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Abstract

Most cases of dominantly inherited osteogenesis imperfecta (OI) are caused by glycine substitutions in the tri-
ple helical domain of type I collagen a chains, which delay collagen folding, and cause the synthesis of colla-
gen triple helical molecules with abnormal structure and post-translational modification. A variable extent of
mutant collagen ER retention and other secondary mutation effects perturb osteoblast homeostasis and
impair bone matrix quality. Amelioration of OI osteoblast homeostasis could be beneficial both to osteoblast
anabolic activity and to the content of the extracellular matrix they deposit. Therefore, the effect of the chemi-
cal chaperone 4-phenylbutyrate (4-PBA) on cell homeostasis, collagen trafficking, matrix production and min-
eralization was investigated in primary osteoblasts from two murine models of moderate OI, Col1a1þ/G349C

and Col1a2þ/G610C. At the cellular level, 4-PBA prevented intracellular accumulation of collagen and
increased protein secretion, reducing aggregates within the mutant cells and normalizing ER morphology. At
the extracellular level, increased collagen incorporation into matrix, associated with more mature collagen
fibrils, was observed in osteoblasts from both models. 4-PBA also promoted OI osteoblast mineral deposition
by increasing alkaline phosphatase expression and activity. Targeting osteoblast stress with 4-PBA improved
both cellular and matrix abnormalities in culture, supporting further in vivo studies of its effect on bone tissue
composition, strength and mineralization as a potential treatment for classical OI.

© 2021 Elsevier B.V. All rights reserved.
Introduction

Bone modelling and remodelling require the ana-
bolic activity of osteoblasts (OBs), which are respon-
sible for the synthesis of the extracellular matrix
(ECM) [1]. Bone ECM, mainly consisting of type I
collagen with contributions from several non-collag-
enous molecules, is the scaffold on which mineral
deposition and cell interaction occur, thus its integ-
rity is essential to guarantee proper bone structure
and biomechanical properties, as well as cell-cell
r B.V. All rights reserved.
and cell-matrix communication [2�4]. Indeed, many
inherited skeletal dysplasias are associated with
mutations in bone ECM components and their path-
ogenic mechanism is generally attributed to
impaired ECM assembly and function [5�9]. In the
last decade it has been appreciated that bone cellu-
lar dysfunction also contributes to pathological
mechanisms. Mutated proteins may be retained in
the endoplasmic reticulum (ER) causing cellular
stress that may affect the clinical outcome
[5,7,10�16]. One example of this cellular effect is
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the intracellular accumulation of mutant collagen
type I in classical osteogenesis imperfecta (OI).
OI is the most common hereditary skeletal dyspla-

sia, characterized by reduced bone mineral density,
mild to severe bone deformity and frequent fractures
occurring in presence of minor or no trauma [17].
Individuals with OI display a broad phenotypic
range, from mild osteoporosis to perinatal lethality
sometimes even in the presence of identical muta-
tions, and the molecular basis of this phenotypic var-
iability is still unknown [9,18�20]. Classical OI (types
I to IV based on the Sillence classification [21]) is a
dominantly inherited disease due to mutations in the
COL1A1 and COL1A2 genes encoding the a chains
of type I collagen. The most common defects are
glycine substitutions responsible for the folding
delay of the a chains and of their prolonged expo-
sure to the post translational modifying enzymes,
thus causing the synthesis of abnormal collagen
molecules with increased proline and lysine hydrox-
ylation and hydroxylysine glycosylation [14,22�24].
In cells from many patients and in various OI murine
models, the misfolded collagen is partially retained
intracellularly, altering cell homeostasis and provok-
ing a cell stress response which could function as a
modulator of OI [14,17,25�27]. Indeed, in the OI
murine model Brtl, carrying an a1(I)-G349C substitu-
tion and having either a moderate or a lethal out-
come, the significant difference in expression of ER
stress-related proteins indicated involvement of the
intracellular machinery in modulating or responding
to OI severity, which makes its components potential
novel targets for OI therapy [19,28].
Current pharmacological treatments for OI rely

almost exclusively on the use of bisphosphonates, a
class of antiresorptive drugs inhibiting osteoclast dif-
ferentiation and/or activity, used in the management
of osteoporosis [29]. Despite success in increasing
DEXA (dual-energy x-ray absorptiometry) bone den-
sity [30�33], the efficacy of these treatments to
reduce the fracture risk is controversial and ques-
tions about effective dose, cycling intervals and effi-
cacy and safety of long-term use in developing
bones of children with OI remain to be answered
[34,35]. Thus, the identification of novel targets for
new pharmacological approaches is an urgent clini-
cal need for these patients.
4-phenylbutyrate (4-PBA), a chemical chaperone

already approved by the FDA as an ammonia scav-
enger, was used in preclinical and clinical trials to
treat diseases caused by intracellular accumulation
of misfolded proteins [36�41]. Its chaperone ability
was first identified in diseases such as cystic fibrosis
[42] and type 2 diabetes associated to obesity [43]
where 4-PBA was able to alleviate ER stress and
unfolded protein response (UPR) activation, and to
restore intracellular trafficking [42,44,45]. We have
recently demonstrated that 4-PBA treatment res-
cues cellular homeostasis through reduction of cell
stress in patient fibroblasts carrying mutations in
both collagen and non-collagenous genes [26,27]
and leads to skeletal improvement in the zebrafish
Chihuahuamodel of classical OI [46].

For in depth studies of the effectiveness of innova-
tive therapies, models that recapitulate human anat-
omy and physiology more faithfully than zebrafish
are preferable, and murine models are often the
best choice [47,48]. Col1a1þ/G349C (Brtl) and
Col1a2þ/G610C (Amish) mice are well established
models of a classical form of OI, carrying a triple heli-
cal glycine substitution in a1(I) and in a2(I) chain,
respectively. Brtl and Amish reproduce glycine sub-
stitutions previously characterized in OI probands
and they model the majority of the patient defects
[49�51].

Both mice reproduce the growth deficiency, lower
bone mineral density and altered mineral-to-matrix
ratio and bone geometry underlying bone deformity
and fragility, which are typical of individuals affected
by OI [49,52�55]. The imbalance between formation
and resorption in bone remodelling, in favour of the
latter, is a significant contributor to the bone pheno-
type in OI. Indeed in the Brtl model, osteoclast num-
ber and function are increased, while mineral
apposition is decreased during growth, pointing to a
decline in osteoblast activity [56]. Brtl mesenchymal
stem cells show impaired osteoblastogenesis and a
preference towards adipocytic differentiation [28].
Appositional bone growth is also compromised in the
Amish model [54], in which osteoblasts are character-
ized by malfunction, impaired differentiation and
lower mineral deposition [14]. Intracellular mutant col-
lagen retention associated with ER cisternae enlarge-
ment and altered organization of collagen fibers in the
ECM are common features in both models [24,57].

In the present study, primary osteoblasts from Brtl
and Amish OI murine models were used to investi-
gate their baseline response to mutant collagen
intracellular retention and to evaluate the effect of
the chemical chaperone 4-PBA on cellular homeo-
stasis and extracellular matrix deposition.
Results
Osteoblasts homeostasis is altered in OI murine
models

In order to investigate the cellular response to the
synthesis of mutant collagen in primary OI osteo-
blasts, we performed qPCR-based transcriptomic
analyses evaluating the expression of genes
involved in three major stress related pathways:
unfolded protein response (UPR), autophagy, and
apoptosis. The UPR was strongly activated in both
OI murine models, with 77 upregulated genes in
Amish mouse and 40 in Brtl (Fig. 1A). The



Fig 1. Osteoblasts homeostasis is altered in the Brtl and Amish models. (A) qPCR-based array heat map of relative
expression of genes involved in UPR, autophagic and apoptotic pathways in Brtl and Amish OBs. Results are expressed
as fold differences compared to control. The upregulation of 40 and 77 genes involved in UPR, 39 and 12 genes involved
in autophagy and 54 and 38 genes involved in apoptosis were detected in Brtl and Amish, respectively. *p<0.05 WT VS
Brtl; # p<0.05 WT VS Amish. (B) Representative ATF4 western blot image. The protein was upregulated in both OI mod-
els. (C) RT-PCR amplification of Xpb1 mRNA from control (WT) and mutant OBs. The spliced Xbp1 form (Xbp1-s) of
Xbp1 transcript (Xbp1-u) was detected in Brtl. (D) Representative immunofluorescence images and quantification of LC3
in WT and mutant OBs. Quantitation of the total area of punctate signal per cell indicated the activation of autophagy.
Nuclei were stained with DAPI. Scale bar: 20 mm. *p<0.05 WT VS mutant. (E) Representative LC3 western blot per-
formed on WT and mutant cell lysates obtained following chloroquine (CQ) incubation. b-actin was used for normalization.
Bands quantitative analysis revealed LC3-II upregulation in chloroquine treated Brtl and Amish OBs compared to their
controls. *p<0.05 WT VS mutant; # p<0.05 untreated VS chloroquine treated. (F) Autophagic flux, evaluated as the ratio
between LC3II level in chloroquine treated samples and the untreated ones, was increased in both models. *p<0.05 WT
VS mutant.
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expression of several chaperones was enhanced in
both models. Cct7, encoding a chaperone involved
in folding newly translated polypeptides, and Calr,
encoding the ER luminal protein calreticulin that
binds misfolded proteins and prevents their progres-
sion through the secretory pathway, displayed
increased expression compared to controls. Also
upregulated were genes encoding for proteins
involved in protein disulphide isomerization (Erp44)
and ER quality control of polypeptide folding
(Edem1, Prkcsh, Rpn1). In addition, numerous
members of the heat shock protein family were upre-
gulated, specifically Dnajb2, Dnajc3, Hspa1l,
Hspa2, Hsph1 and, importantly, Hspa5, encoding
for the ER chaperone and UPR initiator BIP
(Fig 1A). Interestingly, the upregulated genes
included UPR players Atf6 (ATF6 branch) and
Eif2ak3 (PERK branch), with its effector Atf4. ATF4
protein was also increased in both models, confirm-
ing PERK branch activation (Fig. 1B), while IRE1a-
mediated splicing of Xbp1 was detectable only in
Brtl OBs (Fig. 1C), indicating that in this model cell
stress triggers a more general response involving
multiple UPR branches. The expression of numer-
ous genes involved in ubiquitination processes and
in misfolded proteins degradation (Amfr, Herpud1,
Ubxn4, Uggt1, Uggt2, Usp14, Vimp, Vcp) was
increased in Amish cells (Fig. 1A).
Autophagy was activated in both models,

although only Brtl mice displayed a substantial upre-
gulation of autophagic genes (Fig. 1A). Among the
39 upregulated genes in Brtl OBs, many were
involved in autophagosome formation and growth.
In particular, we observed enhanced expression of
several family members of autophagy related genes
(ATG), including the key autophagic factors Atg12,
Atg16l1 and Atg16l2, involved in autophagic
vesicles formation. Furthermore, we observed aug-
mented level of Map1lc3a, encoding for the terminal
autophagic marker LC3 that participates to autopha-
gosome membrane expansion. Immunofluores-
cence analyses revealed an increased level of LC3
(Fig. 1D) and western blot performed on cell lysates
following chloroquine treatment showed significantly
increased LC3II expression in both models
(Fig. 1E). Importantly, the autophagic flux, calcu-
lated as the ratio between LC3II level in chloroquine
treated and untreated samples [58,59], was
increased in both models (Fig. 1F).
Finally, apoptosis activation was evaluated,

revealing both in Brtl and Amish a considerable
number of upregulated genes (Fig. 1A). Several
death domain receptor genes, encoding initiator pro-
teins that trigger the apoptotic cascade, in particular
several members of Tumor Necrosis Factor (TNF)
receptor superfamily Tnfrsf10b, 11b and 1a, were
increased in both models. Brtl cells also displayed
activation of the two death domain receptors Fadd,
recruited by TNF proteins and activators of initiator
caspases, and Dapk1, involved in autophagy-
dependent apoptosis regulation.

Interestingly, anti-apoptotic factors were also
upregulated, predominantly in Brtl cells, such as
genes of the Bcl-2 family (Bcl10, Bcl2, Bcl2a1a,
Bcl2l1, Bcl2l11) together with their enhancers
Bag1, Bag3 and Bnip2 genes encoding the BCL-2
interacting proteins. Different members of the cas-
pase family, responsible for the apoptotic cascade,
were increased in both Brtl and Amish. Apoptosis
initiators such as Casp2, Casp8 and Casp9 were
activated preferentially in Brtl, while the effector cas-
pases Casp4, Casp7, Casp12 and Casp14 were
activated in Amish OBs. Importantly, Casp6, one of
the main effector caspases, and Casp3, the cas-
pase in charge of apoptosis execution, were upregu-
lated in both models (Fig. 1A). Although the pathway
was triggered in both models, Brtl cells had
increased expression of a larger number of genes
(Brtl n = 54; Amish n = 38). Immunofluorescence of
cleaved caspase 3 (Fig. 2E) and FACS quantifica-
tion of apoptotic cells with annexin V and propidium
iodide confirmed the activation of apoptosis in both
models (Brtl 1.94 § 0.43 fold differences respect to
WT, p < 0.05; Amish 1.55 § 0.48 fold differences
respect to WT, p < 0.05, Supplementary fig. 1).

4-PBA improves osteoblasts homeostasis by
alleviating cellular stress

To investigate whether modulation of cell stress
would rescue cellular homeostasis, OBs were
treated with the chemical chaperone 4-PBA. Follow-
ing drug administration, consistent changes in the
gene expression pattern of both models was
observed (Fig. 2A). In particular, BIP-encoding gene
Hspa5 and its nucleotide exchange factor Sil1,
together with the effectors of the PERK UPR branch
(Eif2ak3, Atf4), were downregulated, revealing a
beneficial effect of 4-PBA in reducing ER stress
response. OBs from the two models displayed a nor-
malization or a decrease in the level of expression of
chaperones such as Calr, calreticulin, and Tcp1, a
member of the chaperonin-containing TCP1 com-
plex (CCT) that assists protein folding. In Brtl cells in
particular, the normalization of protein disulphide
isomerase Erp44 and, interestingly, the upregulation
of quality control protein-coding genes such as
Uggt1 and Uggt2, was observed (Fig. 2A). In Amish
OBs, 4-PBA led to a more pronounced general
reduction of UPR genes expression, decreasing
chaperones (Calr, Canx, Cct4, Cct7), proteins
involved in folding and quality control (Dnajb2,
Dnajb10, Dnajc3, Dnajc4), and the majority of heat
shock proteins (Hspa1l, Hspa4, Hspa5, Hsph1). Of
note, the expression of Serpinh1, encoding for the
collagen-specific molecular chaperone heat shock
protein 47 [60], was also reduced by the treatment
(Fig. 2B).



Fig 2. 4-PBA ameliorates Brtl and Amish osteoblasts homeostasis. (A) qPCR-based array heat map of relative expres-
sion of genes involved in UPR, autophagic and apoptotic pathways in Brtl and Amish OBs in the absence (-) or presence
(þ) of 4-PBA. Results are expressed as fold differences compared to control. 4-PBA mainly reduced or normalized the
upregulated genes. *p<0.05 4-PBA treated Brtl VS control; # p<0.05 4-PBA treated Amish VS control. (B) qPCR analysis
of Serpinh1 expression in mutated and control OBs cultured in the absence (�) or presence (þ) of 4-PBA. The drug
reduced Serpinh1 expression in all samples. *p<0.05 WT VS mutant, # p<0.05 4-PBA treated VS untreated. (C) RT-
PCR amplification of Xbp1 mRNA from control and Brtl untreated (-) and 4-PBA (þ) treated OBs. Xbp1-s is reduced by 4-
PBA. cDNA from OBs treated with the stress inducing compound tunicamycin were used as positive control for ER stress.
(D) Transmission electron microscopy representative images of OI OBs in absence (-) or presence (þ) of 4-PBA. The
analyses revealed ER enlargement (arrowhead) in mutant cells that was rescued by 4-PBA treatment. Scale bar: 2 mm.
(E) Representative immunofluorescence images and quantification of cleaved caspase 3 in WT and mutant OBs in
absence (-) or presence (þ) of 4-PBA. Quantitation of the total area of punctate signal indicated increased cleaved cas-
pase 3 level in mutant OBs, pointing to the activation of apoptosis. 4-PBA treatment reduced the apoptotic marker signal
in mutated cells. Nuclei were stained with DAPI. Scale bar: 2 mm. *p<0.05 WT VS mutant, # p<0.05 4-PBA treated VS
untreated.
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In addition, the expression of all the previously
overexpressed genes promoting ubiquitination and
proteasomal degradation (Amfr, Derl1 and 2,
Edem1, Herpud1, Nploc4, Nucb1, Rnf139, Rnf5,
Sec62, Syvn1, Ube2j2, Ubxn4, Ufd1l, Usp14, Vcp
Vimp) was lowered or restored to control level, sug-
gesting that the need of a degradation pathway for
unfolded proteins was diminished (Fig. 2A). Valida-
tion of array results pointed out that XbpI splicing,
increased in untreated Brtl OBs, was significantly
reduced upon 4-PBA administration, further indicat-
ing the efficacy of the compound in alleviating cell
stress (Fig. 2C). The impact of 4-PBA on expression
of stress genes was also mirrored by substantial
improvement in cellular morphology. The ER cister-
nae, enlarged in mutant cells from both models,
appeared normalized after treatment, as revealed by
transmission electron microscopy imaging (TEM)
(Fig. 2D).
Along with UPR genes, we demonstrated the ben-

eficial effect of 4-PBA on apoptotic gene expression.
We observed a substantial decrease in the number
of relevant upregulated genes in both models follow-
ing 4-PBA administration (Fig. 2A). Expression of
TNF family genes (Tnfrsf10b, Tnfrsf11b, Tnfrsf1a in
Brtl; Tnf, Tnfrsf1a in Amish) was lowered by 4-PBA,
together with genes that mediate the apoptotic cas-
cade, in particular caspases (Casp2, 3, 6, 8 and 9 in
Brtl; Casp1, 2, 3, 4, 7 in Amish). Furthermore, Brtl
cells displayed reduced expression levels of death
domain receptors such as Dapk1 and Fadd
(Fig. 2A). Expression of apoptosis regulation factors
was also reduced in both models upon treatment, in
particular decreased expression of Bcl genes and
their regulators suggests a general mitigation of the
pathway activation. Reduction of cleaved caspase 3
expression by immunofluorescence analysis (Fig. 2E)
further supported the findings at the transcript level
that 4-PBA administration attenuates the apoptotic
cascade in OI OBs from both murine models.

4-PBA reduces intracellular protein aggregation
and stimulates secretion

Since TEM imaging highlighted a considerable ER
enlargement in OI samples (Fig. 2D), we investi-
gated the effect of 4-PBA on ER proteostasis by
treating cells with the protein aggregate-binding fluo-
rescent molecule Thioflavin T (ThT) [61]. Enhanced
ThT fluorescence was found in Brtl and Amish OBs
compared to controls, demonstrating the intracellu-
lar accumulation of misfolded material (Fig. 3A). Fol-
lowing 4-PBA treatment, mutated cells exhibited
reduced ThT fluorescence. The reduction of ER pro-
tein accumulation (Fig. 3A) was further supported by
increased general protein secretion (Fig. 3B), also
detectable in WT cells.
Scanning electron microscopy (SEM) analysis

was performed to visualize the 4-PBA effect on
cellular morphology. While control OBs appeared as
a flat layer, Brtl and Amish untreated cells had an
enlarged and rugged globular shape that was nor-
malized following 4-PBA administration (Fig. 3C).
The rounded Amish cells were characterized by an
abnormal accumulation of calcium, colocalizing with
phosphorus and oxygen, as revealed by energy-dis-
persive X-ray spectroscopy (Fig. 3D).

Procollagen accumulation in ER is diminished
upon 4-PBA administration

4-PBA stimulation of protein secretion leaves
open the question about its specific effect on colla-
gen molecules. A strong ER procollagen accumula-
tion was observed in Brtl and Amish cells compared
to controls by its colocalization with the PDI marker
and not with the Golgi marker GM130 (Fig. 4, Sup-
plementary fig. 2). The increased LAMP1 signal
and COLI-LAMP1 colocalization in Brtl and Amish
cells are also indicative of the cellular attempt to
cope with procollagen accumulation by enhancing
the degradative pathway (Fig. 4, Supplementary
fig. 3). Importantly, incubation with 4-PBA substan-
tially prevented intracellular procollagen accumula-
tion, as demonstrated by normalized intracellular
procollagen signal in the two models and substan-
tially reduced COLI-PDI and COLI-LAMP1 colocali-
zation (Fig. 4). No difference in collagen
overmodifications was detectable upon treatment
based on collagen electrophoretic analysis (Supple-
mentary fig. 4).

Collagen matrix incorporation and maturation
are improved by 4-PBA treatment

Since 4-PBA led to a substantial reduction of intra-
cellular procollagen content in mutated cells, we
examined Col1a1 expression by qPCR at different
time points during mineralization and collagen pro-
tein synthesis by 3H proline incorporation. 4-PBA
reduced collagen expression in Brtl, Amish and con-
trol OBs, both at the transcript and protein level
(Fig. 5A, B). Nevertheless, the gene expression of
collagen type V and of the small-leucine rich proteo-
glycan biglycan, which regulate collagen fibrillogen-
esis, was not negatively affected by the treatment
(Fig. 5C and Supplementary Fig. 5). Importantly,
the treatment with 4-PBA specifically increased col-
lagen secretion in mutated cells (Fig. 5D). Matrix
analyses revealed that the incorporation of collagen
into mutant decellularized matrix increased after
treatment in comparison to treated controls
(Fig. 5E). In untreated samples SEM imaging
showed that control cells were surrounded by an
abundant matrix of uniform collagen fibers, on which
small proteoglycans were deposited in an organized
fashion (Supplementary Fig. 6), while the matrix
deposited by mutated cells appeared less



Fig 3. 4-PBA reduces intracellular protein aggregation and stimulates secretion. (A) ER proteostasis was evaluated by
Thioflavin T (ThT) immunofluorescence. Representative images and ThT quantification are shown. ThT fluorescence was
increased in mutant cells compared to control, highlighting the intracellular accumulation of misfolded proteins. 4-PBA
treatment significantly reduced ThT fluorescence, proving its ability in stimulating proteostasis. Scale bar: 20 mm. (B) Pro-
tein secretion was evaluated in absence (-) or presence (þ) of 4-PBA. The drug stimulated protein secretion in WT, Brtl
and Amish cells. (C) Scanning electron microscopy representative images of Brtl, Amish and control OBs in the absence
(�) or presence (þ) of 4-PBA. Morphology analyses showed the presence of rounded cells in mutant samples respect to
the dark flat layer of control cells. 4-PBA improved mutant cells morphology. Scale bar: 10 mm. (D) Amish OBs morphol-
ogy was evaluated by SEM. I. The analyses revealed the presence of rounded cells with a rough surface. Scale bar:
5 mm. II. Rounded cells. Scale bar: 25 mm. III. Ca2þ accumulation in Amish OBs is highlighted by a higher signal in back-
scattered electron imaging. Scale bar: 25 mm. IV. A cluster of Amish OBs in conventional secondary electrons is shown.
Magnification 1200X. V-VI-VII. Energy-dispersive X-ray spectroscopy showed in false colour the corresponding mapping
of calcium (red), sodium (light blue) and phosphorus (green). Note the perfect colocalization of calcium and phosphorus,
compared with the unrelated distribution of sodium. *p<0.05 WT VS mutant, # p<0.05 4-PBA treated VS untreated.
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Fig 4. Collagen accumulation in the ER in OI OBs is relieved upon 4-PBA administration. (A) Representative images
and quantification of multiple immunofluorescences of collagen (COLI), the ER marker PDI and the lysosomal marker
LAMP1 on mutant and control OBs in the absence (�) or presence (þ) of 4-PBA. Collagen accumulation was evident in
mutant cells and reduced by 4-PBA treatment. Collagen molecules colocalized with PDI indicating their retention in the
ER that was reduced by the treatment. LAMP1 expression was increased in mutant samples and reduced by the treat-
ment. Importantly, collagen colocalization with LAMP1 in mutant OBs was rescued by 4-PBA treatment. Nuclei were
stained with DAPI. Scale bar: 15 mm. Colocalization graphs of COLI-PDI signal in Brtl and Amish OBs is shown below the
images indicating two overlapping peaks. *p<0.05 WT VS mutant, # p<0.05 4-PBA treated VS untreated.
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Fig 5. Collagen maturation and incorporation into the matrix are improved by 4-PBA treatment. (A) qPCR analysis of
Col1a1 expression in mutated and control OBs at 6, 10 and 14 days of culture in osteogenic media in the absence (�) or
presence (þ) of 4-PBA. The drug reduced collagen expression in all samples at each time point. (B) Collagen synthesis
in mutated and control OBs in standard culture conditions was evaluated by 3H proline incorporation assay in the absence
(�) or presence (þ) of 4-PBA. The drug administration diminished collagen content in all samples, but more consistently
in control. (C) qPCR analysis of Col5a1 and Bgn expression in mutated and control OBs at 14 days of culture in osteo-
genic media in the absence (�) or presence (þ) of 4-PBA. Col5a1 expression was unchanged by the treatment while the
drug increased Bgn expression in Brtl cells. (D) Collagen secretion was also evaluated. At basal level, mutated cells pre-
sented impaired secretion compared to WT, while treatment with 4-PBA specifically increased collagen secretion in both
Brtl and Amish OBs. (E) The amount of collagen incorporated into the ECM was evaluated in mutated and control OBs
grown in osteogenic media for 21 days in absence (-) or presence (þ) of 4-PBA. Collagen content was reduced in both
Brtl and Amish samples but that upon treatment the incorporation of collagen in mutant decellularized matrix increased
with respect treated control. (F) SEM images of mutant and control collagen fibrils produced by OBs. Mutated fibrils
appeared thinner and their size was increased when treated with 4-PBA. Scale bar: 2 mm. (G) Sirius red staining
highlighting collagen fibers in OBs matrix. Immature fibers are green, mature fibers are red. While mutated untreated cells
present more immature fibers than control, 4-PBA treatment improves collagen fibrils maturation. Scale bar: 200 mm.
*p<0.05 WT VS mutant, # p<0.05 4-PBA treated VS untreated.

Matrix amelioration upon targeting cellular stress 9



Matrix amelioration upon targeting cellular stress10
organized, and thinner immature fibrils were present
(Fig. 5F). 4-PBA administration in mutant cells
resulted in a more mature matrix (Fig. 5G) character-
ized by the presence of thicker collagen fibrils
(Fig. 5F).
4-PBA promotes mineralization in Brtl and
Amish OBs

The effect of 4-PBA on matrix mineralization was
also investigated. Mineral staining by alizarin red
highlighted an impaired mineral deposition in
mutated cells, as well as a boost in mineral deposi-
tion after 4-PBA administration in both models
(Fig. 6A). Accordingly, the activity of the alkaline
phosphatase (ALP) enzyme was increased upon
treatment (Fig. 6B). Enhanced expression of the
early osteoblast differentiation markers zinc-finger
transcription factor (Osx) and alkaline phosphatase
(Alp) was also stimulated by 4-PBA during minerali-
zation (Fig. 6C, D). Indeed, an increased level of
acetylation of histone H3 was found in Brtl and
Amish OBs upon treatment (Supplementary Fig.
7), supporting the drug effect on Osx and Alp at the
transcriptional level.
Discussion

In the present work, we have addressed the con-
sequences of the presence of mutant collagen in OI
osteoblasts and its role as a target for chaperone-
based therapy to ameliorate cell homeostasis and
matrix quality (Fig. 7). Indeed, collagen type I mis-
folding and intracellular accumulation is known to
happen in cells of some OI patients and in OI animal
models [13,14,26,28,50,62-66]. The consequent
activation of unfolded protein response and apopto-
sis was demonstrated in patients’ fibroblasts
[26,27,62,63], highlighting a malfunction associated
to intracellular mutant collagen with a potential role
in OI clinical pathology. Here we investigated the
stress response to intracellular procollagen retention
in primary osteoblasts from two dominant OI murine
models, Brtl and Amish, carrying glycine substitu-
tions in a1 or a2 type I collagen chains, respectively.
Osteoblasts represent indeed the cells of election to
study OI pathogenesis since, besides secreting col-
lagen, they are in charge of matrix mineralization
[67,68]. Furthermore, although the primary
sequence of type I collagen in skin and bone is iden-
tical, bone collagen has a unique pattern of post-
translational modifications, resulting in a tissue-spe-
cific chemical profile of pyridinoline and pyrrole
crosslinking and in a more delayed electrophoretic
migration, suggesting a possible cell-specific metab-
olism associated to mutant collagen [65,67�71].

UPR, autophagy and apoptosis are activated in
Brtl and Amish osteoblasts as consequence of
mutant collagen retention

OI bone cells from both models activated UPR,
autophagy, and finally apoptosis in response to
mutant collagen intracellular accumulation, repro-
ducing findings from patients’ fibroblasts [26]. A
common altered expression pattern of molecular
chaperones and heat shock proteins is shared by
both models, as well as the UPR activation through
the PERK branch. The IRE1a branch is enhanced in
Brtl OBs, but unchanged in Amish, although we can-
not exclude IRE1a cascade activation in this model,
given the upregulation of several Xbp1-s target
genes, including Dnajc3, Dnajb9, Edem1 and Serp1
[72]. Interestingly, in OI fibroblasts carrying a1 gly-
cine substitutions, the IRE1a upregulation was
detected only in 2 out of the 5 analysed cases carry-
ing mutation in the C-terminal half of the collagen
molecules, whereas all patients’ fibroblasts with gly-
cine substitution in a2 chain showed IRE1a upregu-
lation with the exception of the cells with G640C
substitution, for which no UPR activation was
detected [26]. Taken these data together, it seems
that while PERK is confirmed as the main UPR
branch activated by mutant collagen retention, the
activation of IRE1a may be mutation or cell type
dependent. A higher number of autophagic and apo-
ptotic genes were deregulated in Brtl, in which
higher level of the terminal apoptotic marker was
also present, compared to Amish, whereas the
expression of UPR genes was mostly affected in
Amish. The differential intracellular response may
be due to the stoichiometry of collagen, indeed 75%
of mutant collagen is synthetized in cells carrying a1
(I) mutations and 50% in presence of a2(I) defects.

The response to ER stress is an important modi-
fier of disease severity in many human pathologies
[73], including skeletal diseases such as those with
mutations in the ECM components matrilin 3, COMP
and collagen X [5�8,11,74,75]. For instance, the
onset of a metaphyseal chondrodysplasia pheno-
type in mice, in which ER stress was artificially trig-
gered in hypertrophic chondrocytes, demonstrated
the potential for a direct pathological role of ER
stress in the etiology of the disease [76]. Studies in
mouse models indicate that the effect of ER stress
signaling (ERSS) and the nature of the cellular strat-
egies induced to ameliorate pathological ER stress
are crucial factors in determining cell fate and clinical
disease features [10]. Importantly, ERSS can affect
cellular proliferation and differentiation, and cell-



Fig 6. 4-PBA promotes mineralization in Brtl and Amish OBs. (A) Alizarin red staining of primary OBs cultured in osteo-
genic medium in absence (�) or presence (þ) of 4-PBA. OBs mineral content was quantified. A decreased mineral stain-
ing in Brtl and Amish cells was evident. Upon 4-PBA treatment, an increased mineral content was found, demonstrating
the positive action of the drug in stimulating OBs mineralization. (B) ALP activity in osteogenic medium in absence (�) or
presence (þ) of 4-PBA was evaluated by enzymatic assay. A significant enhancement of ALP activity was detected in
mutant and control cells following 4-PBA administration. (C-D) Real time PCR analyses of Alp and Osx expression in Brtl
and Amish OBs at day 6, 10 and 14 of culture in osteogenic medium in absence (�) or presence (þ) of 4-PBA. 4-PBA pro-
moted genes expression in mutant and WT cells at all time points analyzed. *p<0.05 WT VS mutant, # p<0.05 4-PBA
treated VS untreated.
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Fig 7. Schematic view of the mechanisms activated by OI OBs to face intracellular collagen retention and highlighting
the molecular mechanisms of action of 4-PBA. (A) Mutated collagen I is partly secreted in the ECM, where it impairs its
structure and functions, and partly retained in the ER, causing ER stress and the consequent activation of UPR through
protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) and inositol-requiring enzyme 1 a (IRE1a) branches.
Phosphorylated PERK activates its effector ATF4, that translocates to the nucleus where it regulates gene expression.
IRE1a activation leads to the alternative splicing of its effector X-box binding protein 1 (Xbp1), that works as a transcrip-
tional activator in its spliced form. Intracellular protein accumulation also stimulates the degradative pathway autophagy,
as revealed by the increased expression of its terminal marker LC3, present on autophagosome (AP) membrane. Pro-
longed activation of UPR induces apoptosis, in particular through the cleavage of the main apoptotic executor Caspase 3.
A hallmark of apoptosis activation is the flipping of the phospholipid phosphatidylserine (indicated by yellow dots in the
cell membrane) from the inner leaflet of the plasma membrane to the outer one. (B) 4-PBA reduces the activation of UPR
and apoptosis markers and stimulates general protein secretion, clearing the ER from accumulated material. The drug
exerts its effect on collagen, specifically, by promoting its secretion and incorporation into the ECM. Increased Osx and
Alp expression following treatment, as well as increased ALP activity, denote 4-PBA stimulatory effect on OBs differentia-
tion and mineralization activity.
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autonomous adaptation strategies can generate a
spectrum of cellular consequences, ranging from
recovery to death. ERSS alters both the transcrip-
tome and proteome of a cell, affecting its metabolic
status and, likely, impairing its secretory abilities
with a secondary extracellular effect that may con-
tribute to the phenotypic variety of the disease.
Indeed, in the Brtl mouse, differential expression of
chaperones, proteasomal subunits, metabolic
enzymes, and proteins related to cellular fate
revealed a superior ability to adapt to cellular stress
in surviving Brtl mutant mice compared to lethal
mice with the same molecular defect, and indicated
the potential relevance of the cell response to the
stress as an OI phenotype modulator [19,77]. Based
on these observations, targeting ER stress holds
intriguing potential as a strategy to mitigate the
phenotype in bone diseases caused by mutations in
ECM components.

4-PBA relieves OI osteoblasts stress improving
cell homeostasis

4-PBA has recently gained increasing attention for
its chaperone-like activity [78] and its efficacy in low-
ering ER stress markers and apoptosis in several
non-skeletal [36�40,45] and skeletal diseases,
including OI [12,26,27,79]. We recently demon-
strated that 4-PBA treatment alleviates cell stress in
dominant and recessive OI fibroblasts by restoring
ER cisternae size, switching off activation of the
PERK UPR branch and normalizing the expression
of the apoptotic marker cleaved caspase 3 [26,27].
Here we proved for the first time the beneficial
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effects of 4-PBA in OBs, providing evidences for its
relevant direct effect on collagen. Of note, we
showed that 4-PBA treatment reduced the procolla-
gen accumulation in the ER, thanks both to its ability
to down regulate collagen synthesis and to increase
collagen secretion. No difference in collagen over-
modification after treatment was evident by electro-
phoretic analysis, suggesting there was likely no or
limited effect on the delay in folding caused by the
collagen substitution and, thus, level of post transla-
tional modification. A consistent effect on collagen
secretion upon 4-PBA administration was previously
shown only in fibroblasts from a patient with a very
C-terminal a1-G859S substitution, while a milder
effect was reported in cells carrying other mutations
spread along the N-terminal and mid-helical portion
of the triple helical domain [26]. Interestingly, Brtl
and Amish mutations fall at different helical posi-
tions, a1-G349 and a2-G610 respectively, neverthe-
less 4-PBA significantly stimulate collagen secretion
in both. It is, therefore, tempting to speculate a stron-
ger effect of the drug on cells, such as OBs, charac-
terized by higher collagen production. It is important
that 4-PBA action extends also to general protein
secretion, reducing protein aggregates in osteo-
blasts in both models, as was reported in fibroblasts
from both dominant and recessive patients [26,27].
An intriguing mechanism has recently been pro-
posed to explain the action of 4-PBA in regulating
protein secretion. The COPII coat protein SEC24, a
component of the secretory path necessary for the
translocation of proteins from the ER to the Golgi,
was recently identified as a 4-PBA target. The
authors showed that 4-PBA action on SEC24 pro-
motes COPII packaging of ER proteins, stimulating
sorting and reducing trafficking stringency [80]. It will
be interesting to evaluate this mechanism in OI cells
as well.

4-PBA improves OI extracellular matrix quality

ECM amelioration upon ER stress targeting has
been already attempted in skeletal disease and, for
instance, in a mouse model of short-limbed dwarfism
by treatment with carbamazepine, a compound stim-
ulating autophagy and proteasomal degradation
and, consequently, lowering misfolded proteins
accumulation in the ER and UPR activation [81]. In
this model the treatment was able to ameliorate the
skeletal phenotype supporting the validity of the tar-
get. Whether and how 4-PBA administration affects
ECM was still a puzzling question. The use of this
drug in mice in presence of type IV collagen muta-
tion was beneficial in lowering ER stress markers
and increasing collagen IV secretion and incorpo-
ration into kidney basement membrane but without
improving its ultrastructure [82]. In a very recent
work, 4-PBA has been shown to reduce the amount
of misfolded type I collagen in ECM laid down by OI
fibroblasts and to either augment iPSCs differentia-
tion ability toward OBs or favour mineral deposition
in fibroblast-derived iPSCs differentiated to OBs
[83].

Importantly, here we demonstrated for the first
time a positive effect of 4-PBA on ameliorating the
quality of ECM laid down by primary osteoblasts.
Our data demonstrated that, upon 4-PBA incubation,
collagen fibers deposited by mutant OBs appear
more mature. This may positively affect collagen-
non-collagenic proteins interaction, and further
investigation will be necessary to shed light on over-
all ECM organization. Indeed, even if the mutations
in the two models are not located in any of the three
collagen major ligand binding regions (MLBRs), they
fall in regions involved in the interaction with small
proteoglycans [84,85]. In particular, the a1-G349
falls into the binding site region for decorin and for
keratan sulfate PGs and a2-G610 into the binding
site for COMP and for dermatan/chondroitin sulfate
PGs.

Even though 4-PBA reduced collagen expression,
a selective effect on mutated cells was evident.
Together with collagen deposition, mineralization is
another fundamental process of bone formation that
was impaired in Brtl and Amish OBs in vitro. 4-PBA
administration promoted ALP enzyme activity, stim-
ulated mineral deposition and increased calcium
deposits in both models’ OBs, providing the molecu-
lar bases for the increased bone mineralization in
the treated OI zebrafish model Chihuahua [46]. Of
relevance, 4-PBA was reported to act as a histone
deacetylase inhibitor, allowing the transcription of
osteogenetic genes, promoting cell proliferation/mat-
uration in OBs cultures [86�89]. An increased level
of acetylation of histone H3 was found in Brtl and
Amish OBs upon treatment, supporting a transcrip-
tional effect of the drug on Osx and Alp expression.

In conclusion, our findings demonstrated the effi-
cacy of 4-PBA both in restoring OI osteoblasts
homeostasis, and in improving extracellular matrix
collagen organization and mineralization. This
in vitro investigation paves the way for further in vivo
studies in animal models to prove the promising
roles of chemical chaperons in the treatment of OI
and to determine their effects on bone tissue
strength, cellularity, mineralization and growth.
Materials and methods
Mouse strain and genotyping

CD1/129Sv/B6 Col1a1þ/G349C (Brtl) [49] and CD1/
CH3/B6 Col1a2þ/G610C (Amish) [50] mice, carrying a
heterozygous G349C substitution in the collagen I
a1 chain and a G610C substitution in the collagen I
a2 chain, respectively, were used for this study. The
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Amish mice were kindly provided by Prof Charlotte
Phillips, University of Missouri-Colombia, USA.
Mutant mice and WT littermates were maintained
under standard experimental animal care protocol
following Italian Laws in the centralized animal facil-
ity of the University of Pavia, Italy. All the experi-
ments were approved by the OPBA (Office for the
Animals Welfare) of the University of Pavia and by
the Italian Ministry of Health (protocol n. 243/2018-
PR, 27/03/18), complied with the ARRIVE guidelines
and were carried out in accordance with the EU
Directive 2010/63/EU for animal experiments. Geno-
mic DNA was extracted from tail clip and genotyping
was performed by PCR as previously reported
[49,50].

Calvarial osteoblasts culture

Murine osteoblasts were isolated from 2-4 days
old WT and mutant pups [90]. Cells from at least
three animals with the same genotype were pooled
together to obtain a sufficient number for experi-
ments. After sacrifice, calvariae were removed,
cleaned from fibrous tissues and sutures, washed
twice with Phosphate Buffer Saline (PBS) at 37 °C
for 10 min in a shaker water bath and sequentially
digested with 200 U/mL collagenase type II (GIBCO)
at 37 °C for 15 min. Cells obtained from the first two
digestions were discharged, whereas cells from
digestions 3, 4 and 5 were passed through a 70 mm
polypropylene mesh filter and cultured in a-Modified
Eagle’s Medium (a-MEM, Lonza) supplemented
with 10% fetal bovine serum (FBS, Euroclone),
50 mg/ml sodium ascorbate (Fluka) 4 mM glutamine
(Euroclone), 100 mg/ml penicillin and streptomycin
(Euroclone) at 37 °C in humidified atmosphere con-
taining 5% CO2. Cells were used at passage 1.
For each experiment, except when differently

stated, 1.5 £ 104/cm2 were plated, cultured with no
media change with the addition every other day of
50 mg/ml ascorbic acid and harvested after 5 days.
For drug treatment, cells were incubated for 15 h
with 5 mM 4-phenylbutyrate (4-PBA, Sigma-Aldrich)
before harvesting. To inhibit lysosome-autophago-
some fusion, cells were incubated with 10 mM chlo-
roquine (Sigma-Aldrich) for 6 h. To induce ER
stress, osteoblasts were treated with 2 mg/mL tuni-
camycin for 16 h before harvesting. For mineraliza-
tion studies, cells were cultured in a-MEM with 20%
FBS, antibiotics, 100 mg/ml L-ascorbic acid (Sigma-
Aldrich), and 10 mM b-glycerophosphate (Sigma-
Aldrich) (osteogenic medium). The medium was
changed three times a week. Harvest was per-
formed at different time points, as detailed below.

Transcriptomic analyses

Total RNA was extracted from OBs from 3 inde-
pendent cells preparations per genotype in absence
or presence of 4-PBA with QIAzol Lysis Reagent
(Qiagen) and purified by miRNeasy Mini Kit (Qiagen)
according to the manufacturer’s protocol. RNA con-
centration was determined by nanodrop and its
integrity was verified on agarose gel. cDNA synthe-
sis was performed using RT2 First Strand kit (Qia-
gen) according to the manufacturer’s protocol. The
expression of key genes involved in UPR, autoph-
agy and apoptosis was evaluated by Unfolded Pro-
tein Response RT2 Profiler PCR Array, Autophagy
RT2 Profiler PCR Array and Apoptosis RT2 Profiler
PCR Array (Qiagen) using RT2 SYBR Green Mas-
termix, according to the manufacturer’s instructions.
Arrays were performed on the QuantStudio3 ther-
mocycler (Thermo Fisher). Data were analyzed
using GeneGlobe Data Analysis Center software
(Qiagen), five housekeeping genes (Actb, b2m,
Gapdh, Gusb, Hsp90ab1) were used for normaliza-
tion.

Xbp1 splicing analyses

cDNA from control and mutant cells, cultured in
absence or presence of 4-PBA or in presence of the
stress inducer tunicamycin, was used for PCR
amplification across the region of the Xbp1 cDNA
(NM_013842.3) containing the intronic target of
IRE1a ribonuclease using 0.4 mM sense (nt 720-
740; 5’-GAACCAGGAGTTAAGAACACG-3’) and
antisense (nt 924-905; 3’-AGGCAACAGTGT
CAGAGTCC-5’) primers. Reactions were cycled as
follows: 3 min at 95 °C, followed by 35 cycles of 95 °
C for 40 s, 60 °C for 45 s and 72 °C for 40 s, lastly a
10 min extension at 72 °C was applied. The Xbp1
unspliced form (205 bp) and the Xbp1 spliced form
(179 bp) were visualized on 8% TBE acrylamide gel.
Biological triplicates were performed.

Protein lysates

Cultured osteoblasts were collected in PBS upon
scraping, centrifuged at 1000 £ g for 4 min, lysed
and sonicated in RIPA buffer (150 mM NaCl, 1%
IGEPAL� CA-630, 0.5% sodium deoxycholate,
0.1% SDS, and 50 mM Tris, pH 8) supplemented
with protease inhibitors (5 ml/ml phenylmethanesul-
fonylfluoride and 2 mM Na3VO4, pH 10). Proteins
were quantified by QuantumProtein Bicinchoninic
Protein Assay Kit (Euroclone). Bovine serum albu-
mine (BSA) (Sigma-Aldrich) was used as standard.

Western blot

Proteins from osteoblasts lysates (10 mg) were
run on SDS-PAGE in 10% and 15% acrylamide gels
for ATF4 and LC3, respectively. The proteins were
electrotransferred to a PVDF membrane (GE
Healthcare) at 100 V for 2 h on ice in 19 mM Tris-
HCl, 192 mM glycine and 20% (v/v) methanol. The

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=411147449
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membranes were then blocked with 5% (w/v) BSA in
20 mM Tris-HCl, 500 mM NaCl, pH 7.5 (TBS),
0.05% (v/v) Tween-20 (Sigma-Aldrich) (TBS-T) at
RT for 1 h. The membranes were incubated with
1:1000 primary antibody against the specific pro-
teins LC3A/B (Cell Signaling), ATF4 (Novus Biologi-
cal) in 5% BSA in TBS-T o/n at 4 °C. The secondary
antibody (Cell Signaling) was added at dilution of
1:2000 in 5% BSA in TBS-T for 1 h at RT. The signal
was detected by ECL western blotting detection
reagents (GE Healthcare) and images were
acquired with ImageQuant LAS 4000 (GE Health-
care), using the ImageQuant LAS 4000 1.2 software.
Band intensities were evaluated by densitometry,
using ImageQuant TL analysis software. Biological
triplicates were performed. For each gel, the inten-
sity of the control band was set equal to one and the
expression of the mutant samples was expressed
as fold difference. Actin was used for protein loading
normalization.
Fluorescence activated cell sorting (FACS)

Apoptosis was evaluated by Fluorescence Acti-
vated Cell Sorting (FACS) using Annexin V/Dead
Cell Apoptosis Kit (Invitrogen), following manufac-
turer’s instruction in four independent OBs prepa-
rations. Cells incubated with 20 mM thapsigargin
(Sigma-Aldrich) for 24 h in serum-free a-MEM
were used as positive control for the activation
of apoptosis. Samples were analyzed by Attune
NxT Acoustic Flow Cytometer (Thermo Fisher),
1 £ 104 events for each sample were considered
measuring the fluorescence emission at
515�545 nm (FITC) and 675�715 nm (PI), to
avoid fluorescence spillover.
Transmission electron microscopy analysis

For transmission electron microscopy analysis,
following trypsinization osteoblasts were centrifuged
at 1000 £ g for 3 min. Incubation with 1% glutaralde-
hyde in culture medium for 2 h at room temperature
(RT) was used to fix the cell pellet, which was then
rinsed in PBS and in H2O. Finally, OBs were fixed in
2% (w/v) OsO4 in H2O for 2 h at RT, rinsed in dis-
tilled water and embedded in 2% agarose. The
specimens were dehydrated in acetone and infil-
trated with Epoxy resin overnight (o/n) and polymer-
ized in gelatin capsules at 60 °C for 48 h. Thin
sections (60�70 nm thick) were cut on a Reichert
OM-U3 ultramicrotome with a diamond knife and col-
lected on 300-mesh nickel grids. Saturated aqueous
uranyl acetate by lead citrate was used to stain the
grids. A Zeiss EM900 electron microscope, operated
at 80 kV with objective aperture of 30 mm was used
for the analysis.
Thioflavin T labelling

OBs from three independent preparations were
plated on sterile glass coverslips (Marienfeld) in
24 well plate and cultured for 4 days before incu-
bation with 5 mM Thioflavin (ThT, Sigma-Aldrich)
for 15 h in presence or absence of 4-PBA. Cells
were then fixed with 4% paraformaldehyde (PFA)
in PBS for 20 min at RT. 4’,6-diamidino-2-phenyl-
indole (DAPI, Sigma-Aldrich) was used for stain-
ing nuclei. Images were acquired by SP8- Leica
confocal microscope (Leica). The total area of
punctate signal per cell was measured using the
Leica software LAS4.5.

Protein secretion

OBs from three independent preparations were
plated in 24 well plate and labelled with 5 mCi/ml
[35S] EXPRESS35S Protein Labeling Mix (Perki-
nElmer) in a-MEM without L-methionine, L-cystine,
and L-glutamine for 1 h at 37 °C. The precipitation of
the medium and cell layer total proteins was carried
out with 10% trichloroacetic acid. Following acetone
washing the pellet was resuspended in 60 mM Tris-
HCl, pH 6.8, 10% sodium dodecyl sulphate. The
radioactivity (counts for minute, CPM) of the sam-
ples was quantified using a liquid scintillation ana-
lyzer (TRI-CARB 2300 TR). The percentage of
protein secretion was calculated based on the ratio
between the CPM in the media and the CPM in
medium and cell layer.

Immunofluorescence

2 £ 104 OBs were plated on sterile glass cover-
slips (Marienfeld) in 24 well plate. After 4 days cells
were treated for 15 h with 5 mM 4-PBA.
LC3 and cleaved caspase 3
For LC3 immunofluorescence, after 5 days cells

were treated for 6 h with 10 mM chloroquine. On
day 5, the medium was removed and cells were
fixed with 10% neutral buffered formalin for
30 min at RT, washed 3 times with PBS and
blocked 1 h in 1% BSA in PBS containing 0.3%
TritonX100. LC3 primary antibody (Cell Signaling)
and cleaved caspase 3 primary antibody (Cell
Signaling) were used at 1:500 dilution in 1%
BSA, 0.3% TritonX100 in PBS and the incubation
was carried out o/n at 4 °C. Following PBS wash-
ing, cells were incubated with secondary antibody
(AlexaFluor 488 conjugated F(ab’) fragment anti-
rabbit IgG, Immunological Sciences) diluted
1:2000 for LC3 and 1:400 for cleaved caspase 3,
respectively, in 1% BSA, 0.3% TritonX100 in PBS
for 2 h at RT.
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Collagen intracellular co-localization
For collagen localization studies, the medium was

removed and cells were fixed for 45 min in 10% neu-
tral buffered formalin and blocked with 0.5% BSA,
0.05% saponin, 50 mM NaCl and 15 mM glycine pH
7.4. For collagen colocalization with the ER marker
PDI and with the Golgi marker GM130, cells were
sequentially incubated o/n with COLI (1:100,
COL1A1 Antibody (SP1.D8) - DSHB (Developmen-
tal Studies Hybridoma Bank directed against the N-
terminal propeptide of the a1 chain of collagen I),
PDI (1:200, Cell Signaling) and AlexaFluor 647 con-
jugated anti-GM130 antibody (1:100, BD Pharmin-
gen) antibodies. The secondary antibodies
AlexaFluor 546 goat anti- mouse IgG (Invotrogen) and
AlexaFluor 488 conjugated F(ab’) fragment anti- rabbit
IgG (Immunological Sciences) were used at 1:400 dilu-
tion. For collagen colocalization with the ER marker
PDI and with the lysosome marker LAMP1, cells were
sequentially incubated o/n with COLI (1:100, SP1D8
hybridoma bank in mouse), LAMP1 (1:200, Abcam)
PDI AlexaFluor 647 conjugate (1:100, Invitrogen) anti-
bodies. The secondary antibodies AlexaFluor 546 anti-
mouse IgG (Immunological Sciences), and AlexaFluor
488 conjugated F(ab’) fragment were used at 1:400
dilution. All the antibodies were diluted in the previously
described blocking buffer.
For both experiments, nuclei were stained with

DAPI and images were acquired by confocal micro-
scope TCS SP8 (Leica). The total area of punctate
signal per cell and signals colocalization were mea-
sured by the Leica software LAS 4.5.
Scanning electron microscopy analysis

OBs were plated on sterile glass coverslips and
cultured for 14 days with and without 2.5 mM 4-PBA.
Cells were fixed for 1 h in Karnovsky fixative (8%
paraformaldehyde, 0.4 M cacodylate buffer, 25%
glutaraldehyde, 5% calcium chloride) and dehy-
drated in ethanol and hexamethyldisilazane. The
specimens were mounted on appropriate stubs with
a colloidal silver glue, gold coated with an Emitech
K550 sputter-coater and observed with a Philips XL-
30 FEG scanning electron microscope (Philips
XL30FEG) fitted with secondary electron (SE) and
backscattered electron (BSE) probes, and with an
EDAX Sirion 200/400 dispersive X-ray spectroscopy
apparatus. Elemental maps were obtained on
selected specimens by X-ray dispersive spectros-
copy and filtered using Adobe Photoshop.
Collagen analysis

To analyze the effect of 4-PBA on collagen syn-
thesis, cells were labelled for 15 h in absence or
presence of 5 mM 4-PBA using 28.57 mCi of 3H-Pro/
ml. Collagen extraction from the media and cell layer
was performed as previously reported [91]. Collagen
was resuspended in Laemmli buffer (62 mM Tris-
HCl, pH 6.8, 10% glycerol, 2% sodium dodecyl sul-
phate, 0.02% bromophenol blue) and the radioactiv-
ity (counts for minute, CPM) was measured using a
liquid scintillation analyzer (PerkinElmer TRI-CARB
2300 TR). For collagen steady state method see
Supplementary materials.

Mineralized matrix decellularization and collagen
quantification

Matrix decellularization was performed in four
independent OBs preparations for each genotype as
described in [92]. Briefly, cells were cultured for
21 days in osteogenic medium to allow matrix depo-
sition. Following PBS washing, the matrix was
decellularized by incubation for 1 h in 50 mM tris-
HCl buffer pH 8.0 containing 2 M KCl and 0.2% Tri-
tonX-100. The decellularized matrix was extensively
washed with 10 mM Tris-buffer pH 8.0 and DNA
extraction was performed to confirm decellulariza-
tion. Collagen extraction and quantification from
medium and decellularized matrix was performed
using SircolTM Soluble Collagen Assay (Biocolor),
according to the manufacturer’s protocol.

Mineralization assays and alkaline phosphatase
activity

On day 21 of culture in osteogenic medium, cells
were fixed in 10% formalin solution neutral buffered
(Sigma-Aldrich) for 1 h and alizarin red staining was
performed. Cells were incubated with 58 mM Alizarin
Red S pH 4.1-4.3 (Merck) for 45 min. Mineral extrac-
tion was carried out by 10% acetic acid extraction
and absorbance was measured at 405 nm [93]. Aliz-
arin Red standards (30 mM to 4 mM) were used for
calibration curve. DNA was used for normalization.

For the measurement of ALP activity, cells were
maintained in osteogenic medium for 21 days in
osteogenic media. ALP activity was measured in
OBs’media using an alkaline phosphatase detection
kit (Abnova) following manufacturer’s instruction and
normalized to total protein content.

Gene expression analysis by real time PCR

On day 6, 10 and 14 of culture in osteogenic
medium, total RNA was extracted from three inde-
pendent OBs preparations for each strain using
QIAzol� Lysis Reagent (Qiagen) according to the
manufacturer’s protocol. RNA concentration was
determined by Nanodrop. DNase digestion was per-
formed using DNA-Free Kit DNase Treatment &
Removal (Invitrogen). cDNA was synthetized using
High Capacity cDNA Reverse Transctiption kit
(Applied Biosystems). qPCR was performed on the
QuantStudio3 thermocycler (Thermo Fisher) using
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PowerUp Syber Green Master Mix (Applied Biosys-
tems) with custom primers for mSerpinh1, mCol5a1,
mCol5a2, mBgn, mAlp and mOsx with mGapdh as
normalizer (primers sequences available upon
request), and using Taqman Universal PCR Master
Mix No Amp Erase UNG to analyze mCol1a1
expression (Mm00801666_g1) with mGapdh
(Mm99999915_g1) as normalizer. All reactions were
performed in triplicate. Relative expression levels
were calculated using the DDCt method.

Sirius red staining

Sirius red staining was performed to evaluate the
organization of the collagen fibers [94,95]. OBs were
plated on sterile glass coverslips (Marienfeld) and
after 4 days cells were treated for 15 h with 5 mM 4-
PBA. On day 5, the medium was removed and cells
were fixed with 10% neutral buffered formalin for
30 min at RT, rinsed in PBS and H2O and then
stained for 1 h with 0.1% sirius red (Direct Red-80,
Sigma-Aldrich) in saturated aqueous solution of
picric acid. The specimens were then washed once in
H2O for 5 min and twice in acidified water for 20 s,
they were dehydrated in ethanol, washed twice in
xylene for 1 min and mounted on Superfrost� Plus
slides (VWR) with DPX Mountant for histology
(Sigma-Aldrich). To evaluate Sirius red birefringence,
stained cells were analyzed under polarized light by
LeicaDM2500 equipped with L ICT/P polarizer and a
digital color camera LEICA DFC295 (Leica).

Statistical analysis

Biological triplicates for each genotype and treat-
ment were performed. Quantitative variables were
expressed as mean § standard deviation (SD).
One-way repeated measures ANOVA was applied
to evaluate genotype and treatment effect followed
by post-hoc tests with the Bonferroni’s correction. All
data passed tests for normality and equal variance.
A p value < 0.05 was considered significant.
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