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Abstract

Osteogenesis imperfecta (OI) is a hereditary bone disorder most commonly caused by autosomal 

dominant mutations in genes encoding type I collagen. In addition to bone fragility, patients suffer 

from impaired longitudinal bone growth. It has been demonstrated that in OI, an accumulation of 

mutated type I collagen in the endoplasmic reticulum (ER) induces ER stress in osteoblasts, 

causing osteoblast dysfunction leading to bone fragility. We hypothesize that ER stress is also 

induced in the growth plate where bone growth is initiated, and examined a mouse model of 

dominant OI that carries a G610C mutation in the procollagen α2 chain. The results demonstrated 

that G610C OI mice had significantly shorter long bones with growth plate abnormalities 

including elongated total height and hypertrophic zone. Moreover, we found that mature 

hypertrophic chondrocytes expressed type I collagen and ER dilation was more pronounced 

compared to wild type littermates. The results from in vitro chondrocyte cultures demonstrated 

that the maturation of G610C OI hypertrophic chondrocytes was significantly suppressed and ER 

stress related genes were upregulated. Given that the alteration of hypertrophic chondrocyte 

activity often causes dwarfism, our findings suggest that hypertrophic chondrocyte dysfunction 

induced by ER stress may be an underlying cause of growth deficiency in G610C OI mice.
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Introduction

Osteogenesis imperfecta (OI) is a genetic disorder that phenotypically causes skeletal 

abnormalities including bone fragility, deformity and growth impairment [1, 2]. More than 

85% of OI cases are caused by autosomal dominant mutations in Col1a1 and Col1a2 
encoding the α1 and α2 chains of type I procollagen, respectively, which is a main 

component of bone matrices [2]. The G610C mutation that changes the 610th amino acid 

from glycine (Gly) to cysteine (Cys) in the triple helical domain of α2 chains of type I 

procollagen (p.Gly777Cys) is one of the dominant forms that was originally identified in 

patients from the Old Order Amish kindred [3]. Mice harboring this G610C mutation exhibit 

skeletal phenotypes similar to OI patients with the identical mutation, such as reduced body 

mass, bone mineral density and bone strength [3].

The mature type I collagen is a triple helix assembled in the endoplasmic reticulum (ER) by 

two α1 and one α2 chains of type I procollagen. This collagen triple helix consists of a 

repeating Gly-X-Y sequence within each chain [4]. The dominant mutations of OI, including 

G610C mutation, commonly substitute Gly in this repeating sequence, which interrupts 

hydrogen bonding between procollagen chains and disrupts proper triple helix formation, 

resulting in misfolding of collagen [5]. This misfolded collagen accumulates in the ER, 

causing ER dilation, cell stress and dysfunction of osteoblasts in OI [5-7]. Reduction of cell 

stress by enhancing clearance of unfolded collagen improved dysfunction of osteoblasts 

isolated from G610C OI mice [5]. Therefore, osteoblast dysfunction induced by the 

accumulation of misfolded collagen plays a major role in pathogenesis of bone fragility in 

autosomal dominant OI cases.

Longitudinal bone growth occurs by endochondral ossification at the growth plate where 

chondrocytes proliferate, produce cartilaginous matrices and differentiate into hypertrophic 

chondrocytes, which are characterized by cell shape and expression of hypertrophy-related 

molecules such as type X collagen, matrix metalloprotease 13, alkaline phosphatase, bone 

sialoprotein, etc. [8-10]. Hypertrophic chondrocytes contribute to longitudinal bone growth 

not only by increasing their size but also playing multiple roles in endochondral ossification. 

Specifically, they are responsible for cartilage matrix mineralization and degradation, 

invasion of blood vessels, and osteo/chondro-clastogenesis and bone formation by 

transdifferentiating into osteoblasts [11-14]. Alteration of these activities has been shown to 

lead to growth deficiency [11, 15].

Contrary to bone fragility, growth deficiency in OI has not been extensively investigated and 

there are very few reports studying the growth plate in OI [16-18]. Analyses of the growth 

plate in 6 OI patients showed abnormal changes, especially in hypertrophic chondrocytes, 

including increased thickness of the hypertrophic zone, reduced matrix glycosaminoglycans, 

reduced alkaline phosphatase activity, and poor mineralization, suggesting that hypertrophic 

chondrocyte activities are somehow affected in OI. Therefore, to elucidate the mechanism 
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underlying growth deficiency in OI, in this study, we examined alterations of the growth 

plate and function of hypertrophic chondrocytes in G610C OI mice.

Materials and Methods

Mice

Wild type C57BL/6 mice and G610C OI mice on a C57BL/6 background [3] were 

purchased from The Jackson Laboratory and Col1a1 3.6-GFPtpz transgenic mice [19] were 

kindly provided by Dr. David Rowe. These strains were maintained in the animal facility at 

The Research Institute at Nationwide Children’s Hospital as well as at The University of 

Maryland, School of Medicine. All animal protocols were approved by the Institutional 

Animal Care and Use Committees of both institutes.

Bone length

Both the left and right hind limbs were harvested from 3-, 6- and 12-week old G610C OI 

and wild type littermates and fixed in 4% paraformaldehyde for 2 days. After carefully 

removing soft tissues under a stereo microscope, tibia and femur lengths were measured 

using a digital caliper (Thermo Fisher Scientific, Waltham, MA, USA). The lengths of the 

right and left bones from individual mice were averaged.

Histological evaluation (Details are provided in the Supplementary Material)

Following fixation and decalcification, 6μm-thick paraffin embedded sections were stained 

with hematoxylin and eosin (H&E) for height measurements of the growth plate.

For GFP and type X collagen staining, 6μm-thick sections were incubated with polyclonal 

goat anti-GFP antibody (1:200, Novus Biologicals LLC, Littleton, CO, USA) and polyclonal 

rabbit anti-Collagen X antibody (1:50, Abcam, Cambridge, MA, USA) followed by 

incubation with Alexa Fluor 488 anti-goat IgG, Alexa Fluor 555 anti-rabbit IgG (1:200, 

Thermo Fisher Scientific).

For procollagen type I staining, sections were blocked with the Mouse on Mouse kit (Vector 

Laboratories, Burlingame, CA, USA) followed by incubation with an antibody specific for 

procollagen type I (1:20 dilution, SP1.D8, Developmental Studies Hybridoma Bank, Iowa, 

IA, USA) [20]. The antibody was visualized using ImmPACT NovaRED Peroxidase 

substrate (Vector Laboratories).

For 5-ethynyl-2'- deoxyuridine (EdU) staining, sections stained for EdU using the Click-iT 

EdU Imaging Kit (Thermo Fisher Scientific).

All images were acquired with an Axiocam HRc or MRm camera using AxioVision 4.5SP1 

software (Carl Zeiss, Thornwood, NY, USA) on a Zeiss Axio Imager A1. All histological 

measurements were performed blindly to sample identifications.

Electron microscopy

The growth plate was dissected from distal femora of day4 neonates of G610C OI and wild 

type littermates under the stereo microscope. The isolated growth plates were fixed in 2.5% 
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glutaraldehyde over night at 4°C followed by the post fixation with 1% OsO4 for 2 hours. 

These fixed growth plates were then embedded into epoxy resin. Sixty nm sections were 

collected onto CuPd grids and stained with uranyl acetate and lead citrate. Grids were 

viewed on a Hitachi H 7650 Transmission Electron Microscope (Hitachi High-Technologies, 

Chatsworth, CA, USA). ER thickness was measured at 500nm intervals in 7-12 hypertrophic 

chondrocytes per growth plate in 5 mice from each strain (30-170 measurements per 

hypertrophic chondrocyte) on acquired images [5].

Chondrocyte pellet culture

Primary chondrocytes were isolated from epiphyseal cartilage of humeri and femora 

harvested from day 4 neonatal G610C OI and wild type littermates as previously described 

[21, 22]. Freshly isolated chondrocytes were re-suspended in DMEM/F12 with L-Glutamine 

(Corning Life Sciences) supplemented with ascorbic acid (50μg/mL) and 10% fetal bovine 

serum and then 5 × 105 chondrocytes were pelleted in a 0.5mL tube by centrifugation at 

400g for 5 minutes [10, 23]. These chondrocyte pellets were incubated at 37°C and the 

medium was changed every other day.

RNA isolation and quantitative PCR

Chondrocyte pellets were washed with cold PBS twice and disrupted in RLT buffer 

containing β-mercaptoethanol using a mortar and pestle (Takara BioMasher, Takara Bio Inc, 

Shiga, Japan) followed by homogenization using QIAshredder (QIAGEN, Gaithersburg, 

MD, USA). RNA was isolated from the lysate with RNeasy Micro Kit according to the 

manufacture’s instruction (QIAGEN). Reverse transcription was performed with High-

Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). Quantitative PCR was 

performed on ABI 7900HT Fast Real-Time Systems (Thermo Fisher Scientific) using 

TaqMan Gene Expression Assays for glyceral-dehyde-3-phosphate dehydrogenase (Gapdh), 

type X collagen (Col10a1), matrix metalloprotease 13 (Mmp13), alkaline phosphatase (Alp), 

bone sialoprotein (Bsp), osterix (Osx), bone gamma-carboxyglutamate protein (Bglap), type 

I collagen (Col1a1 and Col1a2), binding- immunoglobulin protein (BiP, Hapa5), heat shock 

protein 47 (Serpinh1), ER degradation enhancing alpha-mannosidase like protein 1 (Edem1) 

and crystallin alpha b (Cryab).

Statistical Analysis

Statistical analyses were performed by unpaired two-tailed t-test for comparison of two 

samples and by two-way analysis of variance for samples with two variables followed by 

Sidak’s multiple comparisons test using Prism (Version 7, GraphPad Software Inc., La Jolla, 

CA, USA). A minimum of four replicates were used for statistical analyses for each 

experiment. All data are shown as mean ± standard error. A P-value < 0.05 was considered 

statistically significant.

Results

Bone growth was significantly impaired with the elongated growth plate in G610C OI mice.

We examined the bone length and growth plate histology of G610C OI mice in comparison 

with wild type littermates of each gender at 3, 6, and 12 weeks of age. At least 5 mice per 
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each age and gender were evaluated. Body weight and bone length in G610C OI mice were 

significantly smaller for both genders at every age examined (Fig. 1A [male] and 

Supplemental Fig. 1A [female]). These results were consistent with the findings in OI 

patients harboring an identical mutation [3]. Histological analyses of the femora revealed 

that the height (thickness) of the growth plate (GP) and hypertrophic zone (HZ) was 

significantly elongated in G610C OI mice (Fig. 1B [male] and Supplemental Fig. 1B 

[female]).

Type I collagen was expressed in hypertrophic chondrocytes.

Consistent with previous reports from OI patients [16-18], the results above clearly showed 

that the growth plate is affected in G610C OI mice. To examine whether type I collagen is 

expressed in the growth plate, we analyzed Col1a1 3.6-GFPtpz transgenic mice, which 

express the topaz variant of GFP coincidently with endogenous Col1a1 expression [19]. 

Histological GFP staining of postnatal day 4 femora showed that cells adjacent to the 

chondro-osseous junction stained positively for both Col10 and GFP, while no GFP was 

detected in wild type mice (Fig. 2A and B). These results suggest that mature hypertrophic 

chondrocytes express type I collagen consistently with previous findings [24].

To confirm that type I collagen is expressed in G610C OI hypertrophic chondrocytes, 

femoral sections of 3-week old G610C mice were stained with an antibody against type I 

procollagen, which does not recognize type I collagen in the extracellular matrix. Although 

the staining was not as strong as osteoblasts in the trabecular area, mature hypertrophic 

chondrocytes were also positively stained (Fig. 2C and D). These results indicate that mature 

hypertrophic chondrocytes in G610C OI mice express mutated type I collagen.

Endoplasmic reticulum was dilated in G610C OI hypertrophic chondrocytes.

In dominant forms of OI, mutated type I collagen has been demonstrated to cause ER stress 

in osteoblasts [1, 2]. Thus, we examined growth plate hypertrophic chondrocytes using 

transmission electron microscopy. Electron micrographs showed that ER dilation was more 

prominent in G610C OI hypertrophic chondrocytes than those from wild type littermates 

(Fig. 3A and B). ER thickness was increased in G610C OI hypertrophic chondrocytes (Fig. 

3C) and the fraction of ER with 200nm or larger in thickness was significantly greater in 

G610C OI hypertrophic chondrocytes (Fig. 3D). These results suggest that ER stress is 

induced in hypertrophic chondrocytes in G610C OI mice.

Maturation of G610C OI hypertrophic chondrocytes was suppressed.

To examine whether ER stress cell-autonomously affects hypertrophic chondrocytes, we 

investigated hypertrophic differentiation of chondrocytes using a chondrocyte pellet culture 

which mimics hypertrophic differentiation in the growth plate [10, 23]. When chondrocytes 

isolated from epiphyseal cartilage were cultured as a pellet for a week, they remained 

immature and expressed marginal levels of hypertrophic chondrocyte related genes with no 

significant differences between G610C OI and wild type pellets (Fig. 4A). In contrast, 

chondrocytes in pellet cultures for 3 weeks became hypertrophic and increased expression 

levels of hypertrophic chondrocyte related genes (Fig. 4A). Consistent with the results in 

vivo (Fig. 2D), both Col1a1 and Col1a2 were expressed in chondrocyte pellet cultures. The 
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expression levels of all hypertrophy-related genes tested at 3 weeks were significantly lower 

in G610C chondrocyte pellets than in wild type chondrocyte pellets (Fig. 4A), indicating 

that chondrocyte maturation is significantly suppressed in G610C OI.

Consistent with the results shown in Fig.3, G610C chondrocyte pellets at 3 weeks expressed 

ER stress related genes such as Hspa5, Serpinh1, Edem1 and Cryab significantly greater 

than wild type chondrocytes (Fig. 4B). Contrary to G610C osteoblasts, Hspa5 which 

encodes binding-immunoglobulin protein (BiP) is upregulated in G610C chondrocytes.

These results demonstrate that G610C OI chondrocytes become dysfunctional when they 

undergo hypertrophic differentiation and increase ER stress. The expression of mutated type 

I collagen in pellet culture may be the source of abnormal ER stress in hypertrophic 

chondrocytes.

Discussion

In addition to bone fragility, growth deficiency is one of the major skeletal phenotypes in 

patients with OI [1]. While extensive efforts have been made to identify the mechanism of 

bone fragility in OI, the cause of growth deficiency in OI has been a longstanding mystery. 

In this study, we demonstrate the possibility that hypertrophic chondrocyte dysfunction in 

the growth plate induced by ER stress may cause growth deficiency in OI.

Similar to other dominant forms of OI, G610C OI mice demonstrate mutated type I collagen 

accumulated in the ER of osteoblasts, which induced cell stress leading to suppression of 

osteoblast maturation and mineral deposition [5]. Our in vitro chondrocyte pellet studies 

showed that G610C OI chondrocyte maturation was also suppressed, suggesting that similar 

mechanisms may be involved in both osteoblasts and chondrocytes to prevent differentiation. 

Failure in chondrocyte maturation may prevent chondrocyte clearance from the growth plate 

and result in elongated growth plate height.

When ER stress was induced in murine growth plate chondrocytes during the pubertal 

growth spurt by knocking out ERp57, a chaperone which is responsible for the correct 

folding of newly synthesized glycoproteins, bone growth was significantly suppressed with 

reduced trabecular bone formation [25]. Importantly, the reduction of bone growth was 

accompanied with enlarged growth plates as well as expanded hypertrophic zones. 

Moreover, when ER stress was introduced specifically in hypertrophic chondrocytes in the 

growth plate by expressing an ER stress-inducing protein under the control of Col10a1 
promoter [26], the transgenic mice also exhibited shorter bones with the expanded 

hypertrophic zones. These results indicate that ER stress in the growth plate, especially in 

hypertrophic chondrocytes, impairs longitudinal bone growth. One of the chondrodysplasias, 

metaphyseal chondrodysplasia type Schmid (MCDS), is caused by mutations in type X 

collagen proteins which result in the production of abnormal proteins with improper folding 

leading to ER stress in hypertrophic chondrocytes [27]. Indeed, a mouse model of MCDS 

that carries a causative mutation (p.Asn617Lys) in Col10a1 exhibits dwarfism as well as 

expanded hypertrophic zones [26]. This mutated type X collagen accumulates in the ER and 

causes ER stress specifically in growth plate hypertrophic chondrocytes. All of these results 
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are comparable with our findings in G610C mice, suggesting that ER stress in hypertrophic 

chondrocytes may be involved in the mechanism underlying growth deficiency in OI.

It has been shown that a substantial number of hypertrophic chondrocytes transdifferentiate 

into osteoblasts and directly contribute to trabecular bone formation [14]. Given that 

chondrocytes are stagnated in the growth plate of G610C OI mice, ER stress in hypertrophic 

chondrocyte may also cause reduced trabecular bone formation, which is a typical 

musculoskeletal manifestation of OI. Moreover, hypertrophic chondrocytes are an essential 

source of receptor activator of nuclear factor-kB ligand (RANKL) for osteo/chondro-

clastogenesis especially in growing bones [13]. Therefore, hypertrophic chondrocyte 

dysfunction could also be involved in the abnormal osteoclast activity observed in OI.

It has been demonstrated that cell stress in G610C OI osteoblasts is distinct from typical ER 

stress since BiP upregulation, one of ER stress indicators, does not occur [5]. In contrast, the 

expression of Hspa5, which encodes BiP, was significantly increased in G610C OI 

hypertrophic chondrocytes, suggesting that the accumulation of mutated type I collagen 

causes different types of cell stress in these cells. Given that chondrocytes express other 

matrix proteins that require modification in the ER such as type II collagen, type IX 

collagen, type X collagen, martrilin-3 and cartilage oligomeric matrix protein (COMP) [28], 

the accumulation of mutated type I collagen may cause misfolding of these other proteins 

which can trigger the typical ER stress response in hypertrophic chondrocytes. This may 

also suggest that the smaller amount of mutated type I collagen could be sufficient to induce 

ER stress in hypertrophic chondrocytes, accounting for relatively less expression of type I 

collagen in hypertrophic chondrocytes than in osteoblasts, although further investigation 

should be performed to fully understand how ER stress is induced in hypertrophic 

chondrocytes.

Our in vitro chondrocyte pellet culture demonstrated that maturation of G610C OI 

chondrocytes was significantly suppressed along with the increase of mutated Col1 
expression compared to that of wild type chondrocytes, suggesting that G610C OI 

chondrocytes are cell-autonomously affected by ER stress. However, it remains unknown 

whether the abnormal skeletal environment created by osteoblasts expressing mutated type I 

collagen can affect chondrocyte activities in the growth plate. This discovery would be 

critical to determine the target cell types for new therapies in the treatment of growth 

deficiency. Since sclerostin antibody treatment failed to stimulate bone growth [29], the 

proper target may not be osteoblasts, but rather hypertrophic chondrocytes, that primarily 

cause growth deficiency in dominant forms of OI.

In conclusion, the current study demonstrated that growth plate hypertrophic chondrocytes 

in G610C OI mice were exposed to ER stress, which is associated with shorter bones and 

abnormal growth plates. Therefore, dysfunction of hypertrophic chondrocytes induced by 

ER stress may be a contributory mechanism underlying growth deficiency in G610C OI 

mice.
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Highlights

• G610C OI mice exhibited shorter bones with elongated growth plates.

• The ER in hypertrophic chondrocytes was significantly dilated in G610C OI 

mice.

• ER stress was increased in hypertrophic chondrocytes along with suppression 

of chondrocyte maturation in G610C OI mice.
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Figure 1. 
Analyses of male G610C OI mice. (A) Body weight as well as femur and tibia lengths were 

evaluated in G610 C OI male mice and wild type (WT) male littermates at 3, 6, 12 weeks of 

age (black solid line: WT, red dotted line: G610C, n≥5). (B) Lengths of the growth plate 

(GP) and hypertrophic zone (HZ) were measured on femoral sections stained with H&E (x 

200, n≥5). All data are plotted as mean ± SEM. *P<0.05, **P<0.01 and ***P<0.001.
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Figure 2. 
Col1 expression in the growth plate. Femoral sections from day 4 neonates of wild type (A) 

and Col1a1 3.6-GFPtpz transgenic mice (B) were stained for GFP (green), type X collagen 

(Col10, red) and DAPI (blue) (x 200). (C, D) Double positive cells for GFP and type X 

collagen were indicated by white arrows. Femoral sections from 3-weeks old G610C OI 

mice were stained for type I procollagen (C: a control section without the primary antibody, 

D: with the primary antibody). The stained cells in the growth plate are indicated by red 

arrows (x 200).
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Figure 3. 
Electron microscopic analysis. Femoral sections from day 4 neonates of wild type 

littermates (A) and G610C OI mice (B) were scanned by electron microscopy. Swollen 

endoplasmic reticulum (ER) in hypertrophic chondrocytes were indicated by red asterisks. 

(C) ER thickness in hypertrophic chondrocytes was shown by histogram. (D) The fraction of 

ER with over 200nm thickness was analyzed. The data are shown as mean ± SEM.

Scheiber et al. Page 14

Biochem Biophys Res Commun. Author manuscript; available in PMC 2020 January 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
In vitro chondrocyte pellet culture. (A) Expression of mature hypertrophic chondrocyte 

related genes were examined in 1 week (1wk)- and 3 week (3wks)- pellet culture of 

chondrocytes (black: WT littermate chondrocyte pellet, gray: G610C OI chondrocyte pellet, 

n=5). (B) ER stress related genes were analyzed in the 3 week pellet culture of chondrocytes 

(n=5). Gene expression is shown relative to that of 1wk WT or WT. All data are shown as 

mean ± SEM. N.S.; not significant.
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