophic clogging of the ER and/or secretory 

pathway by recognizing terminally misfolded proteins and rerouting them to ERAD or autophagy 

for recycling. Notwithstanding recent discoveries, protein quality control is still a nascent field; 

cellular response to misfolding is far from being fully understood even for small globular proteins. 

Even less is known about PC1 quality control, despite PC1 misfolding being responsible 

for OI and potentially being involved in more common disorders such as osteoporosis. In part, this 

lack of knowledge is associated large size, complex structure, and multichain assembly of PC1 

during folding. For instance, misfolding of its globular C-propeptide might be recognized in the 

ER lumen by the same quality control machinery as misfolding of other globular proteins (Section 

1.6.2). In contrast, triple helix folding involves highly specialized chaperone machinery, 

suggesting that its quality control is likely to be completely different. Given that triple helix 

misfolding caused by substitutions of obligatory Gly is responsible for over 80% of severe OI, the 

corresponding quality control mechanisms are particularly important to understand. 

This section lays the foundation for unraveling these mechanisms based on identifying ER 

exit sites (ERESs) as triple helix quality checkpoints and establishing how PC1 is exported from 

ERES toward secretion and degradation. As described in Section 1.6.3, ERESs were identified as 

potential quality control checkpoints in OBs based on imaging of live MC3T3 cells transiently 

transfected with GFP-proα2(I) or GFP-proα1(I).(69, 123) However, it remained unclear whether 

secretory and degradative trafficking of these exogenous chains represented normal physiological 
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routes for endogenous PC1. In Section 2, we described Col1a2GFP cells as a new model system for 

such studies, which is better suited for answering the latter question. Here, we utilize Col1a2GFP 

cells to test the ERES quality control concept as well as pathways of secretory and degradative 

PC1 export from ERES in OBs (Section 3.2.1). We then test this quality control concept in vivo in 

a G610C mouse model of OI, in which PC1 misfolding is caused by an α2(I)-Gly610→Cys 

substitution (Section 3.2.2). We utilize an OB-specific ATG5 knockout to demonstrate that 

misfolded PC1 is recognized at ERES and rerouted to lysosomal degradation by ERES 

microautophagy rather than being recognized in the ER lumen and rerouted to selective ER-phagy. 

3.2 Results 

3.2.1 PC1 Quality Control in Cultured Cells 

3.2.1.1 PC1 Trafficking in Col1a2GFP Cells 

To verify whether misfolded endogenous PC1 molecules are sorted and rerouted from the 

secretory to degradative pathway at ERESs similar to exogenous proα1(I) and proα2(I) chains 

(123), we first imaged GFP-PC1 trafficking in Col1a2GFP-A cells. Since most endogenous GFP-

proα2(I) chains were incorporated into normally folded PC1 heterotrimers (see Section 2) and 

secreted, we could be confident that most (if not all) transport intermediates we observed 

represented normal physiological trafficking. Time-lapse imaging revealed that the size, 

directional movement, and dynamics of transport intermediates carrying GFP-PC1 from the ER to 

Golgi and from Golgi to the plasma membrane (Fig. 3.1, Movie 3.1 (Appendix A)) were consistent 

with the transport intermediates observed after transient transfection of MC3T3 cells with 

exogenous GFP-proα1(I) and GFP-proα2(I).(69) In Section 2, we established that most 

endogenous GFP-proα2(I) chains were incorporated into normally folded PC1 heterotrimers and 

secreted at rates consistent with transiently transfected as well as control MC3T3 cells. Therefore 

http://dx.doi.org/10.17632/5k636wkd7n.1
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most (or all) transport intermediates we observed in these experiments and in our previous study 

of transiently transfected cells represented normal physiological trafficking.  

 

Figure 3.1: PC1 transport intermediates. Time lapse images of rapidly moving transport vesicles delivering GFP-proα2(I) 

from the ER to Golgi (region 1) and from Golgi to the plasma membrane (region 2) of a Col1a2GFP-A cell.  Cis-Golgi 

cisternae (red) were marked by transfecting the cells with cis-Golgi marker mCherry::GM130 in the presence of Asc. Scale 

bars = 10 µm (whole cell) and = 1 µm (zoomed regions). 

3.2.1.2 PC1 Sorting to Secretory vs. Degradative Pathway at ERES 

Next, we confirmed that ERESs acted as sorting stations, from which GFP-PC1 was routed 

to the secretory pathway or rerouted to autophagy and lysosomal degradation (Fig. 3.2). In 

Col1a2GFP cells exhibiting normal trafficking, GFP-PC1 was observed at multiple ERESs marked 

with mCherry::Sec23 (Fig. 3.2A). Some of the ERESs were also colocalized with 

mTagBFP2::LC3, which marks autophagic structures.  After blocking the secretory pathway with 

brefeldin A and inhibiting lysosomal hydrolases with leupeptin, we observed GFP-PC1 

colocalized with mTagBFP2::Sec23 inside lysosomal (or late endosomal) membranes marked with 

LAMP1::Halo (Fig. 3.2B). Similar appearance of these structures to the ones observed after 

transient transfection with GFP-proα2(I) (123) suggested that the ERES microautophagy pathway 
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of misfolded procollagen degradation delineated in the latter study is not specific to exogenous, 

overexpressed GFP-proα2(I).  

 

Figure 3.2: Imaging of procollagen ERES with autophagic and lysosomal markers. A. Super-resolution (Airyscan) images 

of procollagen ERES marked by GFP-proα2(I) and COPII coat protein Sec23 (region 2, arrowheads) and autophagic ERES 

structures colocalized with autophagy marker LC3 (region 1, arrowheads) in a Col1a2GFP-A cell transfected with 

mCherry::Sec23 and TagBFP2::LC3 in the presence of Asc. B. Airyscan images of an autophagic procollagen ERES 

surrounded by lysosomal membrane marked with LAMP1 (region 1) and multiple vesicle-like procollagen pools in dilated 

ER studded with Sec23 (region 2) in a Col1a2GFP-A cell transfected with TagBFP2::Sec23 and LAMP1::Halo. To prevent 

procollagen export from the ER and rapid degradation of Sec23 in lysosomes cells were treated with brefeldin A and 

leupeptin.  

The treatment with brefeldin A induced formation of multiple vesicle-like structures filled 

with GFP-PC1 and studded with mTagBFP2::Sec23 (Figure 3.2B). Based on their appearance and 

dynamics being similar to transiently transfected cells (69), we identified these structures as dilated 
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ER regions, confirming that inhibition of GDP→GTP exchange at ARF1 by brefeldin A blocks 

procollagen export from ERES into the secretory pathway. 

3.2.2 PC1 Quality Control in G610C Mice 

After confirming rerouting of misfolded PC1 to lysosomal degradation via ERES 

microautophagy in Col1a2GFP osteoblasts, we examined whether the same quality control and 

degradation pathway operates in vivo by selectively inhibiting macroautophagy in G610C mice.  

As described in Sections 1.5.3 and 1.6.3, misfolded PC1 can be rerouted from the ER to lysosomes 

by ER macroautophagy (ER-phagy), ER microautophagy, or ERES microautophagy. To 

distinguish these mechanisms in vivo, we exploited LC3 and/or GABARAP lipidation requirement 

for phagophore formation and elongation in macroautophagy but not microautophagy.(186)  We 

prevented the lipidation by OB-specific knockout of ATG5 (a protein essential for this process) 

and examined how the knockout affected accumulation of misfolded PC1 in G610C mice (164) 

with an α2(I)-Gly610→Cys mutation. Hereafter we refer to heterozygous Col1a2G610C/+ mice as 

Het or and to their Col1a2+/+ counterparts as WT. We generated Het and WT mice with Atg5 exon 

3 followed by a neomycin resistance cassette and flanked by loxP sites and Cre-recombinase 

transgene controlled by an osteocalcin promoter using Atg5fl/fl (187) and OcnCre+/- (188) animals 

reported before. Cre-based excision of the loxP flanked fragment in both Atg5 alleles results in the 

loss of functional ATG5, blocking LC3 and GABARAP lipidation.(187, 189) The resulting 

Col1a2G610C/+&Atg5fl/fl&OcnCre+/- mice should have significantly reduced or no LC3/GABARAP 

lipidation in mature OBs, which are the only cells believed to express osteocalcin.(188) 

We hypothesized that relative contributions of different autophagy pathways can be 

evaluated based one the following arguments. (i) If ER-phagy were primarily responsible for 

degrading misfolded PC1 carrying the G610C mutation and preventing its accumulation in the ER, 
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the ATG5 knockout would cause more dramatic ER accumulation of misfolded PC1 in 

Col1a2G610C/+&Atg5fl/fl&OcnCre+/- mice compared to controls. The excess accumulation of 

misfolded PC1 in the ER would lead to excess cell stress and OB malfunction, causing severe bone 

pathology in Col1a2G610C/+&Atg5fl/fl&OcnCre+/- mice vs. mild pathology in 

Col1a2G610C/+&Atg5+/+&OcnCre+/- mice. (ii) If microautophagy were primarily responsible for 

misfolded PC1 degradation, PC1 accumulation in the ER would be less affected, resulting in less 

dramatic or no ATG5 knockout effect on bone pathology. (iii) If the latter were true, ER and ERES 

microautophagy could be distinguished by the presence of ER lumen or COPII proteins inside 

lysosomes in primary OB cultures as described in.(123) 

3.2.2.1 Animal Model 

This plan, however, had to be modified once we quantified the effect of the OcnCre 

transgene expression on Atg5 transcripts in animal tissues and cultured primary OBs (Fig. 3.3A, 

Supp. Fig. S3.2). These measurements revealed 3- to 5-fold reduction in Atg5 mRNA in Atg5fl/fl 

mice in all tested tissues already without Cre-recombinase (Supp. Fig. S3.1). This hypomorphic 

expression was not described and characterized in the papers that introduced the Atg5fl/fl model 

(190), although one of the authors privately acknowledged it to us later. In cultured OBs, OcnCre 

expression reduced Atg5 mRNA transcript only by an additional factor of 2-3 (Fig. 3.3A). 

Consistent with these observations, we observed a significant effect of Atg5fl/fl vs. Atg5+/+ gene on 

the animal weight, which was larger than the subsequent effect of Cre (Fig. 3.3B).  Incomplete 

elimination of Atg5 mRNA in Atg5fl/fl&OcnCre+/- OBs could be related to incomplete excision of 

the loxP-flanked Atg5 fragment and/or slow and therefore incomplete degradation of the mRNA 

during limited lifetime of mature OBs.  
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Figure 3.3: Effects of Atg5 expression on animal weight. A. Relative quantity of Atg5 mRNA measured by qPCR in parietal 

bones of Atg5+/+ and Atg5fl/fl animals with and without hemizygous OcnCre transgene expression. B. Average body weight 

of 17-week-old WT and Het G610C animals with different combinations of endogenous Atg5+/+ or Atg5fl/fl expression and 

transgenic OcnCre (+/- or -/-) and TgAtg5 (+/- or -/-) expression. Error bars represent the standard error of the mean. In a, 

the number of biological replicates (N=6,5,3,6) was not sufficient for formally evaluating the statistical significance (judged 

nonessential because of the large magnitude of the effects). In b, *p<0.05, **p<0.01, and ***p<0.001 calculated with a 

double-tailed Student’s t-test as well as 2-way ANOVA with Holm-Sidak post-hoc analysis (N≥8 in each animal group).  

Since reduced Atg5 transcription in Atgfl/fl mice could be related to a neomycin resistance 

cassette between the loxP sites in these animals and this cassette could have additional off-target 

effects, the experiments had to include additional controls. We therefore performed parallel 

experiments with Col1a2G610C/+&Atg5fl/fl&OcnCre+/-, Col1a2G610C/+&Atg5+/+&OcnCre+/-, and 

Col1a2G610C/+&Atg5fl/fl&OcnCre-/- mice with the corresponding Col1a2+/+ controls. We also 

generated hemi- and homo-zygous Col1a2G610C/+&Atg5fl/fl&TgAtg5 mice with CGI driven ATG5 

transgene (TgAtg5) expression in the ROSA26 locus. These mice were used for rescue of ATG5 

expression without altering the endogenous Atg5fl/fl DNA and mRNA. They contained a loxP-

flanked insert reducing the TgAtg5 transcription and enabling additional Atg5 overexpression by 

Cre recombinase. Without Cre, Atg5fl/fl&TgAtg5+/- and Atg5fl/fl&TgAtg5+/+ mice had ~55% and 
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~120% ATG5 mRNA expression compared to Atg5+/+&TgAtg5-/- controls, respectively. Even 

hemizygous transgene expression rescued normal animal weight (Fig. 3.3B). After additional 

activation by Cre, the transgene produced 5-10 times the normal amount of ATG5 mRNA, but 

analysis of these animals was beyond the scope of the present study. 

 

Figure 3.4: Effect of ATG5 on skeleton of het newborns (< 1 d old). A Percentage of deformed scapulas determined by whole 

animal microCT. Error bars represent standard average of the mean, *p<0.05,**p<0.01 determined by Chi-Squared test. 

B Representative microCT images of WT and Het ribcages, clavicles and scapulas. 
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3.2.2.2 Effects of Macroautophagy Suppression on Bone 

After breeding the animals, we first examined how reduced ATG5 affected skeletal 

deformities in newborn pups. The newborns were collected, euthanized, and examined by microCT 

within hours of birth since we detected a significant fraction of stillborn animals. Previous skeletal 

staining identified scapula and ribcage deformities as hallmarks of the G610C mutation effects on 

skeletal development.(79) Consistently, whole pup microCT revealed scapula and ribcage 

deformities in a significant fraction of Het newborns (Fig. 3.4a,b). In Col1a2G610C/+&Atg5fl/fl 

newborns we observed a trend toward more deformities, but it did not reach statistical significance 

even though 71 animals were examined. We also observed a single newborn with a deformed 

scapula and multiple pups with somewhat less well-formed ribcages in Col1a2+/+&Atg5fl/fl 

controls, but these effects were not significant either (Fig. 3.3C). OB-specific ATG5 knockout 

appeared to have only a marginal additional effect in Atg5fl/fl&OcnCre+/- animals (both Het and 

WT), e.g., no deformed scapulas were observed among 50 Col1a2+/+&Atg5fl/fl&OcnCre+/- 

newborns. MicroCT scans of OcnCre+/- were visually indistinguishable from OcnCre-/- newborns; 

therefore, they are not shown. Rescue of the ATG5 expression in Atg5fl/fl&TgAtg5+/- mice had a 

barely significant effect on reducing deformities (Fig. 3.3A). Given the high statistical power from 

the number of pups analyzed, we are confident that the effects of ATG5 expression on skeletal 

deformities are mild and only borderline significant.  

Next, we examined more subtle effects of Atg5 expression on femur geometry and strength 

in adult animals at 17 and 8 weeks of age by microCT and 4-point bending experiments (Fig. 3.5). 

All values were rescaled to the same animal weight by determining their weight dependence, since 

significant weight variation was observed from animal to animal (Fig. 3.3B). The most important 

differences between Het and WT femurs were detected in cortical thickness (C.Th), fraction of the 
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distal marrow cavity occupied by trabecular bone (T.BV/TV), maximum load (MaxL) sustained 

before fracture, and post-yield displacement (PYD) before fracture (Fig. 3.5).  

In femur geometry measurements, 2-way ANOVA detected a statistically significant 

difference between ATG5 expression effects on Het and WT only in C.Th. at 8 wk age and 

T.BV/TV at 17 wk age in Atg5fl/fl&OcnCre+/- vs. Atg5fl/fl&OcnCre-/- mice. Even these effects were 

rather modest (Fig. 3.5A,B) and not highly significant (2-way ANOVA interaction between 

OcnCre and Col1a2 genotypes was p=0.015 for C.Th and p=0.044 for T.BV/TV). Other effects of 

the OcnCre genotype were smaller and similar for Het and WT femurs. No statistically significant 

effects of the Atg5 genotype were detected at all.  

In 4-point bending experiments, 2-way ANOVA detected a possible significant difference 

ATG5 expression effects on Het and WT only in PYD at 17 wk age in Atg5fl/fl&OcnCre+/- vs. 

Atg5fl/fl&OcnCre-/- mice, but the data failed normality and equal variance tests (Fig. 3.5D). Follow 

up pairwise rank sum and t-tests suggested that OcnCre expression affected only WT animals. 

Overall, we found only weak ATG5 effects on Het and WT femur mechanics.  

Interestingly, microCT measurement of bone mineral density and subsequent analysis by 

Raman microspectroscopy suggested that the observed PYD increase in WT femurs could be 

related to reduced bone matrix mineralization (Supp. Fig. 3.3). This observation was consistent 

with previous studies demonstrating that ER-phagy suppression alters osteoblast to osteocyte 

transition by preventing the required ER recycling.(191) Since bone is mineralized during this 

transition (39), such an effect is not surprising, yet it is not related to PC1 misfolding and quality 

control. Apparently, altered bone matrix architecture prevented similar (or even stronger) mineral 

density reduction in Het femurs from increasing the cortical bone plasticity and PYD. While these 
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effects were not directly related to the questions asked by the present study, they supported 

significant effects of OcnCre on ER-phagy in OBs in vivo.  

Table 3.1: Effect of systemic macroautophagy knock down on viability of G610C mice.  

Animals 
Col1a2+/+ 

Fraction 

Col1a2G610C/+ 

Fraction 

Relative Atg5 

Expression 

Atg5+/+ 49% (N=174) 51% (N=180) 100% 

Atg5fl/fl 64% (N=279) 36% (N=159)*** 20% 

Atg5fl/fl&TgAtg5+/- 56% (N=41) 44% (N=32) 55% 

Atg5fl/fl&TgAtg5+/+ 54% (N=66) 46% (N=56) ND 
 

*** p<0.001 by Chi-Squared test 

3.2.2.3 Effects of Macroautophagy Suppression on Animal Viability 

Unlike its modest effects on bone, reduced ATG5 expression strongly affected survival of 

Col1a2G610C/+&Atg5fl/fl vs. Col1a2+/+&Atg5fl/fl newborns (Table 3.1). We observed ~2-fold better 

survival of Col1a2+/+&Atg5fl/fl newborns while Col1a2G610C/+&Atg5+/+ and Col1a2+/+&Atg5+/+ had 

equal survival rates. Neonatal survival was rescued in Col1a2G610C/+&Atg5fl/fl&TgAtg5 animals 

and it was not affected by OcnCre expression in Col1a2G610C/+&Atg5fl/fl&OcnCre+/- mice. No 

notable difference was detected by microCT between skeletons of stillborn and live 

Col1a2G610C/+&Atg5fl/fl pups, indicating that the lethality caused by reduced ATG5 expression was 

unrelated to bone. More careful examination linked the lethality to deficient lung development in 

Col1a2G610C/+&Atg5fl/fl embryos unrelated to ribcage deformities. Unlike OBs, embryonic lung 

fibroblasts appear to rely on macroautophagy. Further characterization and mechanistic analysis 

of this lung development abnormality is currently ongoing in our laboratory. However, the present 

work is focused exclusively on bones and OBs. From this perspective, perinatal lethality associated 

with reduced ATG5 expression in lungs but not bones only further underscored apparently minimal 

role of misfolded PC1 ER-phagy in OBs.   
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Figure 3.5: ATG5 expression effects on femur geometry and mechanics. A. Weight-corrected cortical thickness. B. Weight-

corrected bone volume to total volume ratio in distal femur marrow cavity. C. Weight-corrected maximum load on 4-point 

bending load-displacement curves. D. Weight-corrected displacement between inelastic yield and failure points on 4-point 

bending load-displacement curves. Error bars represent standard error of the mean; X indicates significant Col1a2 x 

OcnCre genotype interaction in 2-way ANOVA; *p<0.05, **p<0.01, ***p<0.001 in post hoc Holm-Sidak test, t-test, or rank 

sum test depending on data normality and variance. 
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3.2.2.4 ERES Microautophagy of Misfolded PC1 in Primary G610C Osteoblasts  

Having established that ER-phagy is not essential for misfolded PC1 degradation by OBs 

in vivo, we used primary OB cultures from Col1a2G610C/+&Atg5fl/fl&OcnCre+/-&tdTomato+/- mice 

to confirm PC1 microautophagy and discriminate between ER and ERES microautophagy. In these 

animals, OcnCre expression activated a tdTomato transgene in ROSA26 locus, which encoded a 

tomato fluorescent protein reporter of OcnCre expression.(192) We used the tomato reporter for 

separating primary OBs with and without OcnCre expression visually and by flow sorting.   

First, we validated the loss of LC3 and GABARAP lipidation upon OcnCre expression by 

measuring the effect of bafilomycin A1 (BafA) on the LC3II/LCI and GABARAPII/GABARAPI 

ratios of lipidated (II) to unlipidated (I) isoforms in tomato positive vs. tomato negative OBs. In 

the absence of BafA, high macroautophagy flux results in rapid degradation of LC3II and 

GABARAPII upon autophagosome fusion with lysosomes. Whenever LC3 and GABARAP are 

efficiently lipidated, inhibition of the fusion and lysosomal enzymes by BafA leads to a significant 

increase in the lipidated/unlipidated ratio. This effect was observed in control OBs without the 

OcnCre transgene and in OBs with the transgene that were negative for the tomato reporter and 

therefore had low or no OcnCre expression (Fig. 3.5B, Fig.S3.4). It was strongly suppressed in the 

cells that were positive for the tomato reporter, confirming significant inhibition of LC3 and 

GABARAP lipidation. Consistent with Atg5 mRNA measurements (Fig. 3.3A), the inhibition was 

incomplete because of incomplete excision of the loxP-flanked Atg5 fragment and/or slow and 

therefore incomplete degradation of Atg5 mRNA. 

Next, we analyzed how the suppressed LC3 and GABARAP lipidation affected lysosomal 

degradation of misfolded PC1 by measuring intracellular accumulation of PC1 after BafA 

treatment. As previously shown, inhibition of lysosomal PC1 degradation by BafA can be assayed 
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by measuring the resulting accumulation of misfolded PC1 in the cell.(123) We observed that 

BafA had similar effect on the PC1 accumulation in control OBs, OBs negative for the tomato 

OcnCre reporter, and OBs positive for the tomato reporter despite the significantly reduced LC3 

and GABARAP lipidation (Fig. 3.5A). These experiments confirmed that macroautophagy was 

not important for misfolded PC1 degradation by OBs both in vivo and in primary cell cultures.   

We then examined the composition of lysosomes degrading PC1 in OBs positive for the 

tomato reporter by super-resolution Airyscan microscopy (Fig. 3.5B). After co-transfecting these 

cells with GFP-proα2(I), mTagBFP2-SEC23 (COPII coat marker), and LAMP1-Halo (lysosomal 

membrane marker), we observed colocalization of PC1 and COPII coat inside lysosomes. At the 

same time, cells co-transfected with GFP-proα2(I), mTagBFP2-LC3, and LAMP1-Halo showed 

that lysosomes containing PC1 did not contain LC3. These experiments revealed ERES 

microautophagy of misfolded PC1 that was independent of lipidated LC3. 

3.3 Discussion 

Taken together, GFP-PC1 imaging in Col1a2GFP cells and macroautophagy suppression in 

Col1a2G610C/+&Atg5fl/fl&OcnCre+/- animals validate and extend the PC1 quality control model 

proposed in.(123) In normally functioning OBs, both properly folded and misfolded PC1 

molecules are loaded into ERES, where they are sorted for secretory and degradative trafficking, 

respectively. Additional misfolding of PC1 caused by the G610C mutation in mouse OBs increases 

the fraction of PC1 directed from ERES to degradation but does not appear to activate direct 

rerouting of PC1 to lysosomes from the ER lumen via ER-phagy.  
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Figure 3.6: Effect of ATG5 knockout on ERES microautophagy of PC1. A Effect of 1 h, 100 nM BafA treatment on 

LC3II/LC3I ratios and PC1 accumulation in primary WT and Het OBs from parietal bones. Cell lysates from 

Atg5fl/fl&OcnCre-/-& tdTomato +/- cells as well as tomato positive and negative Atg5fl/fl&OcnCre+/-&tdTomato+/- cells were 

analyzed by Western blotting. Error bars show the standard error of the mean; *p<0.05 and **p<0.01 in a two-tailed 

Student’s t-test. B Super-resolution (Airyscan) images of lysosomes in tomato-positive primary parietal OBs from 

Col1a2G610C/+&Atg5fl/fl&OcnCre+/-& tdTomato +/- mice. To visualize PC1 autophagy, the cell in the top panels was imaged 

after co-transfection with GFP-proα2(I)-G610C, ERES marker mTagBFP2-SEC23, and lysosomal membrane marker 

LAMP1-Halo. The cell in the bottom panels was co-transfected with GFP-proα2(I)-G610C, mTagBFP2-LC3, and LAMP1-

Halo. The circles highlight lysosomes containing PC1 but not LC3. The scale bar = 1 µm.  
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Properly folded and likely some misfolded molecules that pass/escape the quality control 

are routed from ERES directly to Golgi in ~0.5 µm, rapidly moving (~ 1 µm/s) transport 

intermediates that exit ERES after ARF1 GTPase activation by GDP→GTP exchange. This 

conclusion is based on the observations described here (Fig. 3.1 and Movie 3.1 (Appendix A)) and 

previous studies of MC3T3 cells transiently transfected with GFP-proα2(I) or GFP-proα1(I).(69, 

123) It is also consistent with the requirement of ERGIC membrane fusion with ERES.(129) This 

ER export pathway is different from the short-loop model (Section 1.6.1) based on a study of 

synchronized GFP-proα1(I) export from the ER in human fibroblasts after stable transfection.(127) 

However, our observations do not exclude short-loop trafficking, which might contribute to PC1 

delivery from ERES to proximal Golgi. Time-lapse imaging at 1-2 s/frame here and even 0.5 

s/frame in Ref. (69) is simply not fast enough for capturing all or even most transport vesicles and 

estimating their contribution to the total ER→Golgi flux of PC1 (see Section 1.6.1). Nonetheless, 

similar observations with exogenous and endogenous GFP-PC1 support the importance of 

procollagen transport by rapidly moving vesicular intermediates that have no COPII coat and 

require at ARF1 for their formation.(69) We still do not know the structure of these intermediate, 

their cargo specificity, and the mechanism of their formation at ERES. These questions, however, 

will have to be answered by future studies.  

Misfolded PC1 molecules are captured by the ERES quality control and rerouted from 

ERES to lysosomal degradation through ERES microautophagy, which is direct ERES engulfment 

by a lysosome (Fig. 3.7). Imaging of ERES microautophagy in Col1a2GFP OBs refutes the idea that 

this pathway might be specific to degradation of exogenous GFP-proα2(I). This idea was proposed 

in Ref. (193) as a possible alternative explanation of observations in the previous ERES 

microautophagy study (123) in MC3T3 cells transiently transfected with GFP-proα2(I). One 

http://dx.doi.org/10.17632/5k636wkd7n.1
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source of non-physiological degradation of the transfected chains could be their poor incorporation 

into procollagen molecules due to the general excess of proα2(I) in the ER lumen. In the present 

study, the proα2(I) chains are in deficit (Fig 2.1) and the endogenous GFP-proa2(I) chains are 

incorporated into procollagen heterotrimers with same efficiency as proα2(I). ERES 

microautophagy could still be specifically triggered by the GFP tag, yet GFP could not induce an 

entirely novel degradation pathway in cells that are not familiar with this molecule. The presence 

of the GFP tag in just a small fraction of procollagen (Supp. Fig. S2.2) taken together with the 

observation of ERES COPII coat in most lysosomes degrading procollagen (Fig. 3.1B) supports 

the physiological importance of ERES microautophagy.  

Moreover, ERES microautophagy of misfolded PC1 with the G610C mutation seems to be 

the most logical explanation for minimal changes in G610C mouse bones caused by ATG5 

knockout, which prevents LC3 and GABARAP lipidation and therefore ER-phagy (Fig. 3.7). If 

ER-phagy were the primary degradation pathway for PC1 (112), ATG5 knockout would block it, 

cause accumulation of misfolded PC1 in the ER, trigger major OB malfunction, and lead to severe 

or even lethal bone pathology in G610C mice. Instead, we observed only minor increase in skeletal 

deformities in newborns, small decrease in trabecular and cortical bone in adults, small reduction 

in bone strength at 8 weeks of age, and no changes in bone strength at 17 weeks of age (Figs. 3.4 

and 3.5).  Not only these changes were small, but they were mostly similar in mice with and 

without the G610C mutation, indicating that they were largely associated with other functions of 

ATG5 and/or macroautophagy, unrelated to PC1 misfolding caused by the mutation.  Among all 

these effects, only the deficit of cortical bone in 8-week-old mice appeared to be enhanced by the 

G610C mutation.  These observations clearly indicate that mouse OBs degrade misfolded G610C 

PC1 by ERES microautophagy that does not require LC3 and GABARAP lipidation.  
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While lipidated LC3 is observed at ERES containing PC1 (Fig. 3.2) (123), ATG5 knockout 

shows that ERES microautophagy is LC3/GABARAP independent. Lysosomal engulfment of 

ERES containing PC1 occurs when LC3/GABARAP lipidation is strongly inhibited and LC3 is 

not captured together with PC1 by lysosomes (Fig. 3.6b). Normally, autophagy machinery 

responsible for LC3 lipidation is recruited upon ubiquitination of ERES surface, followed by 

recruitment of lysosomes.(123, 194, 195) However, it is known that lysosomes also recognize and 

engulf ubiquitinated cytosolic cargo without LC3 and/or GABARAP involvement.(196) 

Apparently, lysosomes can similarly directly recognize and engulf ubiquitinated ERESs after 

ATG5 knockout. In other words, lipidated LC3/GABARAP enhance lysosomal recruitment to 

ERES but are not required for it. This enhancer role explains why inhibition of LC3/GABARAP 

lipidation by ATG5 knockout has only a weak effect on bones in G610C mice.  

 

Figure 3.7: ERES microautophagy and ER-phagy. 
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Although OBs do not use ER-phagy for routine PC1 degradation, the same might not apply 

to other cells or OBs overwhelmed by misfolded PC1 accumulation in the ER. Indeed, reduced 

ER-phagy in embryonic lung fibroblasts appears to be responsible for ~ 50% perinatal lethality of 

G610C mice caused by reduced ATG5 expression (Table 3.1). ER-phagy is also involved in PC1 

degradation by OBs after 6-12 h of BafA (112), e.g., because inhibition of lysosomes (197) and 

secretory trafficking of PC1 (123) with BafA is likely to cause severe ER disruption.   

Overall, OBs probably utilize ERES for quality control of PC1 triple helix folding because 

misfolded triple helices do not selectively sequester ER chaperones involved in ER lumen control 

of protein folding (see Section 1.6). As a result, misfolded molecules can escape the luminal quality 

control and enter ERES where they are recognized. One can imagine several possible mechanisms 

of this recognition. Gelatin-like aggregates of misfolded PC1 might be too large for loading into 

ER-Golgi transport intermediates, resulting in stagnant ERESs that become ubiquitinated. Such 

aggregates might not be able to release HSP47, binding of which to RDEL receptors and/or 

TANGO1 might also cause ERES stagnation and ubiquitination. Retained HSP47 and/or 

misfolded PC1 might also be selectively recognized by ERES microautophagy receptor(s). These 

are examples of hypotheses being discussed in our lab after the discovery of ERES quality control. 

However, future testing of these hypotheses and other mechanisms is likely to take efforts of 

multiple research groups over many years.   
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3.4 Materials and Methods 

Animals 

Heterozygous Col1a2G610C/+ (also referred to as G610C) mice (164) were originally purchased 

from Jackson Laboratory (B6.129(FVB)-Col1a2tm1.1Mcbr/J, discontinued stock #007248) and 

subsequently maintained on the C57BL/6J background. Atg5fl/fl mice (187) were purchased from 

Riken BRC (B6.129S-Atg5<tm1Myok>, stock # RBRC02975). OcnCre+/- mice (188) were 

purchased from Jackson Laboratory (B6N.FVB-Tg(BGLAP-cre)1Clem/J, stock # 019509). 

TgAtg5 mice with a CGI driven Atg5 transgene preceded by a loxP flanked cassette aborting 

transcription in the ROSA26 locus were custom generated by Taconic Biosciences. tdTomato mice 

(198) were purchased from Jackson Laboratory (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, stock 

# 007914). All animals were backcrossed to the G610C-C57BL/6J background, bred and housed 

at an NICHD animal facility. Animal care and procedures were performed in accordance with an 

animal study protocol approved by NICHD ACUC.  

Cell Culture 

Col1a2GFP cells were cultured as described in Section 2.4. Primary OBs were isolated from parietal 

bones of 3-8 day old pups and cultured as previously described.(199) For the present study, 

primary parietal OBs were initially expanded at 37 oC, 5 % CO2, 5% O2 in growth medium 

containing αMEM +Glutamax (32571-036; Gibco) supplemented with 1% Pen-Strep (Corning), 

100 µM ascorbic acid, and 10% FBS tested for supporting osteoblastic differentiation (Gemini, 

GemCell, Lot #A83F821). Once confluent, the OBs were transferred to 37 oC, 5 % CO2. For 

experiments involving cell sorting based on tdTomato expression, the cells were suspended using 

0.05% Trypsin EDTA supplemented with 3 mg/ml collagenase (79), separated based on tdTomato 



73 

protein fluorescence using a custom-built flow sorter (NHLBI Flow Cytometry Core) and replated 

in the growth medium at 37 oC, 5 % CO2. Transfections of primary OBs with GFP-proα2(I)-

G610C, mTagBFP2-SEC23, mTagBFP2-LC3, and LAMP1-Halo were performed as previously 

describe.(123)  

Imaging and qPCR 

Imaging and quantitative real-time PCR were performed as described in section 2.4, except 

for additional Atg5 TaqMan gene expression assays (Mm01187301_m1 and Mm00504340_m1, 

Applied Biosystems). 

microCT 

 For whole animal microCT, newborn pups (less than 1 day old) were euthanized, fixed in 

70% ethanol for at least 2 days, scanned in a Quantum GX microCT scanner (Perkin Elmer) at 90 

kV/88 µA, and reconstructed with Quantum GX 3.1.0 software to 72 µm/voxel and 18 µm/voxel 

resolution for visual examination.  

 Femurs were dissected from 8 and 17-week-old mice, wrapped in gauze soaked in PSB 

supplemented with 0.5 mM CaCl2 (to prevent demineralization) and stored frozen at -30 oC until 

needed for microCT and 4-point bending measurements. A small subset of samples was scanned 

at University of Michigan as described in (200); the scans were subsequently reanalyzed as 

described below. Most samples were scanned in a Skyscan 1174 scanner (Bruker). Images were 

acquired at 50 kV/80 µA with ~ 0.3 mm Al foil filter, 360 deg rotation in 0.6 deg increments, and 

2 frames per angle averaging for high resolution scans (6.5 µm image pixel size at detector) and 

no averaging for low resolution scans (16.2 µm image pixel size at detector). High resolution scans 

were used for analyzing distal and mid-shaft femur geometry and mineral density. Lower 
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resolution scans were used for measuring femur length and relative position of the third trochanter. 

A small piece of quartz was embedded into the sample holder for microCT and scanned with every 

femur as an internal standard for calibrating mineral density after initial calibration against mouse 

bone phantoms (Microphotonics). All samples were scanned in identical configuration (femur axis 

perpendicular to the x-ray beam) in PBS supplemented with 0.5 mM CaCl2 in the same sample 

holder to minimize x-ray beam hardening artifacts. Images were reconstructed to their original 

resolution at the detector with NRecon software using 30% beam hardening correction optimized 

based on the quartz standard and analyzed using CTAn software (Bruker) with customized macros. 

Pixel intensity was calibrated in g/cm3 hydroxyapatite using the PBS/CaCl2 solution and quartz 

internal standard within each sample as reference points. Intensity thresholds for trabecular and 

cortical bone were optimized based on analysis of intensity profiles across multiple samples and 

set at 0.275 g/cm3 for trabecular and ~ 0.5 g/cm3 for cortical bone. Regions of interest (ROI) for 

cortical and trabecular bone analysis were 10% of the total femur length. Cortical ROIs were 

centered between the distal growth plate and the third trochanter. Trabecular ROIs were 

immediately above the top of the distal growth plate.  

4-point bending 

 After microCT analysis, femurs were examined by 4-point binding tests to failure. Tests 

were performed in a TA Electroforce 5500 setup (TA Instruments) with 225 N load cell. Femurs 

were loaded at 5 µm/s linear displacement rate with the anterior surface in compression, upper 

support distance of 2.5 mm, and lower support distance of 6.5 mm. The load-displacement 

feedback loop was tuned and tested using triangular waveform pattern as recommended by the 

manufacturer. Load and displacement were measured and recorded with 10-20 Hz frequency. The 

load-displacement curves were analyzed using custom designed Excel macros.   
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Western Blots 

 Cell lysates were collected in a 2% sodium dodecyl sulfate, 100 mM sodium chloride, and 

50 mM Tris buffer with protease inhibitors (5mM EDTA, 1mM phenylmethylsulfonyl fluoride, 

5mM benzamidine and 10mM NEM), mixed with a 4X LDS sample buffer (Invitrogen) 

supplemented with 50 mM DTT, denatured at 95 0C for 5 minutes, separated on precast Invitrogen 

10% Bis-Tris gels (for analysis of LC3, GABARAP, and ATG5) or 3-8% Tris-Acetate gels 

(PC1/vinculin), and transferred to nitrocellulose for blotting. The Blots were labeled with the 

primary antibodies for LF-42 (1:1000 dilution, ENH017-FP, Kerafast), anti-vinculin (1:10000 

dilution, V284, Sigma), anti-LC3 (1:1000 dilution, Ab192890, Abcam), anti-GABARAP (1:1000 

dilution, ab109364, Abcam), anti-beta-actin (1:1000 dilution, ab8224, Abcam), stained with 

AlexaFluor-conjugated secondary antibodies (ThermoFischer), and imaged on a FLA9500 

fluorescent scanner (Cytvia) as previously described.(182) 

Statistical Analysis 

 2-Way ANOVA, rank sum (aka Mann–Whitney–Wilcoxon), chi-squared, and Student’s t-

tests were performed as appropriate, depending on the data type, normality, and variance. 2-Way 

ANOVA with Kolmogorov-Smirnov normality test, Brown-Forsythe equal variance test, and 

Holm-Sidak post hoc analysis and rank sum tests were performed with SigmaPlot 13 (Systat 

Software) Primary calvarial osteoblasts were released into suspension using 0.05% Trypsin EDTA 

supplemented with 3 mg/ml collagenase.(79) Suspended cells were separated based on the 

presence or absence of Tomato expression using a custom flow sorter (NHLBI Flow Cytometry 

Core). Control cells were subjected to the flow process, but not sorted based on Tomato expression.  
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3.5 Supplemental Figures 

 

Supplemental Figure S3.1: Effect of Atg5fl/fl on Atg5 mRNA in different mouse tissues. Relative mRNA quantity (RQ) was 

measured in indicated tissues by qPCR based on ΔΔCT values in Col1a2+/+&Atg5fl/fl vs. Col1a2+/+&Atg5+/+ mice at 8 wk age.  

 

 

Supplemental Figure S3.2: Effect of TgAtg5+/- on Atg5 expression. Relative mRNA quantity in Col1a2+/+&Atg5fl/fl&TgAtg5+/- 

vs. Col1a2+/+&Atg5fl/fl&TgAtg5-/- and Col1a2+/+&Atg5+/+&TgAtg5-/- mice was measured as in Fig. S3.1. 
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Supplemental Figure S3.3: Effect of ATG5 knockout on cortical bone mineralization. Mineral density (microCT) averaged 

across cortical bone and ratio of mineral phosphate PO to organic CH Raman intensities in bone matrix away from 

osteocyte lacunae were measured relative to Col1a2+/+&Atg5fl/fl&OcnCre-/- mice at femur mid-shaft in 17 wk old animals 

used for microCT and 4-point bending tests.  Error bars show standard error of the mean. 2-way ANOVA found no 

significant interaction between Col1a2 and OcnCre genotypes and pairwise significance of **p<0.01 and ***p<0.001 in post 

hoc Holm-Sidak test as shown. 

 

 

Supplemental Figure S3.4: Effect of ATG5 knockout on GABARAP lipidation. Effects of BafA on 

GABARAPII/GABARAPI ratios were measured like in Fig. 3.5.  
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CHAPTER 4: CELL STRESS RESPONSE TO PC1 MISFOLDING 

4.1 Introduction 

Understanding PC1 quality control and trafficking is essential, yet it is OB response to the 

cell stress caused by PC1 misfolding that defines bone pathology and therefore this stress response 

is the key treatment target (Section 1). Protein synthesis regulation by eIF2α phosphorylation and 

cell survival regulation by CHOP have indeed been shown to be activated by PC1 misfolding in 

OBs.(79) However, it is not known how this integrated stress response (ISR) is triggered by 

misfolded PC1 accumulation in the ER. Neither of the two known upstream pathways (UPR and 

ER Overload) appear to be the primary triggers preceding the ISR.(79)    

While PC1 quality control at ERES rather than ER lumen suggests a noncanonical stress 

response of OBs to PC1 triple helix misfolding, this makes understanding the response mechanism 

quite challenging. Indeed, canonical UPR is activated by misfolded chains sequestering BIP in the 

ER lumen. As a quality control chaperone, BIP is recognized by ERAD receptors that reroute the 

misfolded chains from the ER lumen to proteasomal degradation.(63) As a master regulator of 

UPR, BIP displacement from IRE1, ATF6, and PERK receptors activates UPR, while recovery of 

BIP concentration in the ER lumen shuts down UPR.(63, 201)  However, misfolded PC1 triple 

helices do not sequester BIP. They escape the ER lumen quality control and appear to be 

recognized after entering ERES.(123, 162) Nonetheless, misfolded PC1 accumulates inside the 

ER lumen once it cannot enter clogged ERESs (Section 2). Not only is the quality control of PC1 

triple helix folding different from most other proteins but it also occurs away from the main site 

of misfolded PC1 accumulation, suggesting there may be distinct cellular responses to PC1 

misfolding and ER disruption by it.   
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Another challenge to understanding OB response to PC1 triple helix misfolding is that it 

might be substantively different in vivo and in cultured cells because of significant changes in 

cultured OB function. Cultured OBs do not receive the signals from other cells and organs known 

to regulate OBs in vivo, some of which (like parasympathetic nerve signals) have not been 

emulated in culture.(43) As a result, cultured OBs produce much less PC1 and might not respond 

to PC1 misfolding in the same way.(79) While cell culture experiments might eventually be needed 

for mechanistic analysis (like in studies of PC1 trafficking and quality control in Sections 2 and 

3), initial identification of physiological cell stress response pathways in vivo is crucial.   

Because of these challenges, the final step in the present study of OB malfunction in OI is 

unbiased transcriptomic analysis of pathways activated by PC1 triple helix misfolding in vivo, 

which is described below. We start from single cell RNA sequencing (scRNASeq) of bone cells 

from G610C mice and corresponding WT controls. We examine mRNA transcripts responding to 

the α2(I)-Gly610→Cys mutation that causes PC1 misfolding in G610C mice. By analyzing 

individual cells with scRNASeq, we correlate changes in transcripts with the differentiation stage 

and amount of PC1 produced by each cell, thereby identifying key changes in OB transcriptome 

caused by increased PC1 misfolding. We then examine the observed upregulation of Atf5 and 

Hspa9 because these genes are paralogues of key UPR regulators Atf4 and Hspa5 (BIP) unaffected 

by PC1 misfolding (except for few severely malfunctioning cells exhibiting secondary UPR). 

Since ~ 2h or longer bone cell isolation for scRNASeq might alter mRNA transcripts, we test and 

validate the scRNASeq findings by adapting fluorescent in situ mRNA hybridization (mRNA-

FISH) to cryosections of fully mineralized mouse bones. We use this approach to verify 

upregulation of Atf5 expression in embryonic and adult OBs, identifying the resulting ATF5 

protein as a potential cell stress transducer in OBs and defining it as a promising target for future 



80 

mechanistic studies. We zero in on Atf5 because ATF5 is a known ISR transducer (202) and high 

Atf5 expression appears to be specifically related to synthesis of PC1 and other collagens. Our 

findings suggests that Atf5 upregulation might drive noncanonical OB response to PC1 misfolding 

accompanied by changes in expression of multiple cellular homeostasis and ECM genes, yet this 

causation is presently purely hypothetical and remains to be explored.       

4.2 Results 

4.2.1 Animal Model and scRNASeq Design 

To identify differential gene expression caused by triple helix misfolding in PC1 containing 

the G610C mutation, we compared Col1a2G610C/G610C (Hom), Col1a2G610C/+ (Het), and Col1a2+/+ 

(WT) animals on C57BL/6J background without any modifications in other genes. To compare all 

3 genotypes, we extracted cells from femurs and tibias of 18.5-day old (E18.5) embryos because 

Hom pups die at birth due to severe lung development deficiency (see Section 3). At E18.5, all 

embryos were viable and had mineralized femur and tibia diaphysis. Deformities as well as 

reduced size and mineralization were observed in most Hom and some Het bones, but mature 

endochondral OBs and even some OBs transitioning to osteocytes were recovered from all 

genotypes. Nonetheless, to increase the fraction of mature OBs expected to produce more PC1, we 

also compared Het and WT intramembranous OBs extracted from parietal bones in calvaria of 5-

day old (P5) pups. RNA libraries of individual cells were prepared using 10X Genomics™ 

platform and sequenced, producing mouse transcriptome feature count matrices for each cell.(203) 

The features include coding mRNA (for known and predicted genes) as well as long non-coding 

RNAs. 
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We performed scRNASeq for 10 individual E18.5 embryos (3 Hom, 3 Het, and 4 WT) in 

two separate experiments. No differences in gene expression profiles between embryos of the same 

genotype were observed by principal component analysis (PCA), even though the time between 

euthanasia and RNA extraction varied from ~2 h in one experiment to ~4 h in the other experiment 

(Supp. Fig. S4.1A). The resulting data for each genotype were therefore pooled together.  

Due to lower cell recovery from P5 bones, cells from 3 Het and 3 WT pups were pooled 

into 2 Het and 2 WT samples in a single experiment. No differences in gene expression profiles 

between the samples of the same genotype were observed by PCA (Supp. Fig. S4.1B). Therefore, 

the resulting data for each genotype were again pooled together. The data for P5 pups were 

processed and analyzed separately from the data for E18.5 embryos because of significant 

differences in cell populations in these samples.  

4.2.2 Osteoblast Identification 

To distinguish OBs from other cells in each scRNASeq sample, we first used conventional 

unbiased PCA clustering within the Seurat package for R programming language.(204) However, 

both UMAP (uniform manifold approximation and projection) and TSNE (t-distributed stochastic 

neighbor embedding) plots of PCA results (Fig. 4.1A and Supp. Figs. S4.2, S4.3) revealed rather 

poor clustering of cells expressing known OB markers (Runx2, Sp7, Col1a1, Bglap, Bglap2, Ibsp, 

Ifitm5, Dmp1, and Vdr). Cells expressing three or more of these markers (depending on the 

differentiation status of the cell) were clearly OBs. Nonetheless, even the cells expressing most (or 

all) these markers were still found within different cell clusters (Fig. 4.1A and Supp. Fig. S4.2, 

S4.3). Separation of endochondral OBs into different clusters could be related to differences in 

their origin, e.g., cells derived from the growth plate, perichondrium, and periosteum.(205) 
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However, parietal, intramembranous OBs were also found in several different clusters, despite 

their supposedly similar origin (Supp. Fig. S4.3).  

 

Figure 4.1: OB identification for scRNASeq analysis. A. UMAP visualization of stromal cells from E18.5 femurs and tibias 

of 4 WT, 3 Het, and 3 Hom embryos with default Seurat parameters. Relative quantities of Runx2, Sp7, Col1a1, and Bglap2 

mRNA were projected onto the UMAP. B. Violin plots of relative mRNA quantities for the same genes plus Dmp1. C Venn 

diagram of osteoblast identification based on Runx2, Sp7, and Col1a1 mRNA exceeding the threshold set at 0.2. The gold 

group represents our osteoblast definition with further subdivision based on relative Col1a1 or Ibsp expression. Ibsp mRNA 

expression paralleled that of Bglap/Bglap2 and was more consistently captured by scRNASeq. The number of cells in each 

group is shown in parentheses.   
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Moreover, scattering of many OBs outside main OB clusters (both in endochondral and 

intramembranous bone samples) indicated general failure of unbiased PCA analysis to group all 

related OBs together. PCA re-clustering of different cell subsets in Seurat as well as PCA 

performed by 10X Genomics™ software did not improve the outcome. In our opinion, the inherent 

OB heterogeneity is only part of the problem. A potentially larger issue is the 2D mapping of cells 

based on PCA of highly variable transcripts, which underlies the UMAP and TSNE clustering. 

The cell cycle genes, which are excluded from PCA analysis, are not the only genes expression of 

which might vary significantly between the cells of the same type. For instance, highly variable 

transcripts related to cell-environment interactions are found in PCA components. Expression of 

these transcripts might be different even for OBs that have the same origin, differentiation status, 

and function, affecting OB clustering by PCA.   

 Considering these findings and our goal of identifying general pathways of OB response 

to PC1 misfolding vs. identifying OB subpopulations, we have classified OBs for subsequent 

analysis based on marker gene expression rather than unbiased PCA. Fig 4.1B shows expression 

of five key osteoblast markers Runx2, Sp7, Col1a1, Bglap2, and Dmp1 across the E18.5 femur 

data set. RUNX2 and SP7 (osterix) are essential transcription factors for OB lineage specification, 

although their low-level expression is also observed in some chondrocyte precursors and 

chondrocytes (Supp. Fig. S4.6, (206)). OB differentiation from precursors expressing Runx2 and 

Sp7 is marked by increasing expression of Col1a1 (and therefore PC1 synthesis), while 

chondrocyte differentiation is accompanied by expression of Col2a1.(24) Bgalp2 is a mature OB 

marker and Dmp1 is expressed in late OBs, OBs transitioning into osteocytes, and osteocytes.(39) 

To capture OBs at all differentiation stages, we defined them as cells co-expressing Runx2, Sp7, 
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and Col1a1 above a threshold level of 0.2 (normalized relative expression defined by Seurat), 

which was set based on visual examination of the expression plots (Fig. 4.1B,C).  

To examine the effects of PC1 misfolding, we subdivided OBs based on Col1a1 expression 

since the amount of misfolded PC1 should scale with Col1a1 transcription. Col1a1 expression in 

E18.5 OBs had a bimodal distribution with the main peak at ~5 and a low expression peak at ~0.75 

(Supp. Fig. S4.6). In P5 OBs, we found only the main expression peak. We therefore subdivided 

OBs into low-range (Col1a1 < 4), mid-range (4 < Col1a1 < 6), and high-range (Col1a1 > 6) 

expression based on the main peak. (The number of OBs in each group is shown in parentheses in 

Fig. 4.1C.) The low expression peak could be related to a minor subpopulation of OBs specific for 

embryonic tissues or endochondral bone. In any case, low Col1a1 expression at this peak did not 

appear to affect Hom vs. WT OBs and therefore cause significant cell stress. In general, PC1 

synthesis increases during OB maturation, remains high in mature OBs actively producing bone 

matrix and subsides in late OBs and OBs transitioning into osteocytes.(79) 

In addition, we separately defined a subpopulation of mature OBs based on Ibsp expression 

(Ibsp > 4) independent of Col1a1 (Fig. 4.1C). Bone sialoprotein encoded by Ibsp is a regulator of 

bone mineralization produced by mature OBs.(207, 208) Consistently, Ibsp expression of 

correlated with Col1a1, yet some cells with high Col1a1 and low Ibsp mRNA were observed 

(Supp. Fig. S4.7). While Bglap, Bglap2, and Ifitm5 are also expressed by mature OBs, their role 

in bone formation is more complex and they did not uniformly mark mature OBs. For instance, 

the role of the BRIL encoded by Ifitm5 in bone formation is still poorly understood.(209) Bglap, 

Bglap2, and Bglap3 are products of gene duplication in some mammals (humans have only one 

BGLAP gene). Secreted products of Bglap and Bglap2 have the same amino acid sequence, 



85 

although posttranslational modification of this protein (osteocalcin) might depend on the 

gene.(210) We observed some OBs to express just Bglap, some just Bglap2, and some both.  

 

Figure 4.2: Effects of G610C mutation on OB differentiation. A,B Violin plots of differentiation marker genes in WT and 

Hom endochondral OBs at E18.5 (A) and WT and Het intramembranous OBs at P5 (B). C,D OB fractions expressing 

different amount of Col1a1 mRNA. E,F OB fractions expressing Spp1, Ibsp, and Bglap or Bglap2 mRNA above relative 

threshold 0.2. In C-F, the error bars are standard errors of the mean; **p<0.01 and ***p<0.001 in chi-squared test. 
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Note that in Fig. 4.1 and hereafter we use E18.5 samples only for comparison between 

Hom and WT OBs and P5 samples for comparison between Het and WT samples. The reason 

behind this is lower OB recovery from E18.5 Het compared to WT and Hom samples, precluding 

reliable statistical analysis. Since all trends we observed for E18.5 Het OBs were the same as for 

P5 OBs, we decided not to perform rather expensive additional scRNASeq experiments. 

4.2.3 Effects of the G610C Mutation on Osteoblast Differentiation and Function  

While differentiation of WT, Het, and Hom OBs in both E18.5 and P5 data sets seems 

qualitatively similar (Fig. 4.2A,B), lower fractions of Het and Hom cells have high (> 6) Col1a1 

expression (Fig. 4.2C,D). Likewise, lower fractions of Het and Hom cells and express Spp1, Ibsp, 

Bglap, and Bglap2 above the threshold level of 0.2 (Fig. 4.2E,F). Apparently, PC1 misfolding 

suppresses OB maturation because of more severe ER disruption at higher PC1 synthesis. 

Consistently, effects of the G610C mutation are more pronounced in Hom compared to Het cells.  

Differential gene expression analysis in cells with the same level of Col1a1 or Ibsp mRNA 

revealed changes in proteins involved in OB differentiation (Fig. 4.3) and mature OB function 

(Fig. 4.3 and Table 4.1). These changes are also more pronounced in Hom vs. Het OBs. For 

instance, DLK1 and KLF2 are negative regulators of adipogenesis.(211) Wnt inhibitory factor 1 

(Wif1) and LIF receptor alpha (Lifr) are involved in OB response to signaling from other cells.(45, 

212) Downregulation of Wif1 and Lifr combined with upregulation of Dlk1 and Klf2 in Hom and 

Het cells at Col1a1 < 4 is probably a response to systemic signals of deficient bone formation, 

which suppresses adipogenic and promotes osteogenic differentiation of the developing OBs. 

Vitamin D receptor (Vdr) and PEDF (Serpinf1) are involved in regulating OB function through 

endocrine and paracrine signaling.(21, 213) Their altered expression at 4 < Col1a1 < 6 indicates 

signaling dysregulation in mature OBs. Decorin (Dcn) and periostin (Postn) exemplify secreted 
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proteins with different functions in bone matrix, dysregulation of which also suggests mature OB 

malfunction.  

4.2.4 Cell Stress 

More pronounced dysregulation of Hom compared to Het OBs and increasing 

dysregulation at higher Col1a1 expression are consistent with effects of cell stress caused by 

increasing PC1 misfolding and resulting ER disruption. As one might expect, some of this 

dysregulation is different in E18.5 endochondral OBs from P5 intramembraneous OBs. For 

instance, Col8a1 and Col9a1 transcripts are strongly upregulated in Hom E18.5 OBs yet appear to 

be downregulated in Het P5 OBs (full list of differentially expressed genes in Appendix A). Some 

of the differences could be related to the difference between embryonic and postnatal tissues and 

some could be related to differences between the bone types. Importantly, however, differential 

expression of genes regulating general cell stress response pathways activated by PC1 misfolding 

it likely to be qualitatively similar between the two sample sets. Furthermore, at least some of these 

genes are likely to be encoding intracellular proteins with previously annotated cell stress function, 

their paralogs, or homologs.  

We therefore performed comparative analysis of the data sets based on these arguments, 

which identified multiple potential cell stress genes with significantly altered expression (Table 

4.1). Some appeared to be known effectors of cell stress response, e.g., Cryab encoding an ER 

chaperone crystallin αB, Ddit3 encoding ISR transducer CHOP, and Nupr1 encoding nuclear 

transcription regulator known to respond to cell stress signals. Some appeared to be likely targets 

of this response, e.g. genes encoding proteins involved in amino acid metabolism (214), translation 

initiation (215), energy metabolism (216), etc.  

http://dx.doi.org/10.17632/5k636wkd7n.1
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Figure 4.3: Differential gene expression in G610C vs. WT OBs. A,C Violin plots of select genes in E18.5 WT and Hom 

endochondral OBs at low (A) and high (B) Col1a1 expression. B,D The same genes in P5 WT and Het intramembranous 

OBs at low (B) and high (D) Col1a1 expression.  

This analysis revealed Atf5 and Hspa9 as the most promising genes for more detailed 

follow up because of their Atf4 and Hspa5 (BIP) paralogs being regulators of UPR. Both Atf5 and 

Hspa9 are significantly upregulated only at mid-range and high-range Col1a1 expression in Hom 

OBs, high-range Col1a1 expression in Het OBs, and high Ibsp expression in Hom and Het OBs, 

consistent with the response to increased PC1 misfolding (Fig. 4.4).  In contrast, Atf4 and Hspa5 

seem to be only slightly upregulated at the highest Col1a1 expression in Hom OBs, probably 

because of secondary UPR discussed in Section 1.7.2. 
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Table 4.1: Effect of G610C mutation on expression of select genes in OBs at Ibsp >4. 

Gene Annotation 

Hom v. Wt Het v. Wt 

Fold 

Change 
p value 

Fold 

Change 
p value 

OB Function 

Vdr Vitamin D receptor 0.66 6.77E-15 0.59 2.70E-03 

Dcn Decorin 0.28 1.89E-20 0.67 3.28E-02 

Mmp2 Gelatinase 0.75 1.09E-07 0.61 1.97E-04 

Cell Stress 

Atf5 stress related transcription factor 2.10 2.03E-17 2.49 1.11E-10 

Hspa9 heat shock chaperone 1.90 4.58E-19 1.81 1.73E-06 

Nupr1 integrated stress response 1.94 1.66E-03 1.79 5.01E-05 

Cryab ER chaperone 1.43 1.69E-02 1.43 5.12E-04 

Ddit3 stress response 1.35 4.28E-06 1.20 1.18E-02 

Cell Homeostasis 

Eif3c initiation factor 1.83 9.99E-22 1.83 2.08E-07 

Sars tRNA synthetase 1.54 2.66E-14 2.04 8.93E-09 

Slc3a2 amino acid transporter 1.54 1.42E-12 1.66 2.29E-06 

Eif2s2 initiation factor 1.30 1.59E-08 1.58 7.13E-05 

Cox6a2 cytochrome subunit 2.34 6.22E-18 1.63 3.05E-04 

Slc36a2 amino acid transporter 0.66 3.31E-09 0.70 5.40E-02 

Dapk2 death associated protein kinase 0.63 1.15E-13 0.54 3.76E-08 

Btf3 transcription regulator 1.39 4.54E-17 1.56 2.02E-05 

Unlike ATF4 and BIP, their ATF5 and HSPA9 paralogs have been less extensively studied 

and only some of their functions might be known. Both ATF5 and HSPA9 have been implicated 

in cell stress response to mitochondrial protein misfolding (217). HSPA9 is a heat shock 

chaperone, which belongs to the same HSP70 family as BIP. It is produced in the cytosol and 

translocated into mitochondria, where it is believed to function as a mitochondrial HSP70 (218). 

It is also is known to be involved in mitochondrial Fe-S-cluster protein biogenesis (219). Given its 
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intracellular localization, HSPA9 cannot function as a PC1 chaperone and its relationship to PC1 

misfolding might therefore be indirect.    

 

Figure 4.4: Changes in Atf4, Atf5, Hspa5, and Hspa9 expression with OB maturation. Green and red histograms show gene 

expression in E18.5 endochondral WT and Hom OBs, respectively. Green and yellow histograms show gene expression in 

P5 intramembranous WT and Het OBs, respectively.  
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4.2.5 Atf5 and Procollagen Misfolding   

Compared to HSPA9, the transcription factor ATF5 might have a more direct role in cell 

response to PC1 misfolding. After discovering Atf5 among the most upregulated genes in Hom 

and Het OBs, we noticed that high expression of Atf5 correlated with expression of different 

collagens and collagen-specific chaperone Serpinh1 (HSP47) regardless of the animal genotype 

and cell type (Fig 4.5). To test weather this finding was specific to femurs, tibia and parietal bones 

used in the present experiment, we also analyzed our scRNASeq data for cells extracted from lungs 

for a different project. In lung cells, we found no effect of the G610C mutation on Atf5 expression, 

yet we again observed a correlation of high Atf5 expression with expression of different collagens 

and Serpinh1 (Supp. Fig. S4.8). Given the general propensity of collagens toward misfolding 

(Section 1) and overlapping functions of ATF5 and ATF4 in the ISR (220), together these 

observations suggested that the role of ATF5 in cellular response to collagen misfolding might be 

similar to the role of ATF4 in the canonical UPR.  

 

 

Figure 4.5: Relationship between expression of ATF5 and collagens. A. Dependence of the fraction of all cells with indicated 

relative Serpinh1 expression on Atf5 expression in E18.5 femurs and tibia with adjacent tissues. B. Similar dependence in 

P5 calvaria. HSP47 encoded by Serpinh1 is a collagen-specific chaperone essential for triple helix folding, expression of 

which mirrors that of all collagen types (66, 141).  
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Considering potential importance of this hypothesis, we next validated upregulation of Atf5 

mRNA in Hom and Het OBs directly in tissue by RNAScope™ FISH assay. E18.5 femurs and L5 

vertebrae from 8 wk. old animals were dissected within 5 min of euthanasia and immediately fixed 

with 2% formaldehyde to preserve mRNA of cell stress response genes, which could be affected 

by much longer cell extraction for scRNASec. Fixed tissues frozen in embedding media without 

demineralization were cryosectioned and hybridized with oligonucleotide probes for mRNA. The 

probes were subsequently amplified, conjugated with horse radish peroxidase (HRP), and 

visualized by HRP-induced precipitation of a fluorescent dye. By combining probes for Col1a1 

and Atf5 mRNA with DAPI staining of cell nuclei, we visually confirmed an increase in Atf5 

transcription by G610C vs. WT OBs, consistent with the scRNASeq results (Fig. 4.5). 

4.3 Discussion 

Overall, changes in transcripts regulating OB differentiation, cellular homeostasis, and 

function caused by high Col1a1 expression and therefore increased PC1 synthesis confirmed the 

importance of the stress response to PC1 misfolding in Hom and Het OBs (Fig. 4.3 and Table 4.1). 

Comparison of Hom with WT at E18.5 and Het with WT at P5 were done at different ages and for 

cells from two different types of bones, yet they revealed the same trends. Moreover, we observed 

the same trends for Het vs WT comparison at E18.5 and Het vs WT comparison at P5 in these two 

types of bones, confirming these trends to be independent of bone type and similar for embryonic 

and postnatal OBs. The effects of increasing Col1a1 expression on Het cells in both sample sets 

were weaker than on Hom cells at E18.5, consistent with the interpretation of these effects as 

resulting from cell stress caused by PC1 misfolding. (Because of the G610C mutation location in 

the proα2(I) chain, only 50% of PC1 molecules produced by Het cells are expected to contain the 
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mutation vs. 100% of PC1 molecules produced by Hom cells, doubling the misfolded PC1 load in 

the latter.) 

 

Figure 4.6: Visualization of Atf5 mRNA in bone cryosections. A. Femurs of E18.5 embryos. B. L5 vertebral bodies from 8 

wk old mice. In insets, transmission images are overlaid with fluorescent Atf5 (red) and Col1a1 (green) mRNA probes and 

fluorescent DAPI (blue) staining of cell nuclei. OBs on bone surface were outlined in white based on Col1a1 mRNA. OB 

outlines were then overlaid on transmission, Atf5 and DAPI images in the main panels. Significantly increased Atf5 mRNA 

staining inside Hom and Het OBs is clearly visible. 

 

Despite known shortcomings of the scRNASeq approach for analysis of cell stress genes, 

our data not only support noncanonical (inconsistent with UPR) response of OBs to PC1 

misfolding but also provide the first clues to regulation of this stress. The main shortcoming of 

scRNASeq is that over 1-2 h is generally required to isolate cells for the analysis. This might 

provide enough time for transcription of mRNAs responding to the cell isolation procedure and 

degradation of mRNAs responding to the original cell stress. To eliminate potential artifacts 

caused by these effects: (a) We performed most cell isolation procedures on ice, reducing the time 

off ice to less than 15-30 min for each tissue sample. (b) We confirmed consistency of the results 
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from two experiments with similar E18.5 bones, in which the total cell isolation times were ~ 2 h 

and ~ 4 h, respectively. (c) We based our conclusions on highly expressed genes with abundant 

mRNA less likely to be affected by cell isolation. (d) We confirmed upregulation of one of the 

most important and interesting genes involved in OB stress response to PC1 misfolding (Atf5) 

directly in fixed tissue by mRNA-FISH (Fig. 4.6). Together, these precautions give us sufficient 

confidence in the following conclusions. 

(1). Cell stress response to PC1 triple helix misfolding inhibits OB maturation and alters 

the function of mature OBs. The deficient OB maturation is revealed by lower fractions of Hom 

and Het OBs having the highest level of Col1a1 expression and lower fractions of Hom and Het 

OBs expressing Ibsp, Bglap, and Bglap2 compared to WT OBs (Fig. 4.2). The deficient function 

of Hom and Het OBs is revealed by altered expression of multiple proteins involved in ECM 

formation, cell signaling, and cell homeostasis in mature OBs (Fig. 4.3 and Table 4.1).  

(2). The primary response of OBs to PC1 triple helix misfolding does not involve key UPR 

regulators ATF4 and BIP as indicated by unaltered Atf4 and Hspa5 transcription, but secondary 

UPR might be activated in cells with the highest Col1a1 expression (Fig. 4.4). The absence of 

direct activation of canonical UPR is consistent with previous studies and is likely a result of BIP 

not being involved in recognizing PC1 triple helix misfolding (Section 1.7.2, (155)). The absence 

of changes in Atf4 transcription despite activation of ISR might be essential for preventing even 

more severe disruptions in osteoblast differentiation and function, since ATF4 is believed to be a 

key transcriptional regulator of these processes (Section 1.7.2, (145)). Secondary UPR is likely 

caused by misfolding of non-collagenous proteins in response to severe ER homeostasis disruption 

by accumulating misfolded PC1. It explains why UPR was observed for only some but not all Gly 

substitutions in cultures of cells from OI patients (156). 
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(3). Instead of ATF4 and BIP, the primary response of OBs to PC1 triple helix misfolding 

appears to be regulated by their paralogs ATF5 and HSPA9. Since misfolded PC1 accumulates in 

the ER lumen, it cannot directly interact with the mitochondrial chaperone HSPA9. While 

dissecting the HSPA9 function in the OB stress response is beyond the scope of the present work, 

we hypothesize that HSPA9 involvement might indicate mitochondrial response to major 

disruption of the ER, e.g. through ER-mitochondria contacts. Since the misfolded PC1 is 

recognized at ERES rather than the ER lumen (Section 3), this mitochondrial response might be a 

signal of the ER lumen being in trouble despite no involvement of BIP and other luminal quality 

control chaperones. It is worthwhile noting that we observed changes in expression of multiple 

mitochondrial proteins (e.g., cytochrome subunit Cox6a2, Table 4.1) yet no evidence of 

mitochondrial UPR (UPRmt), which would be accompanied by upregulated expression of Hspe1 

(mitochondrial HSP10) and Hspd1 (mitochondrial HSP60) (221).  

Dissecting the role ATF5 in OB stress response to PC1 misfolding, which is also beyond 

the scope of the present work, might be a particularly interesting future research direction. High 

Atf5 expression in OBs was noted before (202, 222, 223), but its role was not thoroughly 

investigated. Here, we have found Atf5 to be one of the most upregulated genes in OBs from Hom 

and Het G610C mice by scRNASeq (Table 4.1), and we have confirmed this upregulation directly 

in embryonic and adult mouse tissues (Fig. 4.6). Most importantly, we have observed high Atf5 

expression almost exclusively in cells producing significant amounts of major collagens (and 

therefore highly expressing Serpinh1) not only in skeletal but also lung tissues (Fig. 4.5 and Supp. 

Fig. S4.8). While we cannot exclude this correlation being coincidental, we believe that the 

possibility of ATF5 playing some specific role in response to collagen triple helix misfolding 

should be investigated in future studies.  
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Other scRNASeq observations worth pursuing in future studies are strong downregulation 

of Arf5 expression in Hom OBs and upregulation of Anxa2 and Lgals1 expression in Hom and Het 

OBs, which could be related to PC1 trafficking discussed in Sections 2 and 3 (117).  ARF5 is a 

member of the same family ARF GTPase family as ARF1. ARF5 is believed to be involved in 

clathrin coat formation (224). However, our preliminary imaging of fluorescently tagged ARF5 in 

live Col1a2GFP cells (data not shown) found ARF5 to be localized at collagen ERES. The 

downregulation of Arf5 expression in Hom OBs might therefore be related to significantly reduced 

synthesis and secretory trafficking of PC1, pointing to a presently unknown role of this GTPase.  

Anxa2 and Lgals1 encode proteins from annexin and lectin families known to be involved in 

vesicular traffic (225, 226). It might therefore be worthwhile exploring the roles of Anxa2 and 

Lgals1 in secretory and degradative trafficking of PC1.   
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4.4 Materials and Methods 

Animals and Cell Isolation 

 Col1a2G610C/+ animals on C57BL/6J background were maintained and bred together as 

according to an animal study protocol approved by NICHD ACUC as described in Section 3.5. 

Mineralized diaphysis femurs and tibias were dissected together with a small amount of 

surrounding muscle and cartilage from E18.5 WT, Het, and Hom embryonic littermates in each 

experiment. Parietal and some frontal bone were dissected from P5 WT and Het littermates. The 

tissues were rinsed in PBS, minced with a scalpel, rinsed again, and digested with 10 mg/ml 

collagenase CL4 for 10 (E18.5) or 20 (P5) min at 37 degrees. During digestion, each sample was 

gently mixed by pipetting up and down through a widened (cut-off) tip. The resulting suspension 

was filtered through a 30 µm cell strainer. The cells were spun down and rinsed twice with 0.04% 

BSA in PBS followed by resuspension in 0.04% BSA in PBS, counting, and dilution to ~400 

cells/µL. During all steps except dissection and CL4 digestion, the samples were kept on ice. 

Single Cell RNA Sequencing  

 Suspensions of ~10,000 cells were separated into individual cells for reverse transcription, 

barcoding, and library preparation on 10X Chromium System (10X Genomics). Library quality 

was assessed on Bioanalyzer 2100 (Agilent). Libraries were sequenced on an Illumina HiSeq2500 

at the NICHD Molecular Genomics Core Facility. The data were preprocessed with Cell Ranger 

software (10X Genomics).  

Data Analysis 

 Count matrices produced by Cell Ranger were further processed and analyzed in Seurat 

package R programming language (227, 228). To eliminate damaged cell and cell clusters, the 
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quality control was set to keep only the cells expressing from 1000 to 6000 genes with less than 

8% mitochondrial gene enrichment. Reads from individual experiments with E18.5 cells were log 

normalized, scaled, centered, and combined using default Seurat procedures. The data from P5 

cells were analyzed separately. Primary component analysis (PCA) for variably expressed genes 

followed by UMAP and TSNE projections for 2D representation was performed as recommended 

in Seurat (229). Subsets of differentially expressed genes were identified using a rank sum test 

with Bonferroni adjustment. Subsequent likelihood estimates for differential expression of 

individual genes were based on unadjusted p-values.(230)  The scripts utilized for data analysis 

are provided as “.R” text at http://dx.doi.org/10.17632/5k636wkd7n.1 (Appendix A).  

In situ mRNA analysis 

 Tissues were fixed with freshly prepared 2% solution of methanol-free formaldehyde in 

PBS with 0.5 mM CaCl2 at room temperature for 24 h followed by up to a week at 4 oC, transferred 

into 30% sucrose solution in PBS, 0.5 mM CaCl2, 0.5% formaldehyde with intermediate 

equilibrations in 10% and 20% sucrose, rinsed and embedded in Super Cryo Embedding Medium 

(SCEM, Section-Lab Co, Japan), and stored at -80 oC.  5 µm cryosections were cut using the 

Kawamoto’s film method (Section-Lab Co), post-fixed for 30 min in freshly prepared 2% 

methanol-free formaldehyde in PBS with 0.5 mM CaCl2, and transferred into 70% ethanol. The 

Kawamoto’s film with attached sections can be stored in 70% ethanol at 4 oC without noticeable 

loss of RNA for at least several weeks. Supplementation of buffers used for sample fixation with 

0.5 mM CaCl2 is needed only when imaging of fully mineralized bone sections is required before 

subsequent RNA visualization (e.g., to validate cell location on mineralized bone surfaces).  

 Bone sections were imaged and pretreated with custom bone reagent for RNAScope 

(Advanced Cell Diagnostics), which decalcifies bone, reduces tissue autofluorescence and helps 

http://dx.doi.org/10.17632/5k636wkd7n.1
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to retrieve epitopes. A hydrophobic barrier for RNAScope reagents was drawn on the Kawamoto’s 

film by applying solution of nonfluorescent high vacuum grease in spectroscopic grade 

chloroform. Fluorescent in situ hybridization was performed directly on the Kawamoto’s film 

using RNAScope Multiplex Fluorescent V2 assay (Advanced Cell Diagnostics) as recommended 

by the manufacturer using a Col1a1 (319371-C2) probe to identify osteoblasts and Atf5 (507471-

C3) probe to visualize relative Atf5 expression. The sections were mounted on microscope slides 

with ProLong diamond with DAPI mounting medium (ThermoFischer) and imaged. 

  



100 

4.5 Supplemental Figures 

 

Supplemental Figure S4.1: Heatmaps of differentially expressed genes across samples. A. Femur and tibia tissues from 

Hom, Het, and WT E18.5 embryos. B.  Parietal and frontal bone tissues from calvaria of Het and WT pups.  
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Supplemental Figure 4.2: OB localization on UMAP and TSNE plots of E18.5 stromal cells. A. Location of Ifitm5, Ibsp, 

Dmp1, and Vdr expressing cells projected onto the UMAP cluster plot from Fig. 4.1b. B. TSNE cluster plot of the same cells 

as in Fig. 4.1b. C. Location of Runx2, Sp7, Col1a1, and Bglap2 expressing cells projected onto the TSNE plot from panel B. 

D. Location of Ifitm5, Ibsp, Dmp1, and Vdr expressing cells projected onto the TSNE plot from panel B. 
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Supplemental Figure S4.3: OB localization on UMAP and TSNE plots of P5 stromal cells. A. UMAP cluster plot of stromal 

cells from P5 calvaria. B. Location of Runx2, Sp7, Col1a1, and Bglap2 expressing cells projected onto the UMAP plot from 

panel A. C. TSNE cluster plot of the same cells. D. Location of Runx2, Sp7, Col1a1, and Bglap2 expressing cells projected 

onto the TSNE plot from panel C. 
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Supplemental Figure S4.4: Runx2, Sox9, and Col2a1 co-expression in stromal cells. Expression of Runx2, some Col2a1, and 

little or no Sox9 indicates commitment to the OB lineage. Expression of Sox9, some Col2a1, and little or no Runx2 indicates 

commitment to the chondrocyte lineage. Significant co-expression of all 3 genes likely marks intermediate cells capable of 

both osteoblastic and chondrocytic differentiation. Cells shown are from the e18.5 femur and tibia samples. 

 

 

Supplemental Figure S4.5: Histograms of relative Col1a1 expression in OBs (Runx2, Sp7, Col1a1 > 0.2). A. WT and Hom 

OBs from E18.5 femurs and tibia. B. WT and Het OBs from P5 calvaria. 
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Supplemental Figure S4.6: Relative expression of Col1a1, Ibsp, and Atf5 in OBs. Cells are from p5 calvaria samples. 

 

 

Supplemental Figure S4.7: Relationship between expression of ATF5 and collagens. Cells isolated from E18.5 lungs. 

Expression of Serpinh1 is used as a proxy for expression of different types of collagen as in Fig. 4.5.   
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CHAPTER 5: CONCLUSIONS AND PERSPECTIVES 

Overall, our observations reveal noncanonical cell stress response of osteoblasts (OBs) to 

type I procollagen (PC1) misfolding, unusual features of which result from failure of quality 

control chaperones to recognize misfolded triple helices of PC1 in the ER lumen. Undetected 

accumulation of misfolded PC1 disrupts the ER without eliciting canonical unfolded protein 

response (UPR), until the disruption becomes severe enough to cause misfolding of other proteins 

and secondary UPR. Instead of UPR, the initial ER disruption by accumulating PC1 appears to 

activate mitochondria-related pathways not expected in protein misfolding disorders. 

Our study confirmed that misfolded PC1 is recognized only after exiting from the ER 

lumen into ER exit sites (ERESs), where it is blocked from entering the secretory pathway, 

captured by lysosomes, and subsequently degraded (Section 3).  Procollagen ERESs are separated 

from the ER lumen by a narrow neck decorated with TANGO1 and COPII coat molecules (131), 

apparently creating conditions for recognizing misfolded PC1. ERES clogging by the misfolded 

molecules blocks PC1 from exiting the ER, which is followed by PC1 accumulation in the ER 

lumen, dilation of ER cisternae, and overall ER disruption (Section 2).      

Unlike most proteins, misfolded PC1 molecules are not diverted to degradation directly 

from the ER lumen via ERAD or ER-phagy, consistent with the lack of their recognition by luminal 

quality control chaperones (Section 3). OBs do activate ER-phagy (112), but only when severe ER 

disruption by misfolded PC1 causes secondary misfolding of other proteins or other secondary 

changes that trigger the luminal quality control response (79, 123). 

Instead of upregulating canonical ER stress genes Hspa5 (encoding master UPR chaperone 

BIP) and Atf4 (encoding master UPR transcription factor ATF4), OBs respond to misfolded PC1 

accumulation in the ER by transcribing their paralogs Hspa9 and Atf5 (Section 4). The 
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corresponding HSPA9 and ATF5 proteins have been implicated in regulating mitochondrial stress 

response (217); HSPA9 is even referred to as mitochondrial HSP70 (231). These and other 

transcription changes might therefore point to an unusual cell stress response involving recognition 

of ER disruption by mitochondria-related stress sensors (e.g., Fe-S cluster proteins) or pathways 

(perhaps ER-mitochondria interactions).  

We believe that that these findings open several new, exciting venues for future studies of 

procollagen misfolding diseases. One is the role of mitochondria in sensing ER disruption by 

accumulating misfolded procollagen and responding to it. For instance, the importance of Ca2+ 

exchange at ER-mitochondria contacts has been documented.(232) It is also known that misfolded 

PC1 accumulation in the ER of OBs caused by osteogenesis imperfecta (OI) mutations disrupts 

Ca2+ homeostasis.(79, 233, 234) Mitochondria might respond to this disruption, but it is not known 

whether such an effect would be significant or important in the overall cell stress response. Our 

findings suggest that this question might be well worth pursuing.  

Another question is whether the increased Hspa9 and Atf5 transcription is indeed caused 

by mitochondrial response or by noncanonical ER stress sensors that do not activate UPR and ER-

phagy. For instance, Hspa9 transcription might be responding to proteins dependent on HSPA9 

for their biosynthesis or folding, e.g., proteins containing Fe-S clusters.(219) ATF5 might be 

responding to the ER membrane stress sensor CREB3L2.(235) We have not detected any effects 

of PC1 misfolding on Creb3l2 transcription by scRNASeq (Section 4); and Creb3l2 has not been 

associated with OB malfunction, unlike its Creb3l1 paralog.(236, 237) Nonetheless, Creb3l2 

knockout has been associated with severe ER disruption by accumulating type II procollagen 

(238); Creb3l2 expression in OBs is similar to chondrocytes; and activation of Creb3l2 signaling 



107 

might not be accompanied by increased transcription. We presently do not know whether these 

relationships are important, but they seem to be well worth investigating as well.  

The question of whether the noncanonical cell stress response we outlined is specific to 

OBs, collagen producing cells, or all cells might be even more interesting and important. The 

highly correlated expression of Serpinh1 (encoding a collagen-specific ER chaperone HSP47) and 

Atf5 in different types of cells we described in Section 4 might not be coincidental. Is the ATF5-

mediated cell stress response specific to synthesis of collagens that do tend to misfold even without 

mutations? Is it a general feature of cell stress caused by misfolding of secretory proteins that do 

not sequester BIP, which is just more noticeable in cells that produce massive amounts of collagens 

and therefore cope with massive protein misfolding? We do not know the answers to these 

questions, yet we do believe that these answers might be important for therapeutic targeting of 

bone, procollagen, or even more general category of disorders involving protein misfolding.  
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