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Abstract

Glycine (Gly) substitutions in collagen Gly-X-Y repeats disrupt folding of type I procollagen 

triple helix and cause severe bone fragility and malformations (osteogenesis imperfecta, aka OI). 

However, these mutations do not elicit the expected Endoplasmic Reticulum (ER) stress response, 

in contrast to other protein folding diseases. Thus, it has remained unclear whether cell stress and 

osteoblast malfunction contribute to the bone pathology caused by Gly substitutions. Here we used 

a mouse with a Gly610 to cysteine (Cys) substitution in the procollagen α2(I) chain to show that 

misfolded procollagen accumulation in the ER leads to an unusual form of cell stress, which is 

neither a conventional unfolded protein response stress nor ER overload. Despite pronounced ER 

dilation, there is no upregulation of BIP expected in the former and no activation of NFκB 

signaling expected in the latter. Altered expression of ER chaperones αB crystalline and HSP47, 

phosphorylation of EIF2α, activation of autophagy, upregulation of general stress response protein 

CHOP, and osteoblast malfunction reveal some other adaptive response to the ER disruption. We 

show how this response alters differentiation and function of osteoblasts in culture and in vivo. We 

demonstrate that bone matrix deposition by cultured osteoblasts is rescued by activation of 

misfolded procollagen autophagy, suggesting a new therapeutic strategy for OI.
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Introduction

Bone is a dynamic organ maintained by multiple cell types. Osteoblasts deposit and 

mineralize bone matrix, osteoclasts demineralize and resorb the matrix, and osteocytes 

detect mechanical stresses and damage in the matrix where they are embedded. Activity of 

these cells is regulated by communication with other cells and organs, involving auto-, para- 

and endocrine signals as well as the parasympathetic nervous system. Bone pathology may 

result from any disruption in these processes, but the underlying cause is often osteoblast 

malfunction. Inadequate ability of osteoblasts to differentiate, produce mineralized bone 

matrix, or properly respond to signals leads to osteoporosis, skeletal dysplasias, and other 

disorders. (1)

An active osteoblast produces massive amounts of type I collagen, which is the most 

abundant organic molecule in bone. Collagen fibers form the bone matrix scaffold and 

provide a template for mineralization, balancing bone hardness and elasticity. Synthesis of 

procollagen (precursor of collagen) is a major challenge for the cell due to the unique 

requirements for its folding (2). Briefly, after translocation into the Endoplasmic Reticulum 

(ER) lumen, C-terminal regions of two pro-α1(I) and one pro-α2(I) chains of type I 

procollagen co-assemble into the C-propeptide. Collagen domains of the chains then wind 

together into a ~300nm-long triple helix, propagating like a zipper towards the N-terminus. 

N-propeptide folding completes the process. A variety of distinct posttranslational 

modifications and helper molecules are needed for procollagen folding, export from the ER, 

trafficking through the cell, secretion, propeptide cleavage, and assembly into fibers (3,4).

Mutations that disrupt type I procollagen folding are responsible for most cases of severe 

osteogenesis imperfecta (OI), a hereditary disorder characterized by bone malformations and 

fractures (5). The most common mutations are substitutions of Gly in the repeating Gly-X-Y 

sequence of the triple helix, which prevent hydrogen bonding between collagen chains and 

sterically hinder helix formation. However, the relationship between the folding disruption 

by Gly-substitutions and the resulting bone pathology in OI is poorly understood. 

Hypotheses vary from osteoblast malfunction caused by misfolded procollagen in the cell to 

matrix malfunction caused by secreted mutant molecules, with no consensus on the 

mechanisms of OI pathophysiology (2,3,5-8). Typically, protein misfolding in the ER causes 

ER stress that involves unfolded protein response (UPR) signaling activated by sequestering 

of binding immunoglobulin protein (BIP) on misfolded chains (9). Gly-substitutions in the 

procollagen triple helix do not seem to cause BIP sequestering (10). It is unclear how they 

cause osteoblast malfunction and how this malfunction affects bone formation and 

homeostasis.

Here, we address the latter questions in a G610C mouse with a Gly610 to Cys substitution in 

the triple helical region of the α2(I) chain, which models a large group of OI patients with 

the same mutation (11). These mice have mild to moderately severe OI in heterozygotes 

(Het) and perinatal lethal OI in homozygotes (Hom). Previous studies of adult Het animals 

revealed reduced bone matrix deposition (11) that was reversed by sclerostin (12) and 

TGFβ (13) neutralizing antibodies as well as by an activating mutation in Lrp5 (12). We 

examine how the mutation causes pathology by using Het and Hom cultured cells, embryos, 
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and neonates. Our findings suggest that accumulation of misfolded procollagen in G610C 

osteoblasts causes a distinct cell stress response inconsistent with conventional UPR. The 

osteoblasts do not die but they malfunction, resulting in abnormal bone matrix deposition 

and mineralization. The misfolded molecules are cleared from the cell through autophagy, 

activation of which restores the cell function.

Materials and Methods

Lists of reagents (Supplemental Table S1), cell culture media and buffers (Supplemental 

Table S2), and antibodies/gene expression assays/primers (Supplemental Table S3) are 

provided in the Supporting Information. All standard assays were performed according to 

manufacturer's instructions.

Animals

Het G610C mice (B6.129(FVB)-Col1a2tm1Mcbr/J) were purchased from Jackson 

Laboratories (stock # 007248) and maintained on the C57BL/6J background. Animal care 

and experiments were performed in accordance with a protocol approved by the NICHD 

ACUC. Skeletal staining was performed as described in the 2010 Woods Hole Mouse 

Embryology Module manual. RNA was extracted from freshly dissected parietal bones in 

Trizol. For Western Blots (WB), parietal bones were stored frozen until needed. For electron 

microscopy, parietal bones were fixed with 2.5 % glutaraldehyde or with 2% 

formaldehyde/2 % glutaraldehyde for 4 h at room temperature and then overnight at 4 °C. 

Collagen and glycosaminoglycan content in embryonic skin was measured with Sircol and 

Blyscan assays (Biocolor, UK), respectively.

Cell culture

All cells were cultured at 37 °C, 5% CO2, 5% O2. Parietal osteoblasts (pOBs) were released 

from parietal bones of 3-8 day old mice by 3 mg/mL collagenase (14) and cultured in pOB 

growth medium. Bone Marrow Stromal Cells (BMSCs) were isolated from femurs of 17 

week old mice as described in (15) and cultured in BMSC growth medium. Mouse 

Embryonic Fibroblasts (MEFs) were isolated from E14.5 embryos as described in (16) and 

cultured in MEF growth medium. Ascorbic acid 2-phosphate was added to all media 

(Supplementary Table S2), since we observed significant, partially irreversible 

dedifferentiation of pOBs without ascorbic acid. For passage, pOBs and MEFs were released 

with 3 mg/mL collagenase followed by 0.05% Trypsin-EDTA. Most pOB experiments were 

performed without passage (passage 0 cells). Passage 1 and 2 pOBs were used only when 

larger number of cells was required (Fig 2A,C; Fig 3C; Supplemental Fig S2A,B). Passage 3 

to 6 cells were used for MEF experiments.

All treatments were preceded with overnight incubation of confluent cells with fresh growth 

media, after which cells were incubated in fresh nutrient deprivation medium or in fresh 

growth medium with drugs or cytokines. The cells were lysed with Trizol for RNA analysis 

or washed with PBS then lysed with WB lysis buffer for WB.
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Procollagen folding and retention

Procollagen folding and retention were measured by pulse labeling with Aha followed by a 

chase with Met as described in (17). Briefly, chymotrypsin/trypsin resistant (folding) or all 

(retention) triple helical domains of procollagen were purified from cell lysates+media 

(folding) or cell lysates (retention) by pepsin treatment and selective salt precipitation. The 

fraction of Aha-containing chains was determined by conjugation of Aha with DIBO-

AlexaFluor 555 and conjugation of Lys/Hyl with Cy5 followed by gel electrophoresis with 

fluorescence detection (17). Collagen cleaved with MMP-1 and labeled with AlexaFluor 488 

was added to each sample before the purification, to measure absolute procollagen 

concentrations as well as to correct for variations in purification yield and Cy5 labeling 

intensity (18).

BMSC Differentiation

Freshly isolated BMSCs were plated at 20,000 nucleated cells/10cm2 for CFU-F and CFU-

ALP and at 100,000 nucleated cells/10 cm2 for CFU-OB in sextuplicate. On day 14, the 

cells were stained with Alkaline Phosphatase Kit (APK) for CFU-ALP (colonies with 15+ 

APK-positive cells) and then re-stained with Crystal Violet for CFU-F (20+ cell colonies). 

For CFU-OB (50+ cell colonies with mineralized matrix), the cells were cultured from day 

14 to day 28 in an osteogenic medium with regular media changes, fixed and stained with 

Alizarin Red.

Western blotting

Cell lysates in the WB buffer were denatured at 95 °C for 10 min, followed by 

electrophoresis and transfer onto nitrocellulose membrane. The membrane was blocked with 

5% BSA, incubated with primary antibodies at 4 °C overnight, and labeled with secondary 

antibodies conjugated to AlexaFluor 488, 555 or 647. Fluorescence intensities of the bands 

were normalized to β-actin or GAPDH.

RNA analysis

RNA was purified with Direct-zol kit and reverse transcribed with SuperScript III, using 

random hexamers as primers. Relative mRNA concentrations were measured in triplicate in 

a 7500 Fast Real Time PCR system (Applied Biosystems) with Taqman gene expression 

assays based on ΔΔCT at the same threshold value for all samples. Transcripts from genes 

expressed by all cells (Hspa5, Cryab, Ddit3, Cdkn1a, and Axin2) were normalized to Hprt1 
and B2m as endogenous controls. Runx2 and Sp7 were selected as more appropriate 

endogenous controls for transcripts from genes expressed predominantly by preosteoblasts, 

osteoblasts, and osteocytes in pOB cultures and parietal bones (Col1a1, Serpinh1, Alpl, 
Bglap, Ifitm5, Dmp1, and Sost), to avoid artifacts associated with variations in the fraction 

of other cells in culture and tissues. Transcription of Runx2 and Sp7 remained unchanged 

relative to Hprt1 and B2m during pOB maturation in culture.

For Xbp1 splicing, 1 μg total RNA was reverse transcribed and amplified in standard PCR. 

PCR products were analyzed on 2% precast agarose mini gels with ethidum bromide.
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Mineralized matrix deposition

12 wells of WT and 12 wells of Het pOBs were plated in growth medium at 2000cells/cm2. 

At confluence, 10 nM rapamycin was added to half of the wells. Osteogenic medium was 

introduced on the next day and changed every 2-3 days. Mineralization in live cultures was 

assessed by overnight incubation in phenol-red-free osteogenic medium containing 20 μM 

Xylenol Orange (19) followed by fluorescence detection or by direct detection of mineral 

autofluorescence. Fixed cultured were stained with Alizarin Red.

Differential Scanning Calorimetry (DSC)

DSC scans were performed as previously described (20). Briefly, collagen from E18 embryo 

skin, matrix deposited by cultured pOBs, or cell culture media was purified by pepsin 

treatment and selective salt fractionation. Thermograms of collagen denaturation were 

recorded in 2 mM HCl, pH 2.7 or in 0.2 M sodium phosphate, 0.5 M glycerol, pH 7.4, from 

10 to 50°C at 0.125 °C/min heating rates in a Nano III DSC instrument (Calorimetry 

Sciences Corporation). The fraction of molecules containing the mutant chain was 

determined from DSC thermograms as described in Supplemental Fig. S2.

Raman microspectroscopy

Cells were cultured in growth medium for 3 (pOBs) or 8 (MEFs) weeks with media changes 

every 2-3 days. The resulting matrix was fixed in 0.7% formaldehyde at room temperature 

for 4-6 h. Relative ratios of matrix collagen to cell organics were determined from Raman 

spectra within at least 10 different matrix regions as described in (21).

Electron microscopy

pOBs were cultured in growth medium for 3 weeks on an ACLAR® fluoropolymer film and 

fixed with 2.5% glutaraldhyde at room temperature for 1 hour. Glutaraldehyde-fixed matrix 

samples and parietal bones were postfixed in 2% OsO4, processed into Spurr's epoxy, 

sectioned, stained with UO2-acetate and Pb-citrate, and examined in a JEOL 1400 electron 

microscope at NICHD Imaging core.

Statistical analysis

Average values, standard deviations and standard errors of the mean were calculated from 

results of separate experiments, assuming normal distribution. Statistical significance (p 
values) was evaluated from a 2-tailed, heteroscedastic Student's t-test.

Results

Embryonic and neonatal phenotype

In Het-Het breeding pairs, we observed close to the expected 1:2:1 ratio of WT(wild 

type):Het:Hom embryos at gestational day E18-19, all of which had similar size and 

appeared to be viable. All Hom neonates died during or within hours of birth, while most 

Het and WT pups survived to weaning (11). Examination of dead neonates suggested 

atelectasis.
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Skeletal staining (Fig. 1) of 9 Hom, 15 Het, and 13 WT neonates as well as X-ray 

radiography (Supplemental Fig. S1) revealed severe bone pathology in Hom and a wide 

range of pathology in Het mice, covering almost the entire range from Hom to WT. Parietal 

bones in Hom calvaria were not mineralized (9/9) while frontal bones had reduced mineral 

(Fig. 1I, Supplemental Fig. S1C). Het mice had similar, but less pronounced mineralization 

defects (Fig. 1E). All Hom (Fig. 1J) and severely affected (5/15) Het mice had smaller, 

flared chests with deformed ribs (Fig. 1F). Beads on Hom ribs indicated numerous in utero 
fractures (Supplemental Fig. S1C, inset). WT (Fig. 1B, Supplemental Fig. S1A) and less 

affected Het (Supplemental Fig. S1B) mice had normal rib cages. All Hom mice had 

severely deformed scapulas and multiple long bone defects (Fig. 1K,L, Supplemental Fig. 

S1C). Severely affected Het mice had occasional scapula (3/15) and long bone (2/15) 

deformities (Fig. 1G), while WT and less affected Het mice had no deformities (Fig. 1B-D). 

Many Hom (8/9) and Het (6/15), but not WT (2/13) mice had perinatal fractures 

(Supplemental Fig. S1B,C), which indicated bone fragility and could have resulted from 

birth, trampling in the cage, or sample preparation.

Procollagen folding and secretion

Disruption of procollagen folding is the first expected pathogenic effect of a Gly-substitution 

in the triple helix (3). To detect it, we utilized pulse-chase labeling with azidohomoalanine 

(Aha), which replaces methionine (Met) in newly synthesized polypeptides (17,22). Aha does 

not affect procollagen synthesis or folding and, unlike radioisotopes, does not elicit cell 

stress response during pulse-chase experiments (17).

In cultured Het primary parietal osteoblasts (pOBs) and mouse embryonic fibroblasts 

(MEFs), which produce a 50/50 mixture of molecules with and without the mutant α2(I) 

chain (not distinguished by our assay), 50% folding of all molecules was observed ~5 min 

later than in WT cells (Fig. 2A,B). In Hom MEFs, which produce only the mutant 

molecules, 50% folding was delayed by ~10 min (Fig. 2B). This folding delay resulted in 

overhydroxylation and overglycosylation of procollagen chains, which migrated slower on 

gel electrophoresis (Fig. 2E,F).

The residence time (50% retention time) of Aha-labeled procollagen in Het pOBs and MEFs 

was increased by ~30 min and in Hom MEFs by ~60 min (Fig 2C,D). Such large increases 

were unlikely to be caused by the 5-10 min delay in folding of mutant molecules, indicating 

that a fraction of procollagen molecules was misfolded and retained inside mutant cells. Yet, 

procollagen secreted by Het cells was an approximately 50/50 mixture of molecules with 

and without the mutant α2(I) chain (Supplemental Fig. S2A) similar to the expected 

composition in the ER at equal expression of the two Col1a2 alleles. Apparently, Het cells 

retained molecules with and without the mutant chain.

Intracellular accumulation and degradation of misfolded procollagen

Retention of misfolded molecules resulted in ~1.7 times more procollagen inside Het than 

WT pOBs (Fig. 3A). We found no additional procollagen accumulation upon inhibiting 

proteasome by bortezomib or inhibiting export of unfolded chains from the ER for 

proteosomal degradation by eeyarestatin. Bortezomib slightly decreased procollagen 
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synthesis in WT pOBs (c.f. Fig. 3B and 3C). As reported earlier (23), MG132 and lactacystin 

had much stronger off-target effects (Supplemental Fig. S3A,B). They also did not cause 

additional procollagen accumulation (data not shown).

Misfolded procollagen molecules appeared to be degraded by lysosomes via 

(macro)autophagy. Inhibition of autophagosome fusion with lysosomes and lysosomal 

degradation by bafilomycin A1 and chloroquine increased intracellular procollagen amount 

and residence time in treated Het cells compared to both untreated Het and treated WT cells 

(Fig. 3B-C). Autophagy enhancement by nutrient deprivation or rapamycin reduced 

intracellular procollagen in Het pOBs to the level observed in WT cells, but did not affect 

WT pOBs (Fig. 3B). Note that chloroquine also caused additional procollagen accumulation 

in WT cells, likely by inhibiting secretion (24). Similar effect of bafilomycin A1 was much 

smaller. Other commonly used autophagy (3-methyladenine, aka 3MA) and lysosome 

(NH4Cl/leupeptin) inhibitors did not work in our pOB cultures, as they did not result in the 

accumulation of an autophagy cargo protein, p62 (Supplemental Fig. S3C).

Measurements of LC3-I and LC3-II protein levels confirmed the role of autophagy. LC3 is 

converted from cytosolic isoform LC3-I into autophagosome-membrane isoform LC3-II, 

which is rapidly degraded upon autophagosome-lysosome fusion. Het cells had more LC3-I 

but similar amounts of LC3-II compared to WT cells (Fig. 3D). We hypothesized that 

increased LC3-I and unchanged LC3-II indicated faster degradation of LC3-II because of 

faster autophagosome formation and degradation (25). Indeed, we observed fast 

accumulation of LC3-II in Het but not in WT osteoblasts within the first 2.5 h after 

bafilomycin A1 treatment (Fig. 3E). The initial accumulation of LC3-II was caused by 

inhibition of its degradation, indicating higher autophagy flux. Chloroquine treatment 

inhibited procollagen secretion before it affected lysosomal degradation, precluding 

autophagy flux measurement (Supplemental Fig. S3D). Rapamycin or nutrient deprivation 

treatment caused LC3-I decline due to conversion to LC3-II, which was similar in Het and 

WT cells, but the resulting increase in LC3-II was between 1.5 to 3 times smaller in Het 

cells (Fig. 3F, G). Consistent with the increased autophagy flux, Het cells degraded more 

p62 and LC3-II in response to autophagy activation by rapamycin or nutrient deprivation and 

therefore accumulated less LC3-II (Fig. 3F,G).

Cell stress response

Electron microscopy of parietal bone osteoblasts in culture and in vivo revealed that the 

accumulation of misfolded procollagen caused ER dilation in Het cells, indicating elevated 

cell stress (Fig. 4). The ER dilation was more pronounced in vivo (Fig. 4A,B) and 

significantly reduced by rapamycin treatment in culture (Fig. 4F-H). Consistently, we 

observed strong transcriptional upregulation of a cell stress factor CHOP/Ddit3 in vivo and 

in culture as well as pronounced upregulation of collagen chaperone HSP47/Serpinh1 and 

general ER chaperone crystalline αB/Cryab in vivo and similar trends in culture (Fig. 5A).

Increased phosphorylation of EIF2α indicated activation of integrated cell stress response in 

Het cells (26) (Fig. 5B), while unchanged expression of key UPR transducers BIP and spliced 

Xbp1 (Fig. 5, Supplemental Fig. S4) were inconsistent with conventional UPR (9). ER 

disruption and enhanced autophagy without UPR were previously reported for an alternative 
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cell stress response pathway termed “ER overload” (27), but we did not see consistent 

activation of NFκB signaling (Supplemental Fig. S5A,B) expected in ER overload.

Osteoblast malfunction

We did not detect appreciable pOB apoptosis (Supplemental Fig. S6), but we observed 

significant abnormalities in Het osteoblast differentiation and function. In particular, we 

measured the total number of colony forming units (CFU) in bone marrow stromal cell 

(BMSC) cultures from 4 month old mice (CFU-F), the number of colonies positive for 

alkaline phosphatase (CFU-ALP) and the number of colonies capable of forming 

mineralized matrix (CFU-OB) in osteogenic media. We observed a general trend of reduced 

CFU in Het BMSCs, but a large and statistically significant reduction only for CFU-OB, 

indicating deficient formation of mature osteoblasts (Fig. 6A).

We found a similar differentiation deficiency in pOBs cultured in osteogenic media (Fig. 

6B). After 2 weeks in this media, Het pOBs deposited less mineral than WT pOBs (Fig. 6B 

and Supplemental Fig. S7). Lower transcription of Bglap (osteocalcin) and Dmp1 at day 8 in 

osteogenic media indicated that the reduced mineral deposition was caused by altered 

formation of mature Het osteoblasts. Expression of an early osteoblast marker gene, Alpl 
(alkaline phosphatase) was similar in Het and WT cells. Rapamycin treatment partially 

rescued osteoblast maturation and mineral deposition.

Cultured Het pOBs also had blunted response to exogenous TGFβ1 and WNT3A. We 

observed no increase in intracellular procollagen and reduced SMAD2 phosphorylation in 

response to TGFβ1 (Fig. 6E) as well as reduced transcriptional response of the WNT3A 

target gene Axin2 (Fig. 6F).

In parietal bones from E18 Het and Hom embryos, we found reduced transcription of mature 

osteoblast and osteocyte genes Col1a1, Bglap, Ifitm5 (BRIL), and Sost (sclerostin). In 

contrast, transcription of Dmp1, which is highly expressed in embryonic osteoblasts and 

postnatal osteocytes (28), was significantly upregulated (Fig. 6C). Postnatal expression of 

these genes had similar trends in parietal bones from Het animals, but only the changes in 

Dmp1 and Sost reached statistical significance. Curiously, Het and Hom parietal bones had 

increased transcription of the TGFβ target gene Cdkn1a (Fig. 6D).

Extracellular matrix deposition

To test how malfunction of the cells and secreted mutant molecules outside the cells affected 

matrix deposition, we measured matrix composition in skin of E18 embryos and in cultures 

of MEFs and pOBs. E18 Het and Hom skin had reduced collagen weight fraction and 

increased glycosaminoglycan (GAG) weight fraction (Fig. 7A-C). In the Het skin, only 30% 

of type I collagen molecules had the mutant chain (Fig. 7D). Cultured Het pOBs and MEFs 

deposited 2-3 times less collagen/cell than their WT counterparts (Fig. 7E,F), but almost 

normal collagen deposition was observed in Het pOB culture with rapamycin (Fig. 7F). Like 

in skin, only 30% of type I collagen molecules in cultured Het matrix had the mutant chain, 

suggesting that close to half of the secreted molecules with the mutant chain did not 

incorporate into the matrix (Supplemental Fig. S2). Nevertheless, Hom MEFs that produced 

only the mutant molecules deposited the same amount of collagen/cell as Het MEFs.
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Discussion

Our overall conclusion is that bone pathology in G610C mice is largely related to disruption 

of osteoblast differentiation and function by accumulation of misfolded procollagen in the 

cell. The cells survive but malfunction, causing abnormal bone matrix formation, which is at 

least partially prevented by enhancing misfolded procollagen degradation in the cell by 

autophagy. Deficient secretion and potential malfunction of mutant collagen in the bone 

matrix, e.g. formation of aberrant disulfide bonds between type I collagen triple helices 

observed in Ref. (11), appear to be less important for the pathology. Procollagen autophagy 

is therefore an appealing target for OI and potentially other disorders caused by procollagen 

misfolding. These conclusions are based on the following interpretation of our experimental 

results.

Triple helix folding disruption causes accumulation of misfolded procollagen and 
unconventional cell stress response

Delayed folding (Fig. 2A,B), slower clearance (Fig. 2C,D), and increased amount of 

procollagen inside the cell (Fig. 3A) as well as ER dilation (Fig. 4B,D) indicate that the 

G610C substitution causes significant intracellular accumulation of misfolded molecules. 

This conclusion is supported by normalization of the procollagen amount inside the cell 

(Fig. 3B) and ER structure (Fig. 4F) upon enhancement of autophagy that degrades 

accumulated misfolded molecules.

We hypothesize that the delay in folding of mutant procollagen (Fig. 2A,B) increases the 

probability of nonproductive association, misfolding and aggregation of procollagen 

chains (29). In particular, formation of short triple helices that tie together chains from 

multiple procollagen trimers might lead to gelatin-like aggregates. Association of normal 

and mutant molecules into such aggregates might explain why Het cells retain and 

accumulate misfolded procollagen (Fig. 2C,D, 3A-C) yet secrete an equal number of 

molecules with and without the mutant chain (Supplemental Fig. S2).

ER dilation (Fig. 4), transcriptional upregulation of Cryab (αB crystalline), Serpinh1 
(HSP47), and Ddit3 (CHOP) (Fig. 5A) and increased phosphorylation of EIF2α (Fig. 5E) 

provide evidence of elevated cell stress in response to the accumulation of misfolded 

procollagen. However, the nature of the resulting stress response is not yet clear. Consistent 

with other Gly-substitutions (10,29), we did not detect activation of key UPR signaling 

transducers BIP and spliced Xbp1, which mediate conventional ER stress response. The 

increase in EIF2α phosphorylation without BIP upregulation (Fig. 5B) might be caused by 

PKR, HRI and/or GCN2 kinases within non-UPR forms of integrated cell stress response 

rather than by the PERK arm of UPR (30), since the latter is mediated by BIP (9).

Our observations also appear to be inconsistent with ER overload response caused by 

aggregation of some misfolded proteins (e.g. α1-antitrypsin and other serine protease 

inhibitors) in the ER. The latter is characterized by the lack of conventional UPR, Ca2+ 

release from the ER, activation of NFκB signaling, and degradation of misfolded proteins by 

autophagy (27). We detected upregulation of NFκB signaling only in BMSC but not in pOB 

culture (Supplemental Fig. S5). It is possible, however, that ER overload response does not 
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activate NFκB signaling in more mature osteoblasts, for which it would be detrimental (31) 

and that NFκB signaling is not a necessary attribute of the ER overload pathway.

It is tempting to speculate that procollagen triple helix misfolding triggers a distinct type of 

cell stress response, because the ER machinery involved in the triple helix folding and 

procollagen export is very different from most other proteins (2-4). Notably, more 

pronounced ER dilation (Fig. 4) and transcriptional upregulation of αB crystalline, HSP47, 

and CHOP (Fig. 5A) indicate much stronger response of G610C osteoblasts in vivo than in 

culture, likely because the cells produce more collagen in their natural environment.

Osteoblast malfunction caused by cell stress response to procollagen misfolding is the 
primary cause of bone pathology

Our observations suggest that procollagen misfolding causes osteoblast malfunction at 

multiple levels including deficient differentiation and maturation, abnormal response to 

TGFβ, WNT and probably other signaling, and deposition of abnormal bone matrix (Fig. 

6,7). This malfunction appears to play a key role in bone pathology.

In particular, more severe stress in cells that produce more procollagen explains the failure 

of Het BMSCs to form mature osteoblasts (Fig. 6A) and inadequate upregulation of 

osteoblast genes and matrix mineralization by pOBs (Fig. 6B). Deficient osteoblast 

differentiation and maturation (Fig. 6C) is likely responsible for under-mineralization of 

rapidly growing bones in Het and Hom neonates (Fig. 1, Supplemental Fig. S2) and more 

severe bone phenotype in Het neonates compared to adult animals (11). Moreover, abnormal 

osteoblast differentiation is a general feature of OI in human patients and animal 

models (32-34).

The role of the cell stress in osteoblast malfunction might also explain the dichotomy 

between a blunted osteoblast response to TGFβ (Fig. 6E; Ref. (35)) and beneficial effects of 

a neutralizing TGFβ antibody for bone (13). Indeed, an overlap between cell stress and TGFβ 
signaling pathways, e.g. because both involve Ca2+ release from the ER to cytosol (36,37), is 

potentially responsible for the coexistence of deficient SMAD2 phosphorylation in response 

to exogenous TGFβ (Fig. 6E) with endogenous over-expression of a TGFβ target gene 

Cdkn1a (Fig. 6D). As a result of the same overlap, the TGFβ antibody may prevent 

aggravation of the cell stress by TGFβ. The antibody may have other effects as well, because 

of many different physiological functions of TGFβ.

Comparison of WT, Het and Hom neonates (Fig. 1) further supports the primary role of cell 

stress and osteoblast malfunction. Mutant molecules comprise 30% of type I collagen in Het 

matrix (Supplemental Fig. S2) and 100% in Hom matrix, but the total amount of collagen 

and GAGs deposited in Het and Hom matrix per cell are similar (Fig. 7). Given this 

similarity and genetic similarity of G610C animals backcrossed onto an inbred C57BL/6J 

mouse line, it is difficult to explain the extreme severity of Hom neonates and very wide 

range of bone pathology in Het neonates by malfunction of secreted mutant collagen. Even 

the amount of collagen deposited by osteoblasts in the matrix appears to be affected more by 

the cell malfunction than by deficient incorporation of the secreted mutant molecules into 

the matrix, as suggested by the rescue of collagen deposition with rapamycin (Fig. 7F). The 
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phenotypic variability of G610C animals is more likely to be related to the inherent 

dependence of cell stress response and therefore osteoblast malfunction on multiple genetic, 

epigenetic and environmental factors.

Autophagy of misfolded procollagen is a key adaptive response affecting the severity of 
osteoblast cell stress and malfunction

In particular, osteoblast malfunction depends on the ability of the cell to reduce the stress by 

degrading retained misfolded molecules. Our observations and studies of other Gly 

substitutions indicate that misfolded procollagen is primarily degraded by lysosomes, to 

which it is delivered by autophagosomes through activation of (macro)autophagy 

pathway(29,34). Inhibition of autophagy increases accumulation of misfolded procollagen in 

G610C osteoblasts (Fig. 3A,B) while enhancement of autophagy prevents such 

accumulation (Fig. 3A,B), eliminates ER dilation (Fig. 4E-H), and restores normal ability of 

the cells to produce and deposit collagen matrix (Fig. 7F).

The latter observations suggest a potential strategy for therapeutic intervention in OI by 

targeting autophagy and other adaptive cell stress responses. On a cautionary note, however, 

drug and nutrient based autophagy modulation might also affect other cellular processes. We 

hope that our ongoing study of direct genetic modulation of autophagy will help clarify the 

extent to which autophagy enhancement might prevent osteoblast malfunction, although 

such modulation might have its own off-target effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Skeletal staining of newborn pups with Alizarin Red (mineral) and Alcian Blue 

(glycosaminoglycans). (A-D) WT, (E-H) severely affected Het, and (I-L) Hom. (A,E,I) 

Skulls and enlarged images of separated parietal bones. (B,F,J) Rib cages. (C,G,K) Scapulas; 

each in two projections, to show deformities. (D,H,L) Femurs, tibias and fibulas; sharp 

bending of Hom femurs illustrates severe long bone deformities. Separation of hind leg 

bones was an artifact of sample preparation, resulting from over-digestion of much thinner 

(vs. WT and Het) ligaments in Hom neonates by KOH during the clearing step of skeletal 

staining. Each set is from the same mouse. Contrast was digitally enhanced in individual 

images.
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Fig. 2. 
Folding, retention and post-translational overmodification of procollagen in cultured pOBs 

(A,C,E) and MEFs (B,D,F). (A,B) Formation of folded (chymotrypsin/ trypsin resistant), 

Aha-labeled molecules after a 10 min labeling pulse. 50% folding was observed in ~21 min 

(WT pOBs), ~ 25 min (Het pOBs), ~ 25 min (WT MEFs), ~ 30 min (Het MEFs), and ~ 35 

min (Hom MEFs). (C,D) Fraction of Aha-labeled procollagen remaining inside the cell 

during a 2 h chase in a Met medium preceded by a 2 h Aha-labeling pulse. 50% retention 

was observed in ~ 50 min (WT pOBs), ~ 80 min (Het pOBs), ~ 45 min (WT MEFs), ~65 

min (Het MEFs), and ~ 100 min (Hom MEFs). (E,F) Procollagen overmodification 

visualized by delayed electrophoretic migration of the α1(I) and α2(I) chains from triple 

helical domains purified by pepsin treatment and salt fractionation. Each gel lane contains a 

binary mixture of molecules from WT cells labeled with either AlexaFluor 488 (green) or 

Cy5 (red) and molecules from WT, Het or Hom cells labeled with the other dye. Vertical 

color separation reveals subtle differences in electrophoretic migration of the chains (38). All 
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error bars in this and subsequent figures show the standard error of the mean measured in at 

least triplicate experiments.
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Fig. 3. 
Procollagen accumulation and degradation by cultured pOBs. (A) Procollagen amount inside 

untreated cells. (B) Bortezomib (Bor., 2.6 nM, 6h), eeyarestatin (Eey., 8 μM, 2h), 

bafilomycin A1 (Baf., 100 nM, 2.5h), chloroquine (Chl., 50 μM, 3h), nutrient deprivation 

(N.D., 0.5h), and rapamycin (Rap., 10 nM, 1h) effects on procollagen accumulation in the 

cell measured by western blotting (WB). (C) Bor., Baf., and Chl. effects on the fraction of 

Aha-labeled procollagen retained in the cell after 2 h Met chase relative to the start of the 

chase (Cont. – untreated cells). (D) LC3I and LC3II expression relative to β-actin (WB). (E-

G) Effects of 2.5h Baf., 1h Rap., and 0.5h N.D. treatment on the expression of LC3II, LC3I 

and p62 (WB). *, p<0.05; **, p<0.01.
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Fig. 4. 
Ultrastructural characterization of ER in parietal osteoblasts in vivo and in culture by 

electron microscopy. (A,B). Representative images of osteoblasts in parietal bone from 12 

day old WT and Het mice. (C-F). WT and Het pOBs cultured for 3 weeks without and with 

10 nM rapamycin (+ Rap). (G). Histograms of ER lumen thickness in cultured pOBs. In 

culture without Rap, we examined 9 WT and 20 Het cells. In culture with Rap, we examined 

14 WT and 11 Het cells. We made 30-180 measurements of ER lumen thickness per cell, 

depending on the total length of ER cisternae. (H). Fraction of ER length with 100 nm or 

larger lumen thickness, defined as dilated ER based on the histograms. **, p<0.01; ***, 

p<0.001.
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Fig. 5. 
Cell stress markers in cultured pOBs and parietal bone from calvaria. (A) Relative quantity 

(RQ) of Hspa5 (BIP), Cryab (αB crystalline), Ddit3 (CHOP), Col1a1, and Serpinh1 
(HSP47) mRNA with respect to WT in pOB cultures, parietal bones from E18 embryos (7 

WT, 9 Het, and 6 Hom), and parietal bones from 17 day old mice (4 WT and 4 Het). (B) BIP 

protein expression and phosphorylation of EIF2α (measured by WB) in pOBs, parietal 

bones from E18 embryos (3 WT, 3 Het and 4 Hom) and parietal bones from 2-7 day old 

mice (6 WT and 6 Het for BIP; 12 WT and 13 Het for p- EIF2α/ EIF2α). (C) Representative 

WB images for BIP expression in E18 embryos. (D) Analysis of Xbp1 mRNA splicing 

(Xbp1-U to Xbp1-S) by gel electrophoresis after reverse transcription and PCR in parietal 

bone from E18 embryos. Both Xbp1-U and Xbp1-S are clearly visible in a positive control 

of WT pOBs treated for 5 h with 5 μg/mL tunicamycin (Tn), but only Xbp1-U was detected 

in parietal bones from the embryos (as well as in untreated pOB cultures and parietal bones 

from 2-7 day old mice, Supplemental Fig. S4). *, p<0.05; **, p<0.01; ***, p<0.001.
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Fig. 6. 
Malfunction of Het osteoblasts in culture and parietal bone. (A) Osteoblast differentiation in 

BMSC culture. (B) Osteoblast maturation in pOB culture without and with 10 nM 

rapamycin (Rap) assessed by mineral deposition and relative quantity (RQ) of Alpl (alkaline 

phosphatase), Bglap (osteocalcin) and Dmp1 mRNA relative to WT after 8 days in 

osteogenic media. (C) Relative quantity of Col1a1, Bglap, Ifitm5 (BRIL), Dmp1, and Sost 
(sclerostin) in parietal bones from E18 embryos (7 WT, 9 Het and 6 Hom) and from 17 day 

old mice (4 Het and 4 WT). (D) Expression of TGFβ target gene Cdkn1a in pOB cultures 

and parietal bones from the same embryos and animals. (E) Effect of 10 ng/mL TGFβ1 on 

intracellular procollagen after 1h and 5h and on phosphorylation of TGFβ target SMAD2 

after 1h. (F) Effect of 100 ng/mL WNT3A on transcription of WNT target gene Axin2 after 

4 hours. *, p<0.05; **, p<0.01; ***, p<0.001.
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Fig. 7. 
Collagen matrix deposition in vivo and in culture. (A-C) Collagen and GAG content in skin 

of WT (n=2), Het (n=3) and Hom (n=2) E18 embryos measured with Sircol and Blyscan 

assays. (D) Fraction of type I collagen with the mutant chain in E18 Het skin (n=3) 

measured by differential scanning calorimetry. (E) Collagen deposition per cell in MEFs 

cultured for 8 weeks measured as a ratio of integral intensities of characteristic spectral 

peaks detected by Raman microspectroscopy. (F) Collagen deposition per cell in pOB 

cultured for 3 weeks without and with 10 nM rapamycin measured as in panel E. **, p<0.01, 

***, p<0.001.
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