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ORIGINAL ARTICLE
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ABSTRACT
Osteogenesis imperfecta (OI) is a genetically heterogenous disorder most often due to heterozygosity for mutations in the type I pro-
collagen genes, COL1A1 or COL1A2. The disorder is characterized by bone fragility leading to increased fracture incidence and long-
bone deformities. Although multiple mechanisms underlie OI, endoplasmic reticulum (ER) stress as a cellular response to defective
collagen trafficking is emerging as a contributor to OI pathogenesis. Herein, we used 4-phenylbutiric acid (4-PBA), an established
chemical chaperone, to determine if treatment of Aga2+/� mice, a model for moderately severe OI due to a Col1a1 structural muta-
tion, could attenuate the phenotype. In vitro, Aga2+/� osteoblasts show increased protein kinase RNA-like endoplasmic reticulum
kinase (PERK) activation protein levels, which improved upon treatment with 4-PBA. The in vivo data demonstrate that a postweaning
5-week 4-PBA treatment increased total body length and weight, decreased fracture incidence, increased femoral bone volume frac-
tion (BV/TV), and increased cortical thickness. These findings were associated with in vivo evidence of decreased bone-derived
protein levels of the ER stress markers binding immunoglobulin protein (BiP), CCAAT/�enhancer-binding protein homologous pro-
tein (CHOP), and activating transcription factor 4 (ATF4) as well as increased levels of the autophagosome marker light chain 3A/B
(LC3A/B). Genetic ablation of CHOP in Aga2+/� mice resulted in increased severity of the Aga2+/� phenotype, suggesting that
the reduction in CHOP observed in vitro after treatment is a consequence rather than a cause of reduced ER stress. These findings
suggest the potential use of chemical chaperones as an adjunct treatment for forms of OI associated with ER stress. © 2022 The
Authors. Journal of Bone and Mineral Research published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral
Research (ASBMR).
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Introduction

Osteogenesis Imperfecta (OI) is a genetically heterogenous
disorder characterized by brittle bones and is one of the

most common osteochondrodysplasia phenotypes.(1,2) OI varies
in severity from perinatal lethality to milder phenotypes charac-
terized by an increased number of low impact fractures, particu-
larly in childhood. Severe or progressive deforming OI is
associated with recurrent fractures, poor fracture healing, long-
bone deformities, vertebral compression, and kyphoscoliosis.
Although poor bone quality is of principal importance in OI,
other manifestations include short stature, dentinogenesis
imperfecta, deafness, and cardiopulmonary compromise.(1-3)

Approximately 80%–85% of OI cases are caused by dominantly
inherited mutations in the genes encoding type I procollagen
(COL1A1 and COL1A2). Most of the mutations in the remaining
19 genes encode proteins involved in the synthesis, posttransla-
tional processing, and cellular trafficking of type I procollagen, or
proteins involved in osteoblast function.(1,4,5) Based on the genes
and the associatedmutations, several pathogenetic mechanisms
have been proposed to produce OI. For mutations that lead to
qualitatively abnormal collagen, due to either structural muta-
tions in the type I procollagen genes and/or altered posttransla-
tional modification, the defective collagen accumulates in the
extracellular matrix (ECM), altering fibril organization, mineraliza-
tion, and the biomechanical properties of the bones. Conversely,
for mutations that lead to reduced type I procollagen synthesis,
primarily due to haploinsufficiency for COL1A1, there is reduced
abundance in the ECM and altered stoichiometry relative to
othermatrix proteins. Additionally, abnormal osteoblast function
due to altered signaling pathway activity, including WNT and
transforming growth factor β (TGFβ), have also been shown to
contribute to disease.(4-6) Although these mechanisms have all
contributed to our understanding of bone fragility, both OI and
skeletal formation are complex, and additional mechanisms are
likely to contribute to the underlying pathology.

During the last decade, endoplasmic reticulum (ER) stress has
emerged as a common cellular pathologic process for a number
of diseases (reviewed in Oyadomari andMori(7)). The ER is the pri-
mary site for synthesis, posttranslational modifications, folding,
transport, and secretion of proteins.(8-10) Structurally abnormal
proteins, absence of proper posttranslational modifications,
and insufficient chaperone activity can lead to accumulation of
unfolded or misfolded proteins in the ER lumen, inducing ER
stress.(11) These perturbations initiate evolutionarily conserved,
complex signal transduction cascades referred to as the
unfolded protein response (UPR). Central to this process is bind-
ing immunoglobulin protein (BiP) (also known as GRP78 or
HSPA5), a multifunctional protein that has a role in the activation
of ER stress pathways. BiP binds to hydrophobic residues of mis-
folded proteins after dissociating from the UPR pathway recep-
tor regulators protein kinase RNA-like endoplasmic reticulum
kinase (PERK), activating transcription factor 6 (ATF6), and
inositol-requiring enzyme-1 (IRE1),(12) thereby activating these
mediators of the three major branches of the UPR.(13) PERK is
an important sensing element for ER stress(14) that, when acti-
vated, induces a downstream pathway to inhibit protein transla-
tion in order to restore ER homeostasis.(15) However, if ER stress
persists and is severe, PERK activates activating transcription fac-
tor 4 (ATF4),(16) which then induces the transcription of the CCAA
T/�enhancer-binding protein homologous protein (CHOP). High
levels and persistent expression of CHOP induce cellular

apoptosis.(17) Bone cells, particularly osteoblasts, are especially
at risk for detrimental levels of ER stress due to their abundant
secretion of ECM proteins.

There is an increasing literature on the effects of the chemical
chaperone 4-PBA or the related sodium phenylbutyrate in vari-
ous biological systems.(18-21) 4-PBA has been shown to have mul-
tiplemechanisms of action. It acts as an ammonia scavenger and,
in this context, has been employed in humans to treat the hyper-
ammonemia in urea cycle defects.(22-24) Additionally, 4-PBA acts
as a weak histone deacetylase inhibitor and may affect mito-
chondrial and peroxisome biogenesis.(25,26) Several studies sug-
gest that 4-PBA acts as a molecular chaperone, aiding in
protein folding and preventing ER aggregation of proteins.(27-29)

Numerous studies have demonstrated that ER stress in osteo-
blasts is an important factor in OI and other low-bone-mass dis-
orders.(30-33) Moreover, varying degrees of ER stress have been
demonstrated in several OI mouse models.(30,34,35) 4-PBA has
been reported to relieve ER stress in human OI fibroblasts with
mutations in COL1A1, COL1A2, CRTAP, P3H1, and PPIB.(32,36) In
vivo, 4-PBA treatment of Chihuahua, a zebrafish model of domi-
nant OI with a type I collagen structural mutation, improved
bonemineralization and decreased adult skeletal deformities.(37)

These published data imply that a chemical chaperone has the
potential to attenuate the OI phenotype through the relief of
ER stress.

This study describes a potential molecular treatment that tar-
gets the intrinsic cellular pathology of OI caused by type I procol-
lagen gene mutations. We tested the effects of 4-PBA treatment
in an OI mouse model, Aga2+/�, that manifests moderate to
severe OI.(30,34,38) The Aga2+/�mouse has a dominant frameshift
mutation in the Col1a1 C-propeptide domain and exhibits
decreased bone mass with increased bone brittleness and frac-
ture incidence.(30) The Aga2+/� mutation has been shown to
induce ER stress in fibroblasts, osteoblasts, and cortical bone
through the retention of type I procollagen in the ER.(30) Our find-
ings reveal that the upregulated ER stress response observed in
Aga2+/� osteoblasts and femoral bone lysates can be reduced
by 4-PBA treatment. 4-PBA treatment increased the weight and
length of Aga2+/� mice, indicating a positive effect on overall
postnatal bone growth. Importantly, 4-PBA treatment of Aga2+/�

mice resulted in increased bone strength and reduced fracture
incidence. However, genetic reduction of the ER stress response
by either ablation of CHOP or reduced expression of BiP, wors-
ened or did not improve, respectively, the Aga2+/� OI pheno-
type, indicating that these proteins are important in managing
the deleterious effects of OI mutations. Collectively, this study
demonstrates that improving chaperone function reduced ER
stress and improved bone parameters in one mouse model of
OI, and suggests this strategy could be effective in patients
with OI.

Subjects and Methods

Cell culture

For Figs. 1 and 2, mouse osteoblast (mOB) cultures were estab-
lished from P5 collagenase-digested calvaria of both Aga2+/�

and wild-type (WT) mice and plated in six-well plates at
200,000 cells/well, cultured for 48 hours in FBS supplemented
media (Dulbecco-Vogt Modified Eagle Medium [DMEM] supple-
mented with 10% fetal bovine serum [FBS] and then cultured
in osteogenic media DMEM supplemented with 10% FBS,
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50 μg/mL ascorbic acid, 10mM β-glycerophosphate, 10nM dexa-
methasone) for a total of 7 days with media changes every
2 days. Cells were treated with 5nM 4-PBA after plating for a total
of 7 days with media changes every 2 days. For protein analyses,
cells were collected in Lysis Buffer (Thermo Fisher Scientific, Wal-
tham, MA, USA; 87787) supplemented with proteinase inhibitors;
media was collected for collagen analysis 72 hours after the final
media change and supplemented with proteinase inhibitors
prior to concentration.

To concentrate media, 593 μL of ice-cold 95% ethanol was
added to 1.1 mL of media, collected, and kept on ice. Each
tube was inverted to mix, then precipitated on ice for
60 minutes. Samples were centrifuged at 18,000 g and 0�C
for 5 minutes, then the supernatant was removed. With the
pellet remaining, the sample was left open and inverted to
dry at room temperature for 60 minutes, then resuspended
in 100 μL radioimmunoprecipitation assay (RIPA) buffer
(EMD Millipore, Burlington, MA, USA; 20-188) supplemented
with Halt Protease and Phosphatase Inhibitor (Thermo Fisher
Scientific; 1861281).

Immunofluorescence

Immunofluorescence experiments were performed using an
Echo Revolution fluorescence microscope (ECHO, San Diego,
CA, USA). Cultured cells were fixed in 4% paraformaldehyde
(PFA) in phosphate buffered saline (PBS), then washed and per-
meabilized with 0.1% Triton X100 for 5 minutes, followed by
blocking in 10% goat serum for 1 hour. The conjugated primary
antibody (protein disulfide isomerase [PDI]; Cell Signaling Tech-
nology, Danvers, MA, USA; 5051; 1:100) was incubated overnight
at 4�C. 40,6-Diamidino-2-phenylindole (DAPI) at a 1:1000 dilution
for 10 minutes at room temperature was applied before mount-
ing. Experiments in Fig. 3 were repeated with at least six biolog-
ical replicates in each genotype.

Animal studies

The animal studies were performed under an approved by the
University of California at Los Angeles (UCLA) Research Safety
and Animal Welfare Committee (ARC Committee). The Animal

Fig. 1. Acute 4-PBA treatment reduces UPR activation in short-term primary osteoblast culture. (A–K) Quantification of Western blots probed for UPR
receptors and downstream transducers in primary calvarial osteoblasts cultured and treated with 5nM 4-PBA for 7 days. n= 7 per treatment group. Quan-
tifications are displayedwithmedian and interquartile range. Two-way ANOVAswere performed, *p < 0.05was considered statistically significant. (L) Rep-
resentative Western blots of relative protein levels.
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Research Committee (ARC) is an independent research review
committee mandated by the Animal Welfare Act the PHS Policy
on Humane Care and Use of Laboratory Animals. Aga2+/� ani-
mals were received as a gift from the Jacobsen laboratory at Har-
vard Medical School and maintained on a C57BL/6J
background.(30) The Aga2+/� colony was maintained through
mutant alleles only passed through males. All models were
housed in the UCLA vivarium under a 12-hour light/dark cycle
and provided water and standard chow ad libitum. Both male
and female animals were studied. Treatment with 4-PBAwas per-
formed as follows; 2.5 g/kg/d of 4-PBAwas placed in the drinking
water and changed three times per week over a 5-week treat-
ment period (postweaning, days 21 to 60). A maximum of two
Aga2+/� and two WT animals were housed per cage (only the
same genotypes were housed together) where water consump-
tion was observed between 4 and 6 mL per day (2–3 mL per day
per animal from 21 days to 2 months of age). Thus, 4-PBA was
offered in drinking water at 25 mg/mL concentration, calculating
that each mouse consumes about 50 mg per day per mouse.
There was no correlation observed between weight and water
consumption in Aga2+/� and WT mice. No adverse events were
reported with treatment. All animal studies were terminated at
2 months of age and euthanasia was performed via isoflurane
inhalation and cervical dislocation according to Association for
Assessment and Accreditation of Laboratory Animal Care Inter-
national (AALAC) protocols. At this point animals weremeasured,
X-rayed, and dissected for collection of calvaria (for osteoblast
extraction) and femurs (for protein analyses, micro–computed
tomography [μCT] scanning, and biomechanical studies). Frac-
ture incidence was calculated from the anterior/posterior radio-
graphs and the number of fractures counted in the long bones
(humeri, radii, ulnas, femurs, tibias and fibulas). Whole bones

were immediately cleaned and processed for protein lysis, fixed
in 4% PFA for histology, fixed and partially dehydrated in 70%
ethanol for μCT, and frozen in saline-embedded gauze for frac-
ture studies.

Genetic crosses were performed with Aga2+/� and Bip+/�

mice to generate animals with the Aga2+/�;BiP+/� genotype.
Similarly, Aga2+/� mice were crossed with Chop�/� mice to gen-
erate mice with the Aga2+/�;Chop�/� genotype. Animal studies
were terminated at 2 months of age and the animals were mea-
sured, X-rayed, and femurs from the Aga2+/�;BiP+/�mice under-
went μCT analyses. The Aga2+/�;Chop�/� mice could not
undergo μCT due to the fragility and deformity of the femurs.
BiP+/� mice were generously shared by Dr. Amy Lee at the Uni-
versity of Southern California.(39) Chop�/� mice were originally
generated by Dr. David Ron, NYU School of Medicine and were
deposited for commercial use at Jackson Laboratory (Bar Harbor,
ME, USA; B6.129S(Cg)-Ddit3tm2.1Dron/J; Stock No: 005530).

Western blots

For Western blot analyses, protein lysates were separated by
electrophoresis on either 5%, 7.5%, 10%, 12%, or gradient (Bio-
Rad Laboratories, Hercules, CA, USA; 4% to 20%, catalog
no. 4568093) sodium dodecylsulfate (SDS)-polyacrylamide gels
or TGX Stain-Free polyacrylamide gels (Bio-Rad Laboratories; cat-
alog no. 1610180), transferred to polyvinylidene difluoride mem-
branes, blocked in 5% nonfat milk or 5% bovine serum albumin
(BSA) in Tris-buffered saline with 0.1% Tween 20 (TBST) and
probed overnight with primary antibody (anti-BiP antibody [Cell
Signaling Technology; 1:1000; milk, catalog no. 3177], anti-CHOP
[Cell Signaling Technology; 1:1000; milk, catalog no. 5554], anti-
ATF4 [Cell Signaling Technology; 1:1000; milk, catalog

Fig. 2. 4-PBA treatment reduces PDI levels and localization in Aga2+/� primary osteoblast culture. (A,B) Representative Western blot and quantification of
relative PDI levels in primary calvarial osteoblasts cultured and treated with 5nM 4-PBA for 7 days. n = 7 per treatment group. A two-way ANOVA was
performed, *p < 0.05 was considered statistically significant. (C–F) Immunofluorescent images of primary osteoblasts probed with a conjugated antibody
against PDI. Green = PDI, blue = DAPI, n = 6.
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no. 11815], anti–light chain 3A/B [LC3A/B] [Cell Signaling Tech-
nology; 1:1000; milk; catalog no. 4108], anti-GAPDH [Cell Signal-
ing Technology; 1:2000; milk, catalog no. 2118], anti-PERK [Cell
Signaling Technology; 1:1000; milk, catalog no. 5683], anti-phos-
pho-PERK [Cell Signaling Technology; 1:1000; BSA, catalog
no. 3179], anti-XBP-1 [Cell Signaling Technology; 1:1000; BSA,
catalog no. 40435], anti-Vinculin [Abcam; 1:10,000; milk, catalog
no. ab129002], anti-eIF2ɑ [Cell Signaling Technology; 1:1000;
milk, catalog no. 5324], anti-phospho-eIF2ɑ [Cell Signaling Tech-
nology; 1:1000; BSA, catalog no. 3398], anti-IRE1ɑ [Cell Signaling
Technology; 1:1000; BSA, catalog no. 3294], anti-phospho-IRE1ɑ
[Invitrogen; 1:1000; BSA, catalog no. PA1-16927], anti-ATF6 [Cell
Signaling Technology; 1:1000; milk, catalog no. 65880], anti-PDI
[Cell Signaling Technology; 1:1000; milk, catalog no. 3501], anti-
β-Actin [Cell Signaling Technology; 1:1000; milk, catalog
no. 4967]). Peroxidase-conjugated secondary antibodies (Cell
Signaling Technology; 1:2000, catalog nos. 7071 and 7072) were
used, and immunocomplexes were identified using the

enhanced chemiluminescence (ECL) Detection Reagent (Cell Sig-
naling Technology; catalog no. 7003) or West Femto Maximum
Sensitivity Substrate (Thermo Fisher; catalog no. 34095). Protein
band quantification was performed using either ImageLab 6.1.0
(BioRad; Figs. 2 and 3) or ImageJ (Fiji; Fig. 1) following recommen-
dations in (http://rsb.info.nih.gov/ij/docs/menus/analyze.
html#gels). In Figs. 1 and 2, experiments were repeated at least
six times from six independent animals.

CT and fracture studies

μCT was conducted on the right femur with the Scanco μCT-40
system (SCANCO Medical AG, Brüttisellen, Switzerland; 55-peak
kilovoltage and 145-μA X-ray source). A standardized region of
the distal femoral metaphysis was scanned at 16-μm resolution.
Biomechanical testing by three-point bending: the contralateral
left femurs of the same mouse were tested by three-point bend-
ing with a span of 6 mm, using an Instron 5848 device (Instron

Fig. 3. Improvement of the OI phenotype and ER stress levels in male Aga2+/� mice treated with 4-PBA. (A,B) Quantification of total body length and
weight in WT and Aga2+/�male mice treated with 4-PBA or untreated controls, n= 9 (WT control), 15 (WT treated), 5 (Aga2+/� control), 11 (Aga2+/� trea-
ted). Two-way ANOVAs were performed, *p < 0.05 was considered statistically significant. (C) Quantification of long-bone fracture incidence in 4-PBA trea-
ted and untreated 2-month-old male Aga2+/� mice, n = 11 (untreated) and 17 (treated). Significance was determined by t test. (D–H) Representative
western blot and quantification of relative protein levels in femoral lysates of WT and Aga2+/� mice treated with 4-PBA or untreated control animals.
n= 4/per group. Quantifications are displayed with median and interquartile range. Two-way ANOVAs were performed, *p < 0.05 was considered statis-
tically significant. *p < 0.05, **p < 0.01, ***p < 0.001, ns = not significant.
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Inc., Grove City, PA, USA). Femurs were tested wet at room tem-
perature using an Instron 5848 microtester (Instron Inc.). The
femurs were tested to failure in three-point bending at a rate
of 0.1 mm/s and were oriented in the test fixture such that the
anterior surface was in compression and the posterior surface
was in tension. The test fixture span was about 6.5 mm. A
100-N load cell was used to collect data, and load and displace-
ment data was captured at rate of 40 Hz by using BLUEHILL Soft-
ware (Instron Inc.; Instron 5848).

The maximum load was determined by finding the highest
load value recorded before the specimen fractured. The region
of the load–displacement curve between 1 N and the maximum
load was separated into five segments and the fitted line of the
segment with greatest slope was defined as the stiffness. A line
representing 0.2% offset of this stiffness was used to define the
yield point. The elastic region was identified as the region from
the completion of the preload to the yield point. The postyield
(plastic) region was identified as the region from the yield point
until point of specimen fracture. Using a trapezoidal numerical
integration method, the energy (elastic, plastic, or total) was cal-
culated as the area under the load–displacement curve. The
cross-sectional geometry of each bone as determined by μCT
image analysis was used to convert the maximum load and stiff-
ness data into ultimate stress and elastic modulus values using
beam theory.(40) Toughness values were calculated as areas
(elastic, plastic, and total) under the stress/strain curve in the
same way as energy for the load/displacement curve.

Statistical analysis

GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, USA) was
used for statistical analysis. All values are shown as box plots with
median and interquartile range, as indicated in the figure leg-
ends. Comparisons in the study of two groups with n = 6 or
greater were performed using the Student’s t test. Comparisons
in the study with n < 6 and multiple groups were performed
using a two-way analysis of variance (ANOVA) with a Tukey test
as a correction for multiple comparisons.

Results

4-PBA treatment reduced ER stress markers in Aga2+/�

osteoblasts

To determine the effects of 4-PBA on endogenous levels of ER
stress and specific UPR components in Aga2+/� osteoblasts, we
cultured calvarial osteoblasts and we performed short-term pri-
mary osteoblast culture experiments with a 5nM 4-PBA treat-
ment for 7 days while in osteogenic media. Cell layer lysates
from these cultures were collected and probed for proteins
representing the three main signaling receptors of the UPR
(PERK, IRE1a, ATF6) as well as their downstream transducers
(Fig. 1). At baseline, we observed increased p-PERK in Aga2+/�

osteoblasts versus WT and this increase was significantly dimin-
ished with 4-PBA treatment while total PERK levels were
unchanged (Fig. 1A,B). However, we did not see significant
changes in ATF4 and eIF2α, downstream targets of activated
PERK (Fig. 1C–E,L). Further, CHOP is transcribed upon ATF4 bind-
ing to nuclear DNA and althoughwe observed increases in CHOP
in our in vivo data, we did not see changes in CHOP in shorter-
term culture (Fig. 1F,L).(14,16,41) Increases in ATF4 and CHOP tran-
scription are generally seen in long-term ER stress conditions;
therefore, it is likely our short-term treatment protocol was not

sufficient to induce downstream activation. To address the
IRE1a-activated arm of the UPR, we probed for IRE1a and p-IRE1a
levels and found no significant changes by genotype or treat-
ment condition (Fig. 1G,H,L). We did, however, show a slight
though insignificant decrease in X-box binding protein
1 (XBP1) splicing (a downstream event of IRE1a activation) in
Aga2+/� mice following 4-PBA treatment but no change in WT
osteoblasts. The short-term culture/treatment protocol may not
be sensitive enough to detect changes in IRE1a activation; how-
ever, the decrease in XBP-1 splicing seen only in Aga2+/� osteo-
blasts indicates a differential response and increased sensitivity
of the UPR to 4-PBA treatment in Aga2+/� compared to WT
(Fig. 1I,J,L). ATF6, the third arm of the UPR, did not show any sig-
nificant changes in the levels between Aga2 and WT (Fig. 1K,L).
To further delineate the effect of 4-PBA on stress within the ER,
we probed primary osteoblasts derived for our short-term cul-
ture/treatment protocol cell lysates as well as performed immu-
nofluorescence for levels of PDI, an abundant folding chaperone
whose expression is induced by ER stress.(42,43) Lysates showed
increased levels of PDI in Aga2+/� versus WT and these levels
were diminished with 4-PBA treatment to a level more similar
to WT (Fig. 2A,B). Immunofluorescent images also reflected these
results, indicating that Aga2+/� osteoblasts exhibit increased PDI
localization and amelioration with 4-PBA treatment (Fig. 2C–F).
Overall, this data indicates that specific elements of the UPR,
but not all, are activated endogenously in Aga2+/� primary cal-
varial osteoblasts and can be diminished via 4-PBA treatment,
highlighting the complexity of the UPR.

4-PBA treatment reduces ER stress and improves OI bone
quality in vivo

To determine the effect of 4-PBA treatment in vivo, wemeasured
body length and weight in the untreated and 4-PBA treated
2-month-old mice. At this time point, untreated Aga2+/� mice
were smaller and weighed less than WT controls (Fig. 3A,B). Male
Aga2+/� animals treated with 4-PBA showed increased body
length and weight (Fig. 3A,B). Similar results were observed in
female animals (Fig. S1). Further, male Aga2+/� animals exhib-
ited reduced long-bone fracture incidence determined by radio-
graphic analyses (Fig. 3C). These results suggest that 4-PBA
treatment had a positive effect on postnatal growth and
increased bone resistance to fracture in the Aga2+/�model, with
no changes seen in WT animals.

Analysis of ER stress markers by Western blot was performed
on bone lysates showing that relative to WT animals, there were
increased levels of BiP, CHOP, and ATF4 in Aga2+/�mice at base-
line in vivo (Fig. 3D–H). By contrast, the level of LC3A/B, a marker
of autophagocytosis, was decreased in the Aga2+/� bone lysates.
In previous studies, mutant collagen has been shown to be elim-
inated by autophagy and not by proteasomal degradation, and
previous in vitro studies have reported increased levels of autop-
hagy in OI cell models.(32,44) However, our in vivo data showed
the opposite, indicating either a decrease in the ability of the
cells to initiate autophagy or an increase in autophagosome deg-
radation. Bone lysates from Aga2+/� mice treated with 4-PBA
showed a slight decrease in BiP, significant decreases in CHOP
and ATF4, as well as increased LC3A/B levels, indicating suppres-
sion of the UPR and a positive effect on autophagy, bringing
these values closer to WT levels (Fig. 3D–H). These results show
that 4-PBA treatment reduced ER stress-related molecular
changes in OI mice in vivo. Although these results agree with
the increased ER stress levels observed in vitro, they also

Journal of Bone and Mineral Researchn 680 DURAN ET AL.



highlight important differences when analyzing ER stress in vivo
versus in vitro, again revealing the sensitivity of the UPR to cell
and tissue conditions.

To determine the effects of 4-PBA treatment on the material
properties of bones, we studied femoral bone quality and
strength of the untreated and treated 2-month-old mice using
μCT and biomechanical studies. 4-PBA treated Aga2+/� femurs
show a trend toward increased relative bone volume (BV/TV;
Fig. 4A), indicating improved density. Further, levels of bone con-
nectivity density (Conn-Dens; Fig. 4B), and bone trabecular

number (Tb.N; Fig. 4C), with an indirect correlation with
decreased trabecular space (Tb-Sp; Fig. 4D) were increased to
levels closer to WT, implying significant improvements in bone
quality in OI mice treated with 4-PBA. Average cortical thickness
(Cort.Th; Fig. 4E) also significantly increased in treated animals.
Visual representations of these improvements are displayed in
Fig. 4I–L. Additional μCTmeasurements of trabecular and cortical
bone in Fig. S2 showed no significant changes in trabecular
thickness or geometry and the proportional change in bone sur-
face with the increased bone. Biomechanical testing also showed

Fig. 4. 4-PBA treatment improves bonemineralization, trabecular bone formation, and bone strength in Aga2+/�mice. (A–E) Trabecular and bone param-
eter quantification of 4-PBA treated and untreated Aga2+/� 2-months-old male mice. Bars represent median and interquartile range. n = 8. (F–H) Quan-
tification of biomechanical analyses via three-point-bending in 4-PBA-treated and untreated Aga2+/� 2-month-old male mice. Bars represent median and
interquartile range. n= 8. Open circles correspond to the animals represented in I,J. Two-way ANOVAs were performed, *p < 0.05 was considered statis-
tically significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns= not significant. (I–L) Representative visual images of trabecular (top) and cor-
tical bone (bottom) μCT analysis in 4-PBA–treated and untreated Aga2+/� mice.
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an improvement in bone strength as measured by resistance to
fracture via three-point bending at the femur. We observed
increased values in the ultimate load of Aga2+/� 4-PBA-treated
femurs that were more similar to WT control levels (Fig. 4F) and
a trend toward increased yield load necessary to deform the
bone (Fig. 4G). We did not, however, see significant changes in
ultimate strength necessary to fracture (Fig. 4H), or bone stiffness
or ductility via elastic, plastic, and total displacement measures,
indicating no effect on the brittleness that is commonly
observed in OI bone (Fig. S3). Altogether, these results revealed
that treatment with 4-PBA during stages of growth led to a
reduction in the ER stress response, increased expression of
markers for autophagy, and improved OI bone mass and
strength.

Genetic ablation of the key ER stress responders, BiP and
CHOP, on the Aga2+/� phenotype

As shown herein and previously by others,(30-33) ER stress and
UPR activation are increased in OI. We have also shown that,
in vivo, 4-PBA treatment reduced bone levels of BiP and CHOP.
However, it is unclear whether the reduction in the abundance
of these ER stress–responsive proteins directly improved the OI
phenotype, or if they indirectly reflect improved intracellular
dynamics. To determine if the genetic reduction of UPR pathway
activation has an effect on the OI phenotype, we analyzed the
phenotypes of the Aga2+/� OI mouse models with either
reduced BiP or absent CHOP. Radiographs of representativemice
with each genotype are shown in Fig. 5A–H. Because BiP�/� ani-
mals are embryonic lethal at embryonic day 3.5 (E3.5),(45) and
BiP+/� mice are viable without a skeletal phenotype, we gener-
ated Aga2+/�;BiP+/� mice and found that with the genetic
reduction of BiP expression, aspects of Aga2+/� bone were not
improved. Aga2+/�;BiP+/� mice showed no change in either
body length or weight (Fig. S4A,B), and femoral μCT analysis from
2-month-old mice showed no significant changes in trabecular
or cortical parameters when compared to Aga2+/� mice
(Figs. S4C–F, S5). Chop�/� mice were previously shown to be
born at the expected Mendelian frequencies, appeared pheno-
typically normal, and had normal fertility and reproductive
behavior, though the absence of CHOP had an effect on osteo-
blastic function based on decreased expression of type I collagen
and osteocalcin mRNA expression.(46,47) Generation of Aga2+/�;
Chop�/� animals showed strikingly increased severity of the
Aga2+/� (OI) phenotype (Fig. 5). When compared to Aga2+/�

mice, Aga2+/�;Chop�/� animals showed markedly increased
fracture incidence and deformity in long bones (Fig. 5B,D,F,H,K),
as well as decreased body length and weight (Fig. 5I,J). Due to
the severity of the phenotype and the extreme fragility of the
long bones, we were unable to perform μCT analysis. Aga2+/�;
Chop�/�mice also showed early mortality, with 13% dead before
2 months of age and scoliosis in 26% of the animals (Fig. 5D, blue
arrow). Neither mortality before 2 months of age nor scoliosis
was observed in our Aga2+/� colony. These results signify that
the UPR is necessary for managing the deleterious effects of
defective type I procollagen molecules within the cell and sug-
gests that although reduction of BiP and CHOP were seen with
4-PBA treatment, the reduction was likely a consequence of an
improved cellular environment. This is reflected in our in vitro
experiments and illustrates the critical and necessary role of
these molecules in responding to the abnormal ER environment
in OI.

Discussion

OI is a genetically heterogenous skeletal disorder that encom-
passes a broad range of phenotypic severity from mildly
increased fracture rates over a lifetime, to severe ongoing pro-
gressive skeletal deformity due to recurrent fractures and under-
mineralized bone. Presently, the most commonly employed
treatment is the use of bisphosphonates, stable derivatives of
inorganic pyrophosphate (PPi).(48) Multiple studies have shown
that bisphosphonate therapy can preserve vertebral morphome-
try and decrease fracture incidence; however, this reduction in
fracture incidence is generally only about 20%.(49) Newer thera-
pies that include neutralizing antibodies directed against scler-
ostin, receptor activator of nuclear factor κB ligand (RANKL), or
TGFβ, and daily parathyroid hormone (PTH) administration(50-56)

-56) are in preclinical and clinical trials for patients with OI. These
treatments focus on improving bone quality by increasing colla-
gen synthesis or influencing bonemineralization throughmodu-
lation of osteoblast or osteoclast functions. They do not,
however, address the molecular consequences of ER stress in
the context of the effect of mutant type I collagen on cellular
homeostasis.

It is important to note that the Aga2+/� mutation results in a
frameshift within the C-propeptide region that alters a splice
acceptor site and results in an extension of the COL1A1 peptide,
differentiating it from the more common OI triple helical muta-
tions.(30) This may result in the inability of the peptide to accom-
plish early assembly and therefore induce a UPR that is different
from the more common triple helical mutations. ER stress, how-
ever, has been shown to be a unifying molecular phenotype as a
result of many differing types of OI mutations.(32,36,44,57) Cultured
fibroblasts derived from patients with type I procollagen gene
structural mutations result in misfolded proteins that are
retained in the ER and induce a UPR response.(32) These struc-
tural mutations include those in triple helical domains, and
affected human cultured fibroblasts show enlarged ERs as well
as increased activity of multiple UPR pathways, with PERK being
the most often upregulated.(32) Similarly, cultured fibroblasts
derived from OI patients with mutations in the genes encoding
FKBP10 or HSP47, members of the FKBP65-HSP47-LH2-BIP ER
chaperone complex, demonstrated abnormally dilated ER with
intracellular protein aggregates.(58-61) Fibroblasts derived from
individuals with recessively inherited mutations in CRTAP, P3H1,
and PPIB (an ER complex responsible for the hydroxylation of
specific proline residues in type I procollagen) produced over-
modified type I procollagen, showed enlarged ER with retention
of type I procollagen, presence of protein aggregates, activation
of the PERK/ATF4 branch of the UPR, and apoptotic cell death.(36)

In our study, we addressed whether an in vivo treatment that
reduces ER stress and the UPR response could have an effect
on bone development and postnatal bone homeostasis.

Chemical ER stress inhibitors such as 4-PBA have been shown
to have increasing relevance in clinical treatment settings. 4-PBA
has several functions, including acting as an ammonia scaven-
ger, histone deacetylase (HDAC) inhibitor, and protein folding
chaperone (reviewed in Kolb and colleagues(62)). More specifi-
cally, 4-PBA functions as a chaperone through its ability to bind
to the exposed hydrophobic residues of misfolded proteins.(63)

Our short-term treatment/culture protocol in Aga2+/� osteo-
blasts revealed increased levels of PERK activation, reductions
in XBP-1 splicing, and increased levels of PDI, indications of
increased ER stress that were then reduced with 4-PBA
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treatment. This falls in line with previous studies(37,63) showing a
reduction in the ER stress response in both 4-PBA treated OI
patient fibroblasts through reduced PERK activation and in the
zebrafish OI model, reducing ER cisternae size.

In vivo, 4-PBA–treated Aga2+/� mice showed significantly
decreased fracture incidence as well as increased length and
weight compared to mice that received vehicle alone. μCT anal-
ysis revealed bone volumes, cortical bone volumes, and trabecu-
lar number that were either improved compared to untreated
Aga2+/� bone or no longer significantly different from WT
values. Thus 4-PBA treatment improved trabecular bone param-
eters as well as cortical thickness, an indication of increased bone
formation. Importantly, biomechanical testing of femurs via
three-point bending revealed improvements in the ultimate load
and yield load of treated Aga2+/� long bones to where they
were no longer significantly different from WT samples. Notably,
4-PBA treatment did not have a significant effect on the stiffness
and ductility of Aga2+/� bone. This may be because Aga2+/�

bone still contains mutated type I collagen proteins that likely
disturb collagen fibril formation and therefore bone ECM struc-
ture. In this study we did not measure mineralization in 4-PBA–

treated femurs, which could contribute to the improved bone
parameters. Further, Lisse and colleagues(30) showed increased
mineralization in Aga2+/� cultured osteoblasts at baseline, mak-
ing it unlikely that mineralization plays a major role in the
reduced fracture incidence following 4-PBA treatment. Finally,
our experiments demonstrated not only improved OI bone
strength but also postnatal bone development that included
increased linear growth. This indicates an effect on the cartilage
growth plate and supports evidence from Scheiber and col-
leagues(31) that growth plate hypertrophic chondrocytes in OI
exhibit increased ER stress.

In vivo, we found that 4-PBA treatment reduced elevated BiP,
CHOP, and ATF4 levels in Aga2+/� mice. We do not discount the
possibility that the relief of ER stress may have an effect on oste-
oblast differentiation or progenitor availability; this would be an
important topic for future study. Similar to previous publications,
we also saw the modulation of autophagosome markers in
Aga2+/� femur lysates compared to WT.(30,32) Besio and col-
leagues(32) showed increased levels of LC3A/B in OI human fibro-
blasts in vitro before and after chloroquine treatment, indicating
an increase in autophagosome formation. However, whereas

Fig. 5. Genetic deletion of CHOP results in increased bone fragility and impaired bone development. (A–H) X-ray images of WT, Aga2+/�, Aga2+/�;BiP+/�,
and Aga2+/�;Chop�/� male 2-month-old mice with insets showing closer imaging of forearm. Yellow arrows point to long-bone fractures, blue arrow
points to kyphoscoliosis. (I–K) Quantification of body length, body weight, and fracture incidence in WT (n = 6), Aga2+/� (n = 6), and Aga+/�;Chop�/�

(n = 6) male mice. Bars represent median and interquartile range. Two-way ANOVAs were performed, *p < 0.05 was considered statistically significant.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not significant.
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previous publications demonstrated increased autophagy in
either Aga2+/�

fibroblasts or OI patient fibroblasts in vitro,(30,32)

we detected decreased LC3A/B levels in Aga2+/� bone in vivo.
This could be interpreted as either a decrease in autophagosome
formation or an increase in autophagosome degradation/flux.
The possibility of altered autophagy in OI bone cells in vivo
requires further experimental study. Nevertheless, our results
indicate that 4-PBA treatment also had an effect on autophagy
in bone in vivo and restored autophagy (LC3A/B) activity to WT
levels. This falls in line with a publication showing increased
LC3A/B levels upon 4-PBA treatment in vitro.(32) Further, a recent
publication using a PC12 neuroblastic cell line showed enhance-
ment of autophagy upon 4-PBA treatment following prolonged
ER stress.(64) This effect occurred via the phosphatidylinositol-
30-kinase (PI3K)/protein kinase B (AKT)/mammalian target of
rapamycin (mTOR) signaling pathway. Ishida and colleagues(44)

showed that mutated collagens in OI are mainly cleared through
autophagy, making mTOR signaling and the autophagosome an
ideal target for treatment. However, another recent study
showed that inhibition of mTOR signaling in the OI G610Cmodel
resulted in improved trabecular bone formation but no change
in biomechanical properties, and negative effects on longitudi-
nal bone growth.(65) Altogether, this implies that the improved
autophagy observed in our 4-PBA–treated Aga2+/� mice likely
contributes to bone formation improvements, whereas the
upstream effects of 4-PBA on UPR activation improves bone den-
sity, biomechanical parameters, and longitudinal bone growth.
Additionally, it should be noted that our study showed that pro-
tein analysis of OI bone in vivo leads to different results than
observed in in vitro cultured cells and care should be taken in
drawing conclusions solely from in vitro data.

The UPR and ER stress pathway involves several major compo-
nents that could be targeted for therapy. Because we observed
significantly increased BiP and CHOP levels in Aga2+/� mice
in vivo, we performed genetic crosses in order to gain insight
into the role of these ER stress responses in OI and their effect
on Aga2+/� bone quality, strength, and development. Genetic
reduction of BiP expression in Aga2+/�mice had no effect on tra-
becular bone parameters, cortical bone width, overall mouse
length, or mouse weight when compared to Aga2+/� mice. It is
possible that 50% reduction of BiP expression is not sufficient
to affect the Aga2+/� phenotype. When CHOP levels were
ablated in Aga2+/� mice, fracture incidence was significantly
increased, mouse overall length and weight were significantly
decreased, and the Aga2+/� OI phenotype was notably wors-
ened. This may result from the normal role of CHOP in osteo-
blasts(47,66,67) that includes effects on osteoblast differentiation
when diminished and increased osteoblast apoptosis when
overexpressed. The data suggest that a certain baseline expres-
sion of CHOP is needed in osteoblasts, and our findings indicate
that the downstream ER stress response is at some level neces-
sary to maintain OI bone integrity. Reduction of the response
alone is unable to rescue the OI phenotype, but worsens it.

Although there are several ER stress inhibitors used as clinical
treatments for cancer, the goal of these treatments is to sensitize
the cells to ER stress and thereby induce cell toxicity (reviewed in
Li and colleagues(68) and Almanza and colleagues(69)), which
would likely not be effective in treating OI. Furthermore, because
our study demonstrated that the genetic reduction of the ER
stress response did not rescue the OI phenotype, therapeutic
strategies targeting the downstream components of the UPR
are also unlikely to be effective in OI. However, molecules that
aid in or increase protein chaperone activity, and lead to

improved folding and/or secretion of type I procollagen, may
improve the OI phenotype. Overall, our study presents novel
data showing that the UPR is part of the mechanism of disease
of OI and that in vivo alleviation of ER stress via 4-PBA treatment
in an OI mouse model diminishes its cellular consequences and
improves multiple bone parameters, including bone strength,
partly due to increasing autophagy and reduction of varying
components of the UPR.
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