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ABSTRACT
Macroautophagy/autophagy is a highly regulated process involved in the turnover of cytosolic
components, however its pivotal role in maintenance of bone homeostasis remains elusive. In the
present study, we investigated the direct role of ATG7 (autophagy related 7) during developmental
and remodeling stages in vivo using osteoblast-specific Atg7 conditional knockout (cKO) mice. Atg7
cKO mice exhibited a reduced bone mass at both developmental and adult age. The trabecular bone
volume of Atg7 cKO mice was significantly lower than that of controls at 5 months of age. This
phenotype was attributed to decreased osteoblast formation and matrix mineralization, accompa-
nied with an increased osteoclast number and the extent of the bone surface covered by osteoclasts
as well as an elevated secretion of TNFSF11/RANKL (tumor necrosis factor [ligand] superfamily,
member 11), and a decrease in TNFRSF11B/OPG (tumor necrosis factor receptor superfamily, member
11b [osteoprotegerin]). Remarkably, Atg7 deficiency in osteoblasts triggered endoplasmic reticulum
(ER) stress, whereas attenuation of ER stress by administration of phenylbutyric acid in vivo abro-
gated Atg7 ablation-mediated effects on osteoblast differentiation, mineralization capacity and bone
formation. Consistently, Atg7 deficiency impeded osteoblast mineralization and promoted apoptosis
partially in DDIT3/CHOP (DNA-damage-inducible transcript 3)- and MAPK8/JNK1 (mitogen-activated
protein kinase 8)-SMAD1/5/8-dependent manner in vitro, while reconstitution of Atg7 could improve
ER stress and restore skeletal balance. In conclusion, our findings provide direct evidences that
autophagy plays crucial roles in regulation of bone homeostasis and suggest an innovative ther-
apeutic strategy against skeletal diseases.
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Introduction

Bone is a dynamic tissue that continuously undergoes model-
ing/remodeling process by balancing osteoblast-mediated
bone formation and osteoclast-mediated bone resorption [1].
Imbalance between the activity of osteoblasts and osteoclasts
during bone remodeling can lead to reduced bone mass,
which underlies the pathogenesis of osteoporosis, the most
common skeletal disease [2]. Regarding age-related bone loss,
osteoblast number and activity decrease while osteoclast num-
ber and activity increase. Although extrinsic mechanisms such
as reduced production of sex steroids or growth factors have
been frequently reported to be the major causes of age-related
osteoporosis, autophagy process associated with the survival
of osteoblasts, osteoclasts, and chondrocytes within a hypoxic,
and even hypertonic environment is now proposed to be a
potential intrinsic mechanism for skeletal homeostasis [3].
However, physiological and pathological roles of autophagy
in bone remain not well understood.

Autophagy is a highly regulated process involved in the
turnover of cytosolic components, long-lived proteins, or
damaged organelles. As a putative adaptive catabolic process,
autophagy is activated during nutrient deprivation to promote
cell survival and to increase amino acid retrieval [4]. Besides
its physiological roles in the development and the mainte-
nance of physiological function of normal tissues, dysregu-
lated autophagy has been implicated in a number of aging and
degenerative diseases such as Parkinson, and Alzheimer dis-
eases [5]. Targeted disruption of autophagy genes in specific
tissues induces β cell loss with resultant hyperglycemia [6], or
neurodegeneration [5], which is probably due to accumula-
tion of damaged molecules and organelles. Inhibition of
autophagy would accelerate the process of aging, whereas
stimulation of autophagy would have potent antiaging effects
[7–9]. In fact, autophagy has been identified as a protective
mechanism in normal cartilage against oxidative stress and
other aging-related phenotypes and its aging-related loss was
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linked with cell death and osteoarthritis [10,11]. Our previous
study also demonstrates that cartilage-specific autophagy defi-
ciency contributes to growth retardation [12]. Moreover, in
senile population, decreased activity of osteocyte autophagy
with aging is proposed as an underlying cause of the bone loss
[13]. While it is tempting to speculate that genetic suppression
of autophagy in major bone cell types such as osteocytes,
osteoblasts and osteoclasts mimics the effects of aging on
bone mass, this relationship has not yet been fully established.

The significant relationship between autophagy pathway
and osteoporosis has been highlighted in a genome-wide asso-
ciation study of wrist bone mineral density [14]. There is
emerging evidence implying that autophagic mechanisms are
active in osteocytes [13,15]. In preosteocyte-like murine cells,
autophagy is upregulated following nutrient deprivation and
hypoxic culture, stress conditions that osteocytes encounter in
vivo [16]. Previous studies show that glucocorticoid excess
decreases bone mass and stimulates osteocyte autophagy pro-
foundly [17–19], whereas autophagy impairment aggravates
the inhibitory effects of high glucose on osteoblast viability
and function [20]. A recent study in mice, elegantly demon-
strates that conditional deletion of and allele for Atg7 (autop-
hagy related 7; an E1-like enzyme essential for autophagy) from
osteocytes mimics skeletal aging with low bone mass, and
decreased bone formation rate [15]. These findings clearly
link the autophagy-related genes with skeletal homeostasis.

Indeed, the recent observations find that mice lacking Atg7
in osteoblast progenitors and their descendants have low bone
mass and fractures associated with reduced numbers of osteo-
clasts and osteoblasts [21]. Of note, osteoblast-specific dele-
tion of Rb1cc1/Fip200 (RB1-inducible coiled-coil 1) has no
obvious developmental defects in major skeletal elements of
newborn mice, but reveals an osteopenia phenotype at 1, 2,
and 6 months after birth [22]. In addition to the activation of
autophagy during osteoblast differentiation, autophagy-defi-
cient osteoblasts exhibit reduced mineralization capacity and
the elevation of TNFSF11/RANKL (tumor necrosis factor
[ligand] superfamily, member 11) secretion [23], favoring
generation of osteoclasts. However, the direct role of osteo-
blast-specific autophagy in skeletal maintenance in vivo
remains unclear. In the present study, we investigated the
pivotal role of autophagy on endogenous bone mass during
developmental and remodeling stages using osteoblast-specific
Atg7 conditional knockout (cKO) mice.

Results

Osteoblast-specific suppression of autophagy in atg7 cko
mice

Both developmental and remodeling stages are crucial for
understanding bone biology. Thus to directly address the
role of autophagy in osteoblasts, we utilized 2 different stages,
weanling (3 wk) and adult (22 wk), and generated mice con-
ditionally lacking autophagy in osteoblasts through knocking
out Atg7 using a tamoxifen ™-inducible Cre-loxP system under
the control of the Col1a (collagen, type I, alpha 1) promoter.
Both of mice positive and negative for TM-Cre (Atg7flox/flox

and Cre+Atg7flox/flox) were administrated TM to control any

effect of the TM treatment per se (Figure 1(a,b)). Analysis of
genomic DNA revealed a particular gene excision in the
calvaria from 22-wk Atg7 cKO (TM-treated Cre+Atg7flox/flox)
mice but no changes in other tissues from the same mice or in
calvaria from the controls (Figure 1(c)). As expected, direct
analysis of Atg7 expression levels extracted from Atg7 cKO
skulls by RT-qPCR revealed > 70% reduction both in the
weanling and adult stages that did not occur in soft tissues
(Figure 1(d,e)). Likewise, ATG7 expression was significantly
lower in tibia of 3-wk Atg7 cKO mice when compared with
that of controls by immunohistochemistry (Figure 1(f)).
Furthermore, determination of MAP1LC3A/LC3A (microtu-
bule-associated protein 1 light chain 3 alpha)-MAP1LC3B/
LC3B (microtubule-associated protein 1 light chain 3 beta)
in Atg7 cKO skulls revealed decreased conversion from form I
to form II both in the weanling and adult mice (Figure 1(g)).
In contrast, accumulation of SQSTM1/p62 (sequestosome 1;
which is degraded through the autophagy process) was sig-
nificantly increased in Atg7 cKO bones (Figure 1(g)). Taken
together, these results confirmed that autophagy was effec-
tively inhibited in osteoblasts by ablation of Atg7 using the
Col1a-Cre transgene.

Atg7 cko mice showed a reduced bone mass phenotype

To determine the relevance of autophagy in osteoblasts within
the skeletal system, we first examined the femur and tibia of 3-
wk and 22-wk-oldAtg7 cKOmice by H&E staining. As shown in
Figures S1A and 2A, less trabecular bone was present in femurs
and tibias of 3-wk and 22-wk-old Atg7 cKO mice, compared to
controls, respectively. Morphologically, Atg7 cKO mice had no
overt development defects in terms of body weight or body
length both at 3 wk and 22 wk compared with controls in either
sex (Figures S2A to C). At 22 wk, Atg7 cKO mice of both sexes
displayed the hallmarks of osteopenia, manifested by a 16.5%
and 11.1% reduction in bone mineral density (BMD) at femur
and spine, compared to the controls, respectively (Figure 2(b)).
There was no significant difference between females and males,
so the data for the sexes at approximately equal distribution in
each group are combined. Further bone structure and architec-
ture analysis by microcomputed tomography (μCT) imaging
revealed that the distal femurs and the L4 vertebra of 22-wk-
old Atg7 cKO mice displayed significantly underdeveloped tra-
becular regions compared to those of controls, which is shown
by the 3D reconstruction (Figure 2(c,d)). In distal femora trabe-
cular bone of 22-wk-old Atg7 cKO mice, in addition to a sig-
nificant increase in trabecular spacing (Tb.Sp), bone volume per
tissue volume (BV/TV), trabecular number (Tb.N) and trabecu-
lar thickness (Tb.Th) decreased about 40.3%, 23.9% and 22%,
respectively, suggesting a reduction in trabecular bone volume
(Figure 2(e-h)). Consistent with these changes in femur, similar
results were observed in vertebra of 22-wk-old Atg7 cKO mice
(Figure 2(e-h)). As seen in older mice, BMD measurement in 3-
wk-old mice revealed a lesser decrease in tibia and spine in male
conditional knockout mice (Figure S1B). However, no change in
BMD at any site was found in female mice at this age (data not
shown). Likewise, bonemass in tibia of 3-wk-oldAtg7 cKOmice
was decreased in a smaller amount with respect to BV/TV
(decreased), Tb.Sp (increased), Tb.Th (decreased), and Tb.N
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(decreased) than that of the controls as noted in Figures S1C to
F. Similarly, in vertebra bones of 3-wk-Atg7 cKO mice, these
differences are also apparent except for Tb.Th (Figures S1C to F).
Moreover, no statistical difference was observed in femoral or
tibial length of Atg7 cKO mice when compared with controls at
any age (Figures S2D and E). Consequently, overall data suggest
that autophagy deficiency in osteoblasts reduced bone mass
during both the early modelling and later remodeling stages of
bone formation.

Effects of conditional deletion of atg7 on bone formation
and resorption

To investigate the cellular basis underlying the bone loss in Atg7
cKOmice, we performed static and dynamic bone histomorpho-
metric analysis in sections of undecalcified distal femurs at 3 and
22 wk, respectively. Consistent with a low bone mass phenotype
by BMD and μCT analysis, Von Kossa staining in distal femur
confirmed a reduction in bone volume in 3-wk-old mutants as

well ((Figure 3(a)). Calcein and xylenol orange double labeling,
which allows an assessment of dynamic bone formation para-
meters, confirmed a remarkably decreased bone formation rate
(BFR) associated with Atg7 deficiency in 22-wk-old animals
(Figure 3(b)). Mineral apposition rate (MAR, an index of indi-
vidual osteoblast activity), wall thickness, and bone formation
rate/bone surface (BFR/BS is determined from the number and
the function of osteoblasts) were remarkably decreased in Atg7
cKO mice compared with controls, respectively (Figure. 3(c-e)).
Histomorphometric analysis of the percentage of bone surface
occupied by osteoblasts (Ob.S/BS) and the osteoblast number
per bone perimeter showed an obvious reduction by 34% and
31%, respectively, in 22-wk-old Atg7 cKO mice compared with
controls (Figure 3(f,g)). All these results suggest that the
decreased bone density in Atg7 cKOmice can be possibly attrib-
uted to a decrease in the bone-forming activity of osteoblasts.
Since osteoblasts regulate osteoclastogenesis by producing
TNFSF11, an osteoclast differentiation factor, and
TNFRSF11B/OPG (tumor necrosis factor receptor superfamily,

Figure 1. Ablation of Atg7 gene in TM-Atg7−/- (cKO) mice at P21- and 22-wks-old. (a and b) Scheme of the experimental design: In weanling mice, TM (0.2 mg/
mouse) was injected intraperitoneally at day 5, 7, 9, 11 until dissection at P21. For adult stages, TM (50 mg/kg) was injected intraperitoneally twice a week from 8 wk
until dissection at 22 wk. Both control mice (Cre−Atg7flox/flox) and cKO mice (Cre+Atg7flox/flox) received TM. (C) At 22 wk, PCR analyses of gDNA extracted from different
tissues with primer sets for the Cre transgene, floxed-Atg7 allele, and sequences after gene excision (Atg7). (d and e) Quantitative RT-PCR shows reduced expression
of Atg7 in femur and calvaria from P21 and 22-wk mice (n = 5 to 7/group) after TM administration. Results were presented as gene expression levels in all groups
normalized to controls. (f) ATG7 protein in tibia from weanling mice assessed by immunohistochemistry. Scale bars: 100 μm. (g) Protein extracted from the calvaria of
P21- and 22-wk-old mice was immunoblotted with antibodies directed to ATG7, LC3-I/-II and SQSTM1 (n = 3 or 4/group). Representative immunoblots and
densitometric analysis are shown. *Statistically significant difference between Atg7 cKO and controls (mean ± SD, Student t test; **p < 0.01). Con: TM-Atg7flox/flox;
cKO: TM-atg7−/-).
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member 11b [oteoprotegerin]; a decoy receptor for TNFSF11),
we next tested whether reduced osteoblast activity would result
in changes in osteoclast function. Histomorphometric analysis
revealed that bone resorption parameters, the extent of bone
surface occupied by osteoclasts (Oc.S/BS) and osteoclast number
per bone perimeter were significantly increased in femora of 22-
wk-old Atg7 cKO mice (Figure 3(i,j)). A further extensive histo-
chemical analysis of osteoclasts revealed a marked elevation in
the number of ACP5/TRAP (acid phosphatase 5, tartrate resis-
tant)-positivemultinucleated osteoclasts, a readout for osteoclast
activity, in femoral sections of 22-wk-old Atg7 cKO mice
(Figure 3(h)). Changes in bone always correlated with alterations
in serum biomarkers. In this regard, further evidence for bone
formation and resorption includes a reduction in amino-

terminal propeptide of type I collagen (PINP), a circulating
marker of bone formation, and an increase in bone resorption
marker C-terminal telopeptide of type I collagen (CTX) in serum
from 22-wk-old Atg7 cKO mice (Figure 3(k,l)). Similar results
were seen in 3-wk-old Atg7 cKO mice (Figure S3).

We next examined bone formation and resorption by
measuring the expression levels of a panel of osteoblast line-
age-, and osteoclast-related mRNAs extracted from ribs of
weanling mice or calvaria of adult mice by RT-qPCR. In
adult calvaria, in line with reduced bone formation, measur-
able reductions in the expression of formation markers Runx2
(runt related transcription factor 2), Bglap/Ocn(bone gamma
carboxyglutamate protein), Sp7/osterix (Sp7 transcription fac-
tor 7) and Alpl (alkaline phosphatase, liver/bone/kidney) were

Figure 2. Lower bone density in osteoblast-specific Atg7 knockout mice at 22 wk. (a) H&E staining of femur (a) and tibia (b). Bars: 200 µm. (b) BMD was determined
by μCT using lumbar (L4) and femur (n = 5 to 7/group). (c and d) Reconstructions of bone structure from μCT. Trabecular bone in femur (c) and lumbar vertebrae (L4)
(d) are shown. Quantification of trabecular bone volume and architecture (n = 5 to 7/group): (e) BV/TV; (f) Tb.Th, trabecular thickness; (g) Tb.N, trabecular number; (h)
Tb.Sp, trabecular spacing. *Statistically significant difference between control and cKO (mean ± SD, Student t test; *P < 0.05, **P < 0.01).
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observed in mutants, although no statistical changes were
detected in Spp1/Opn (secreted phosphoprotein 1) expression
(Figure 4(a)). Moreover, Atg7 cKO mice displayed remarkable
impaired expression of Tnfrsf11b mRNAs in calvarial bone
during adult stage but a significant enhanced expression of
Tnfsf11, leading to an increase of the ratio of Tnfsf11 to
Tnfrsf11b (140.9%) that favors the increased osteoclastogen-
esis (Figure 4(b)). Similarly, the same changes in serum levels
of TNFSF11 and TNFRSF11B were observed (Figure 4(d,e)),
although changes in the expression of Bmp4 (bone morpho-
genetic protein 4) and Tgfb1 (transforming growth factor, beta
1) were not significant (Figure 4(b)). Resorption markers
Mmp9 (matrix metallopeptidase 9), Ctsk (cathepsin K), and
Acp5, were markedly increased ~ 20% as well (Figure 4(c)), in
line with the elevated osteoclast number stained by ACP5.
Likewise, in weanling ribs where decreased Runx2 expression

was observed (Figure 4(f,g)), Ctsk, Tnfsf11 and Spp1 mRNA
expression were unchanged; however, Acp5 increased by 23%
and Tnfrsf11b significantly reduced by 32% (Figure 4(f)). To
confirm the effects of Atg7 deletion in osteoblasts on osteo-
clastogenesis through the TNFSF11-TNFRSF11B pathway in
vivo, we next set up a tissue culture system using calvaria
derived from uninduced newborn mice (Cre+Atg7flox/flox),
which were bisected and then cultured with or without 4-
OH TM (1 μM). The efficiency of Atg7 knockout using this
method was confirmed by a notable reduction of Atg7 mRNA
expression in Atg7 cKO (4-OH TM+) compared with controls
(4-OH TM-) (Figure S4A). The cultured calvarial bones
exhibited elevated expression levels of resorption markers
Ctsk, Acp5, and Mmp9 in Atg7 cKO compared with controls
(Figure S4B). Notably, in contrast with the increased Tnfsf11
expression, Tnfrsf11b expression was reduced (Figure S4C),

Figure 3. Decreased bone formation and increased bone resorption in Atg7 mutant mice. (a) Von Kossa staining of the distal femur sections of 3-wk Atg7 mutant
(right) mice. Bars: 100 μm. (b) Representative Calcein and xylenol orange double-label staining images in femur sections (10 days apart between 2 labelings) of 22-
wk-old male mice. Bars: 10 µm. Analysis of mineral apposition rate (MAR) (c), wall thickness (d), BFR/BS (e), Ob.S/BS (f) and Osteoblast numbers/bone perimeter (g) in
22-wk-old male animals. (h) Representative histological femur sections of 22-wk-old male mice stained for ACP5. Scale bars: 100 µm. Analysis of Oc.S/BS (i) and
Osteoclast numbers/bone perimeter (j), and serum PINP and CTX levels (k and l) in 22-wk-old male animals. Data are presented as mean ± SD (n = 5 to 7/group,
Student t test; *P < 0.05, **P < 0.01).
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accompanied by the corresponding changes in medium levels
of TNFSF11 and TNFRSF11B (Figure S4D), thus resulting in
a marked elevation of the ratio of TNFSF11 to TNFRSF11B in
the treated group, which corroborates in vivo results.

Autophagy deficiency impeded osteoblast mineralization
and promoted apoptosis and ER stress in cultured
primary osteoblasts

To determine the impact of conditional deletion of Atg7 on
osteoblast function ex vivo, we examined osteoblastic differentia-
tion and gene expression profiles in primary osteoblast cultures
derived from control and Atg7 cKO calvarial bones. In vitro,
primary Atg7−/- calvarial osteoblasts displayed impaired osteo-
blastic differentiation and maturation, as evidenced by lower
ALPL activity compared with controls (Figure 5(a)). This inhi-
bitory effect of defective autophagy was further observed in a
mineralizing nodule assay (Figure 5(b,c)). Accordingly, expres-
sion of characteristic osteoblast markers including ALPL, bone
sialoprotein (Ibsp), BGLAP and RUNX2 examined by western
blot or RT-qPCR was diminished in Atg7−/- osteoblasts com-
pared with controls (Figure 5(d,e)). Considering the regulatory
role of autophagy on apoptosis, we next explored whether the
compromised differentiation was due to apoptosis in Atg7 cKO
osteoblasts by in situ cell death. We found that the number of
TUNEL-positive cells was increased 163.6% in Atg7 cKO osteo-
blasts at the end of 7 days culture as compared to controls

(Figure 5(f,g)), suggesting the enhanced apoptosis may be partly
responsible for compromised mineralization.

It has been shown that defective autophagy promotes
endoplasmic reticulum (ER) stress and then renders cells
vulnerable to apoptosis. These reports and our present
results raise the possibility that retarded bone mineraliza-
tion during autophagy deficiency might be mediated by ER
stress. As expected, we observed an elevation of phosphory-
lated EIF2AK3/PERK (eukaryotic translation initiation fac-
tor 2 alpha kinase 3) and ERN1/IRE1α (endoplasmic
reticulum [ER] to nucleus signaling 1) in calvaria of 22-
wk-old Atg7 cKO compared with control littermates
(Figure 5(h)). MAPK8/JNK1 (mitogen-activated protein
kinase 8) activity, indicated by JUN (jun proto-oncogene)
phosphorylation, was also dramatically elevated in the Atg7
cKO mice (Figure 5(h)). Immunohistochemistry analysis
also revealed an increased expression of DDIT3/CHOP
(DNA-damage inducible transcript 3) in tibia of 22-wk-
old Atg7 cKO mice (Figure 5(i)). Moreover, RT-qPCR of
the spliced or processed form of Xbp1 (X-box binding
protein 1; Xbp1s) and Atf4 (activating transcription factor
4) further confirmed these changes in calvaria of 22-wk-old
Atg7 cKO mice (Figure 5(j)). Similar results were seen in 3-
wk-old Atg7 cKO mice (data not shown). Considering the
in vitro observation that defective autophagy also triggered
ER stress in primary osteoblasts derived from Atg7 cKO
mice, we next asked whether restoration of autophagy

Figure 4. Expression levels of bone formation and resorption markers in osteoblast-specific Atg7 knockout mice during adult and weanling stages. RNA was extracted
from ribs of P21 mice for weanling stages and calvaria of 22-wk for adult stage. (a) RT-qPCR for bone formation markers (Runx2, Spp1, Bglap, Alpl, and Sp7) in mice
during adult stage. (b) mRNAs coding for Tnfrsf11b, Tnfsf11, Tgfb1, and Bmp4 expressed by osteoblasts during adult stage. (c) RT-qPCR for bone resorption markers
expressed by osteoclasts (Mmp9, Ctsk, and Acp5) during adult stage. (d and e) Serum TNFSF11 and TNFRSF11B levels during adult stage. (f) RT-qPCR for Runx2, Spp1,
Ctsk, Acp5, Tnfrsf11b and Tnfsf11 in P21 mice. (g) RUNX2 protein in tibia from weanling mice assessed by immunohistochemistry. Scale bars: 100 µm. *Statistically
significant difference between control and cKO (n = 4 to 6/group), and results were presented as gene expression levels in all groups normalized to controls (mean
± SD, Student t test; *P < 0.05).
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activity by adenoviral overexpression of Atg7 could rescue
ER stress and the defects in bone mineralization. After
adenoviral delivery, we verified that restoration of ATG7
expression resulted in significant attenuation in autophagy
deficiency-induced ER stress as detected by western blot
(Figures S5A and B), as well as restoration of osteoblastic
gene expression, ALPL activity and mineralization (Figures
S5C and D).

Amelioration of ER stress abrogated atg7 ablation-
mediated effects on osteoblast differentiation and bone
formation

Considering the negative role of ER stress in apoptosis and its
involvement in osteoblast differentiation, we reasoned that ER
stress triggered by Atg7 deletion might be responsible for the
apoptosis and compromised osteoblast differentiation. To test
this hypothesis, primary osteoblasts derived from Atg7 cKO

mice were cultured in the presence or absence of 10 mM
phenylbutyric acid (PBA), a chemical chaperone known to
attenuate ER stress. Indeed, PBA reversed Atg7 ablation-
induced expression of ER stress makers, as assessed by reduced
expression of DDIT3 and phosphorylation of EIF2AK3, ERN1
and JUN (Figure 6(a,b)). Interestingly, PBA also restored the
expression of Alpl, Runx2 and Bglap, thus partially neutralizing
such effects on ALPL activity at day 7 and mineralization by
Alizarin red staining at day 14 induced by autophagy deficiency
(Figure 6(c,d)). Likewise, there was a significant decrease in
apoptosis by TUNEL assay in Atg7 cKO osteoblasts exposed to
PBA at day 7 (Figure 6(e,f)). To further confirm whether the
inhibitory effects of Atg7 ablation on osteoblast function are
mediated by ER stress, PBA (5 mg/kg) was daily intraperitoneal
injected to 3-wk-oldAtg7 cKOmice for 4 wks. By the end of the
4-wk treatment period, PBA reversed Atg7 ablation-induced
expression of ER stress makers as expected (Figure 7(a,b)).
Furthermore, PBA partially neutralized the inhibitory effects

Figure 5. Autophagy deficiency inhibited osteoblasts mineralization and promoted apoptosis and ER stress. (a) Representative images for ALPL staining of primary
osteoblasts derived from control and Atg7 cKO mice and cultured in differentiation medium for 7 days. Scale bars: 100 µm. (b) Representative images for Alizarin Red
S staining of osteoblasts differentiated for 14 days. Scale bars: 200 µm. Statistical analysis of mineralization nodule numbers per well is shown in (c). (d) RT-qPCR for
Alpl, Bglap, and Ibsp in primary osteoblasts differentiated for 14 days. (e) Representative western blot of BGLAP, RUNX2, and ALPL expression in primary osteoblasts
induced for 14 days. Quantification is shown on the right. (f) Representative TUNEL labeling images of primary osteoblasts differentiated for 7 days. Bars: 10 µm.
Statistical analysis of TUNEL-positive cell numbers is shown in (g). The data in (c to g) expressed as mean ± SD in each bar group represents the average of 3
independent experiments (Student t test; *P < 0.05, **P < 0.01). (h) Representative immunoblots of p-ERN1, p-JUN, p-EIF2AK3) in calvaria from 22-wk-old cKO mice
(n = 3/group). Quantification is shown on the right (mean ± SD, Student t test; **P < 0.01). (i) Representative Immunohistochemical images of DDIT3 in tibia of 22-
wk-old mice (n = 3/group). Scale bars: 100 µm. (j) Relative expression of Xbp1s and Atf4 mRNA in calvaria from 22-wk-old mice (n = 4 to 6/group) (mean ± SD,
Student t test; **P < 0.01).
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of Atg7 ablation on bone formation (markers of RUNX2,
ALPL, Ibsp, BGLAP and Sp7 assessed by RT-qPCR or western
blot and the bone formation rate determined by calcein and
xylenol orange double labeling) (Figure 7(c-f)).

Osteoblast-specific atg7 ablation impairs osteoblast
function partially in a DDIT3- and MAPK8-SMAD1/5/8
dependent manner

EIF2AK3 activation results in phosphorylation of α subunit of
eukaryotic initiation factor 2, leading to the induction of
DDIT3, which promotes ER stress–induced apoptosis [24].
There is evidence that DDIT3 forms heterodimers with
CEBPB (CCAAT/enhancer binding protein [C/EBP], beta)
and inhibits the DNA-binding activity as well as RUNX2-
binding activity of CEBPB, resulting in an impairment of
osteoblast-specific gene transcription [25]. To explore
whether DDIT3 plays regulatory roles in the inhibition of
osteoblast differentiation in Atg7 cKO osteoblasts, we next
examined the response of osteoblast derived from cKO mice
to Ddit3 siRNA transfection and its efficiency was validated
by western blot (data not shown). As expected, DDIT3

knockdown partially restored the Atg7 deletion-induced sup-
pression of BGLAP, Sp7, Ibsp, or ALPL determined by RT-
qPCR or western blot (Figure 8(a,b)). Of note, it has pre-
viously been reported that BGLAP is a direct target of RUNX2
[26], thus restoration of BGLAP by Ddit3 siRNA in Atg7 cKO
osteoblasts might be induced by RUNX2. However, no statis-
tical changes were observed in RUNX2 expression (Figure 8(a,
b)). These results suggest that DDIT3 might modify the activ-
ity of RUNX2 through separation from CEBPB instead of
directly regulating RUNX2 expression. Moreover, DDIT3-
deficient Atg7 cKO osteoblasts revealed increased ALPL activ-
ity and the formation of mineralization nodules (Figure 8(c)).
Furthermore, we also observed that the activity of MAPK8
was activated by ERN1, consistent with previous findings [27].
Because the crosstalk between MAPK8 and BMP2-SMAD1/5/
8 signaling had functional contribution to osteoblast differ-
entiation, we next examined the response of Atg7 cKO osteo-
blast to specific inhibitors of MAPK8 (SP600125). As shown
in Figure 8(d,e), the expression of osteoblast markers was
partially reversed by SP600125 as determined by western
blot or RT-qPCR. These effects were further confirmed by
ALPL staining (Figure 8(f)). Notably, we observed a

Figure 6. Amelioration of ER stress by PBA abrogates Atg7 ablation-mediated inhibitory effects on osteoblast mineralization in vitro. Primary osteoblasts derived from
control and Atg7 cKO mice were cultured with or without 10 mM PBA. (a and b) The expression of ER stress markers were detected by western blot, and the relative
phosphorylation of p-ERN1, p-JUN and p-EIF2AK3 was analyzed using ImageJ software. (c) Relative expression of Bglap, Alpl and Runx2 mRNA. (d) Representative
images for ALPL and Alizarin red S staining. (e and f) Representative TUNEL labeling images of primary osteoblasts cultured with or without PBA; representative
TUNEL-positive cells are indicated by the arrows (quantified in f), and bars: 10 μm. Data are mean ± SD (one-way ANOVA, *P < 0.05, **P < 0.01 cKO vs. Con, #
P < 0.05 cKO + PBA vs. cKO).
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significant reduction of SMAD1/5/8 phosphorylation, BMP2
expression, and nuclear translocation of SMAD4 in Atg7 cKO
osteoblasts, whereas treatment of SP600125 partially abro-
gated such inhibitory effects (Figure 8(d,g)). Collectively, all
these data further support the notion that ER stress contrib-
uted to autophagy deficiency-induced impaired osteoblast
differentiation partially via DDIT3- and MAPK8-SMAD1/5/
8 signaling.

Discussion

In this study, we have shown that inducible osteoblast-specific
autophagy ablation in vivo causes bone loss by induction of
ER stress both during developmental and remodeling stages,
and impairs osteoblast function in DDIT3- and MAPK8-
SMAD1/5/8 dependent manner in vitro. At the skeletal early
rapid growth stage, Atg7 cKO mice exhibited bone loss, lower
bone formation rate and relative milder increase of bone
resorption. While at the peak bone mass attainment stage,
deficiency of autophagy causes lower bone formation rate
concomitant with greater increased bone reabsorption, result-
ing in a more pronounced bone loss. Thus, the present study
provides several lines of direct evidence that autophagy is
required for osteoblast differentiation and bone homeostasis.

Although several studies have recently reported that autop-
hagy regulates osteoblast and osteoclast function, and bone
homeostasis [15,22], the impact of autophagy deficiency in
bone remodeling has not been fully addressed and much
remains to be elucidated. Our study indicated the pivotal
regulation of autophagy in coupling bone formation and
bone resorption and maintaining normal postnatal bone
homeostasis. As osteoblasts are responsible for synthesis and
secretion of matrix, and its subsequent mineralization, autop-
hagy in osteoblasts would be expected to play critical role
support protein synthesis and prevent secretion of misfolded

matrix protein [28]. Indeed, in our study, targeted deletion of
Atg7 in osteoblast caused low bone mass at both young and
adult age in mice. This phenotype of Atg7 cKO attributed to
decreased osteoblast formation, reduced matrix mineraliza-
tion, accompanied with an increased osteoclast number and
the extent of the bone surface covered by osteoclasts. In
addition to our findings, one recent study shows that osteo-
blast-targeted deletion of Rb1cc1, part of the RB1CC1-
ATG13-ULK1 complex essential for initiation of autophago-
some formation, in a mouse model causes severe osteopenia
due to reduced bone formation [22]. The other studies also
suggest that suppression of autophagy by deletion of Atg7 in
targeted osteocytes causes decreased bone mass and bone
remodeling [15], and supports a direct role of autophagy in
the osteoblast intracellular mineralization process, as well as
an indirect effect on bone remodeling through the stimulation
of osteoclastogenesis [23]. These studies indicate an involve-
ment of the process of autophagy in bone formation, however
the importance of autophagic flux for bone matrix secretion
remains unknown.

Considering that autophagy is potentially essential for
osteoblast differentiation which occurs during embryonic
development and eventually affects bone formation and devel-
opment, we choose to use TM-inducible Col1a-cre mice,
which allow us to examine the function of autophagy on
bone physiology and homeostasis after birth, especially on
the specific stages of rapid bone mass increase and steady-
state of bone remodeling (a pattern similar to clinical
patients). Since TM is known as a selective estrogen receptor
modulator, which may have similar effects to other selective
estrogen receptor modulators reported to increase bone mass
both in human and in mice [29,30], we optimized the dosage
and timing of TM administration to exclude any potential
‘off-target’ effect of TM on skeletal tissue. We confirmed that
in the current study conditions, TM has a minor effect on

Figure 7. Administration of PBA partially reversed the suppression of bone formation by Atg7 deletion in vivo. PBA (5 mg/Kg) or vehicle was daily intraperitoneal
injected to 3-wk-old cKO or control mice for 4 wks. By the end of 4-wk treatment period, total protein and RNA was extracted from calvaria (n = 3/group). (a and b)
Expression of the ER stress markers (p-ERN1, p-JUN, DDIT3 and p-EIF2AK3). (c) Relative expression of Runx2, Ibsp, Bglap, Alpl, and Sp7 mRNA normalized to controls. (d
and e) Expression of bone formation markers (BGLAP, ALPL and RUNX2). (f) Representative images of the double label staining in femur section with calcein and
xylenol orange. Scale bars: 10 µm (mean ± SD, one-way ANOVA, *P < 0.05, **P < 0.01 cKO vs. Con, # P < 0.05 cKO + PBA vs. cKO).
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skeletal tissue while its effect in osteoblasts is sufficient to
activate Col1a-CreERT2. Consistently, a previous study
using the same TM inducible Col1a-creERT2 system reports
effective target gene inactivation with no major side effect of
TM global administration on skeletal tissue [31]. More recent
literature further supports our strategy in that 10 mg/kg/day
TM for 4 consecutive days does not significantly affect bone
turnover or bone mass, but still activates Cre to a comparable
level to the 100 mg/kg/day dose of TM [32]. It is noticeable
that there is still a residual ATG7 present in the osteoblasts, as
a trace protein expression of ATG7 was observed. This is not
unexpected, as recombination mediated by an inducible pro-
moter is generally mosaic and its efficiency is dependent on
tissue types [33]. For example, it was reported that in a TM-
inducible COL2/collagen type 2-CreER targeted chondrocyte
system, 90.8% recombinase-positive cell were observed in
chondrocytes, instead of the theoretical 100% as expected

[34]. Similarly, it was also reported that frequency of the
deletion of Sp7/Osterix exon 2 ranged from 60% – 90% of
the osteoblasts in Sp7/Osterixflox/-;Col1a-CreERT2 by Cre
recombinase after administration of TM [31,35], which
again did not reach the theoretical 100% efficiency.

Bone remodeling is constantly renewed by the balanced
action of osteoblastic bone formation and osteoclastic bone
resorption, which are precisely coordinated to maintain the
skeletal homeostasis. The ratio of TNFSF11 to TNFRSF11B, a
TNFSF11 decoy receptor that inhibits osteoclast differentia-
tion, is a major mechanism for controlling osteoclast differ-
entiation from macrophage precursors in the hematopoietic
lineage [36]. In our study, a striking phenotype in osteoblast-
specific Atg7 cKO mice is that the trabecular bone volume is
significantly lower than that of controls at 5 months of age,
followed by the enhanced osteoclast bone resorption.
Consistently, we found that deletion of Atg7 in osteoblasts

Figure 8. Autophagy deficiency impedes osteoblast differentiation partially via DDIT3- and MAPK8-SMAD1/5/8-dependent signaling. Relative expression of Bglap,
Sp7, Ibsp and Runx2 mRNA (a), and BGLAP, ALPL, SP7 and RUNX2 proteins (b) were examined by RT-qPCR or western blot in primary osteoblasts transfected with or
without siDdit3. Values expressed as mean ± SD of 3 independent experiments (one-way ANOVA, **P < 0.01 cKO + siCon vs. siCon, # P < 0.05 cKO + siDdit3 vs. cKO
+ siCon). (c) Representative images for ALPL and Alizarin red S staining in osteoblasts. Scale bars: 100 µm. Primary osteoblasts were pretreated with SP600125
(10 µM) for 2 h and then cultured in differentiation medium for 7 days. Representative western blot of BMP2 and RUNX2 and phosphorylation of SMAD1/5/8 (d), RT-
qPCR for Bglap, Sp7 and Runx2 mRNA (e), representative images for ALPL staining (f), and representative western blot of nuclear SMAD4 expression (g) in osteoblasts,
representative of 3 experiments (mean ± SD, one-way ANOVA, *P < 0.05 cKO vs. Con, # P < 0.05 cKO + SP600125 vs. cKO). (h) Model depicting the mechanism
through which autophagy deficiency-mediated ER stress leads to inhibited osteoblast differentiation.

AUTOPHAGY 1735



altered the Tnfsf11:Tnfrsf11b ratio and the expression of
Tnfrsf11b is greatly reduced, which eventually contributed to
an elevated rate of osteoclast differentiation. These findings
are similar to a previous report that autophagy-deficient
osteoblasts induced by Atg5 ablation exhibit increased secre-
tion of TNFSF11 [23]. Another independent study has failed
to detect any changes in Tnfsf11 and Tnfrsf11b mRNA expres-
sion in autophagy-defective osteocytes induced by conditional
deletion of Atg7 [15]. However, in this study, it is somewhat
surprising that Tnfsf11 expression and secretion was increased
in the context of ER stress triggered by Atg7 deletion, since
protein translation would be suppressed to prevent the gen-
eration of more unfolded proteins under ER stress [37]. Our
results indicated that the in vivo effects of Atg7 deletion on the
TNFSF11-TNFRSF11B axis expression may be much more
complicated than anticipated. Such result might be due to
an unconventional secretion of proteins (such as IL1B [inter-
leukin 1 beta] and interleukin 18), which is referred to as the
autophagy-based exocytic process other than the classical ER/
Golgi-dependent pathway [38]. In support of this idea, IL1B, a
potential substrate for autophagy-based unconventional secre-
tion, has been shown to be negatively regulated by autophagy
[39–41]. Meanwhile, Marie et al. [23] also speculate that this
abnormal autophagy-based unconventional secretion of pro-
teins possibly contribute to the repressive osteoblast miner-
alization involving secretion of various vesicles, leading to the
suppression of bone matrix formation. Therefore, loss of Atg7
led to impaired autophagy process in osteoblasts and further
impeded osteoblast mineralization and bone formation.

As a putative adaptive catabolic process, autophagy, which
can be induced under stressful conditions to remove
damaged organelles and misfolded proteins for cell survival
[28], has been shown to be linked with ER at many levels
and is likely to be a critical component of normal ER func-
tion [42]. In our study, although defective autophagy
induced by conditional Atg7 ablation appeared causal to
remarkable bone loss, a definitive link could be established
if the restoration of autophagy could rescue skeletal balance.
In fact, we found that reconstitution of Atg7 can restore
impaired functions and improve ER stress during bone
abnormality, which may suggest a reciprocal functional
interaction between autophagy and ER stress. Indeed, dele-
tion of Atg7 in this study could induce ER stress and then
potentially result in the accumulation of misfolded proteins
in osteoblasts, whereas improvement of ER stress by PBA
could alleviate ER dilation as well as synthesis and folding of
ER [43], thus preventing such accumulation and restore
normal ability of the osteoblasts to produce and deposit
collagen matrix. Similarly, a recent study reports that mice
deficient of Atg7 in chondrocytes exhibit ER cisternae dila-
tion and accumulation of procollagen II, as well as defective
formation of collagen II, implicating a crosstalk between
induced ER stress and autophagy [44]. In contrast, other
research demonstrates that although mutation-caused accu-
mulation of misfolded of type I collagen induces pronounced
ER dilation and malfunction of osteoblasts, no upregulation
of binding immunoglobulin protein is expected in the
unfolded protein response. Whereas enhancement of autop-
hagy can prevent such accumulation, eliminate ER dilation,

and restore normal ability of the cells to produce and deposit
collagen matrix [45]. These observations indicate that the
metabolic impact of autophagy disruption on ER stress
may vary depending on the features of the stress, including
its duration and severity.

The 3 major transducers of the unfolded protein
response are EIF2AK3, ERN1 and ATF6, which sense the
presence of the unfolded proteins in the ER lumen and
transduce signals to the cytosol or nucleus. DDIT3 is a
member of the C/EBP family and plays a role in osteo-
blastic and adipocytic cell differentiation [46–48]. Our
study also revealed that suppression of DDIT3 in osteo-
blasts could partly restore Atg7 ablation-mediated attenua-
tion of osteoblast differentiation and mineralization. We
also observed that expression of BGLAP, Ibsp, and SP7
was partially restored by DDIT3 downregulation in Atg7-
deficient cells. However, we did not detect significant
changes in RUNX2 expression in Atg7 cKO cells treated
with DDIT3 inhibitor. One possibility is that DDIT3
forms heterodimers with CEBPB and accordingly inhibits
the RUNX2-binding activity to CEBPB as identified in
previous studies [25,48]. In addition, we also found that
suppression of MAPK8 activity partially abrogated the
inhibitory effects of autophagy deficiency on BMP2
expression and nuclear translocation of SMAD4. We
speculated that autophagy deficiency coupled with ER
stress might inhibit BMP-SMAD1/5/8 pathway in a
MAPK8-dependent manner and thereby suppress RUNX2
expression. In agreement with our findings, it has been
reported that inhibition of MAPK8 expression and activity
enhances BMP2-induced osteoblastic differentiation via
RUNX2 phosphorylation [49]. Overall our results support
the hypothesis that Atg7 ablation triggered ER stress in a
DDIT3- and MAPK8-dependent manner that might
impair the SMAD1/5/8-SMAD4 complex, thus repressing
its nuclear translocation. As a result, these disturbances
contribute to the diminished expression of RUNX2,
BGLAP, ALPL and mineralization observed in Atg7 cKO
mice (Figure 8(i)).

The causative mechanisms of autophagy defects implicated
in skeletal abnormality could be diverse. Despite ER stress,
several other possibilities might also be taken into considera-
tion such as the intervention mode (inducible or not) and
stage of autophagy deletion (prenatal or postnatal), the dura-
tion of ER stress and the chronic effects secondary to ER
stress, and the possible Smad4 deregulation in postnatal
bone homeostasis. Smad4 are primary cytoplasmic signal
transducers both for TGFB/ACTIVIN and BMPs [50]. It has
been shown that targeted ablation of Smad4 in differentiated
osteoblasts results in growth retardation and BMD reduction,
indicating an important role of SMAD4 in control of osteo-
blast function and regulation of bone mass [50]. Given that
the phenotypes of the Smad4-deficient mice were more simi-
lar to the mice with reduced BMP signaling than those with
diminished TGFB signal [50], it is plausible in our study that
the differentiated osteoblasts at later stages might be less
sensitive to TGFB due to the impaired Smad4 function in
Atg7 cKO mice. Thus, further investigation should be war-
ranted in the absence of other chronic changes to fully
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understand this adaptive response to autophagy regulation
during bone remodeling.

In conclusion, our findings suggest the direct evidence that
ATG7 mediated a pivotal role in maintaining bone homeostasis.
Although further studies are warranted to address the adaptive
role of autophagy in skeletal metabolism, our findings provide
new insights into the functional basis of autophagy in metabolic
homeostasis and stress response during bone modeling/remo-
deling, and suggest an innovative strategy to develop novel
therapeutic agents against skeletal abnormality.

Materials and methods

Animal studies

B6. Cg-Tg (Col1a-cre/ERT2)1Crm/J mice were purchased from
Jackson Laboratories (016241). Atg7flox/flox mice (strain name: B6;
Cg-Atg7tmltchi) were kindly provided by the RIKEN Bio Resource
Center [51]. The experimental animals used in most of the studies
described here were obtained using a 2-step breeding strategy.
Hemizygous Col1a-Cre/ERT2 transgenic mice were crossed with
homozygous Atg7-flox mice to generate heterozygous Atg7-flox
offspring with and without a Col1a-Cre allele. These offspring
were then intercrossed to generate the following offspring: Col1a-
CreERT2+Atg7flox/flox and Atg7flox/flox. The Cre transgene was
detected by PCR with a thermal cycler (BIO-RAD, PTC-1148,
Singapore) using the primers: Transgene Forward, 12,249, 5′-
TCCAATTTACTGACCGTACACCAA-3′, Transgene Reverse,
12,250, 5′-CCTGATCCTGGCAATTTCGGCTA-3′, Internal
Positive Control Forward, oIMR7338, 5′-CTAGGCCAC
AGAATTGAAAGATCT-3′, and Internal Positive Control
Reverse, oIMR7339, 5′-GTAGGTGGAAATTCTAGCATCAT
CC-3′. The 500-base pair (bp) PCR product was detected as
transgene, and the 324-bp PCR product as an internal positive
control. The sequences of PCR primers for genotypingAtg7flox/flox

mice are as follows: 2 forward primers, Hind-Fw, 5′-TGGCT
GCTACTTCTGCAATGATGC-3′, Atg7-WT-forward, 5′-
ATTGTGGCTCCTGCCCCAGT-3′, and a reverse primer, Pst-
Rv, 5′-CAGGACAGAGACCATCAGCTCCAC-3′. In wild-type
mice only the 460-bp PCR product can be detected, and in
homozygous Atg7flox/flox mice only the 550-bp PCR product can
be detected. Both 460-bp and 550-bp PCR products were detected
in heterozygous mice (Atg7flox/WT). The resulting Col1a-
CreERT2+Atg7flox/flox mice were viable and fertile in the absence
of TM. Themice weremaintained with good ventilation and a 12-
h light/dark cycle, and were kept feeding and drinking ad libitum.

TM administration

TM (Sigma-Aldrich, T5648) was dissolved in a small volume
of ethanol, diluted with corn oil (Sigma-Aldrich, C8267) at a
concentration of 20 mg/ml, and stored at −20°C until use. In
weanling mice, TM (0.2 mg/mouse) was injected intraperito-
neally at day 5, 7, 9, 11 until dissection at P21. For adult
stages, TM (50 mg/kg) was injected intraperitoneally twice a
week from 8 wk until dissection at 22 wk. From now on, we
will refer to Col1a-CreERT2+atg7−/-mice as Atg7 cKO mice
and the Atg7flox/flox control littermates as controls.

Micro-computed tomography (μct)

For trabecular bone mass evaluation in mice, a desktop μCT
system (eXplore Locus SP, GE Healthcare, USA) was
employed as previously described [52]. At sacrifice, the right
femora and tibia and the vertebrae (L4) were isolated and
fixed in 4% paraformaldehyde for 24 h, and then switched
to 70% ethanol. Briefly, the distal femoral and proximal tibia
metaphysis were scanned at a resolution of 8 μm, a voltage of
80 kV, and a current of 80 μA. The region selected for analysis
was defined from 0.1 mm to 2.6 mm away from the epiphysis.
Trabecular region of interest from the L4 vertebrae is manu-
ally segregated from cortical bone by splining an areal region
of interest at multiple levels and then interpolating among
these to generate a volume of interest for the trabecular bone.
Data were analyzed with the Micview V2.1.2 software. The
interesting region segmented by a fixed threshold was recon-
structed into 3-dimensional images. Quantification of trabe-
cular bone was performed using parameters of BMD, BV/TV,
Tb.Th, Tb.N, and Tb.Sp.

Bone histology and histomorphometry

Femurs and tibia from 3-wk and 22-wk-old mice were fixed in
4% paraformaldehyde (HEART Biological Technology, IS014),
decalcified with 10% ethylenediaminetetraacetic acid (EDTA;
HEART Biological Technology, BF041), and embedded in par-
affin. Paraffin sections were cut in sagittal planes at 5 µm. For
examination of osteoblast, and osteoclast and bone resorption,
hematoxylin-eosin (H&E) staining and ACP5 (LEAGENE,
DE0013) staining was respectively performed, as stated pre-
viously [53]. Quantification was performed using the ImageJ
1.47 software from at least 5 microscopy fields.
Immunochemistry was performed using rabbit polyclonal anti-
bodies against ATG7 (Beyotime, AA829-1), DDIT3 (Santa Cruz
Biotechnology, sc-166,682), and RUNX2 (Santa Cruz
Biotechnology, sc-101,145). Subsequently, an ABC kit (Santa
Cruz Biotechnology, sc-2018; Zhongshan Biotechnologies, SP-
9001) and 3, 3-diaminobenzidine tetrahydrochloride exposure
were used for detection.

At 12 days and 2 days prior to sacrifice, mice received
calcein (10 mg/kg body weight; Sigma-Aldrich, C0875) in
2% NaHCO3 intraperitoneally and xylenol orange (90 mg/
kg; Sigma-Aldrich, 52,097) intraperitoneally respectively. At
sacrifice, the left femora were isolated, fixed in 80% ethanol,
and embedded in methyl methacrylate without decalcification.
The specimens were sagittal sectioned into 30-μm sections
using a hard tissue slicing machine (Leica, SP1600, Wetzlar,
Germany) away from light. Double-labeled surfaces were
evaluated by a fluorescence microscope (Nikon Eclipse Ti-S,
Tokyo, Japan) and quantification was performed based on at
least 5 images as previously described [52,53].

Serum measurement

Blood samples were collected from Atg7 cKO and control
mice. Markers of bone resorption (RatLaps™ [CTX-I] EIA;
Immunodiagnostic Systems, AC-06F1), bone formation (Rat
and Mouse PINP EIA; Immunodiagnostic Systems, AC-33F1),
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TNFSF11 (Sangon Biotech, D720269) and TNFRSF11B
(Sangon Biotech, D720234) were detected according to the
instructions of manufacturer. TNFSF11 and TNFRSF11B were
also detected for their concentrations in conditional media of
calvaria cultures ex vivo.

RNA isolation and quantitative real-time PCR (rt-qpcr)

Total RNA was extracted from calvaria and ribs of weanling and
adult mice (Invitrogen, 15,596–026) according to the manufac-
turer’s protocol. RT-qPCR (Bio-Rad, PTC-0148, Singapore) ana-
lysis was carried out as described previously [54]. Briefly, The
recovered RNA was further processed using RevertAid First
Strand cDNA Synthesis kit (Thermo Fisher Scientific, K1621) to
produce cDNA for RT-qPCR by using SYBR Premix Ex Taq II
(Takara Bio INC, RR820A). Taqman primers and probes used in
this study were as follows: Atg7, 5′-ACTGTGCTGGT
CTCCTTGCT-3′, 5′-CAGGGTGCTGGGTTAGGTTA-3′; Bglap,
5′-AGGAGGGCAATAAGGTAGTG-3′ and 5′-TGTAGGCGGT
CTTCAAGC-3′; Alpl, 5′-GGTAGATTACGCTCACAACAAC-3′
and 5′-CAGGCACAGTGGTCAAGG-3′; Acp5, 5′-AGCAGCC
AAGGAGGACTAC-3′ and 5′-CAGCACATAGCCCACACC-3′;
Ctsk, 5′-GTGTTGGTGGTGGGCTATG-3′ and 5′-GCAGGCG
TTGTTCTTATTCC-3′; Tnfrsf11b, 5′-GACGATGATGACGA
TGATGATG-3′ and 5′-CGACTGTAGGGACGATTGG-3′; Tnfs
f11, 5′-GAAATGCCTCCGCTGTTATG-3′ and 5′-TTCTGTCTG
TGCCTTCTTGG-3′; Runx2, 5′-TACTTCGTCAGCATCCTA
TCAG-3′ and 5′-CAGCGTCAACACCATCATTC-3′; Sp7, 5′-
GGCAAGGCTTCGCATCTG-3′ and 5′-CTCAAGTGGTCGC
TTCTGG-3′; Mmp9, 5′-GCCACCACAGCCAACTATg-3′ and
5′-TGCCCAGGAAGACGAAGG-3′; Tgfb1, 5′-ATTCCTGGCG
TTACCTTGG-3′ and 5′-CCTGTATTCCGTCTCCTTGG-3′;
Bmp4, 5′-GGAGGAGGAGGAGGAAGAG-3′ and 5′-GCTGC
TGAGGTTGAAGAGG-3′; Spp1, 5′-GACGATGATGACGAT
GATGATG-3′ and 5′-CGACTGTAGGGACGATTGG-3′; Ibsp,
5′-ACAATCCGTGCCACTCACT-3′ and 5′-TTTCATCGAGAA
AGCACAGG-3′; Gapdh (glyceraldehyde-3-phosphate dehydro-
genase), 5′-TCAACGGCACAGTCAAGG-3′ and 5′-ACTCCA
CGACATACTCAGC-3′. The gene expression levels were nor-
malized by the average levels of the mean-centered housekeeping
gene Gapdh. All measurements were performed in triplicate and
analyzed using the 2−△△Ct method.

Ex vivo culture of calvaria bone and primary osteoblasts
culture

Calvaria explants were established from 1- to 3-day-old
untreated cKO mice (Col1a-CreERT2+Atg7flox/flox), then
bisected at the sagittal suture and cultured in α-MEM
(HyClone, SH30265.01) supplemented with ascorbic acid (50
μg/ml, Sigma, A4544), 10mM β-glycerophosphate (Sigma-
Aldrich, G9422) and 10% fetal bovine serum (Gibco
Invitrogen, 16,000,044) for the first 24 h in culture. One hemi-
calvaria from each pair was treated with 4-OH TM (1 μM;
Sigma-Aldrich, T176) for 5 days. Primary calvaria osteoblast
isolation and culture was performed as described previously
[22]. Briefly, Primary calvaria osteoblasts were isolated from 1-
to 3-day-old transgenic neonates by 4 sequential collagenase A
(Roche Diagnostics, 10,103,586,001)/dispase II (Roche

Diagnostics, 04942078001) digestion. Parietal bones of calvaria
were incubated in α-MEM containing 1 mg/ml collagenase A
and 2 mg/ml dispase II at 37°C on a rocking platform. The first
digestions were discarded, and subsequent 3 digestions were
collected. Cells released from digestion were plated in α-MEM
culture medium containing 10% fetal bovine serum and 1%
penicillin/streptomycin (HyClone, SV30010) and differentiated
with 50 µg/ml ascorbic acid and 10 mM β-glycerophosphate
(Sigma, G5422). Osteoblasts were infected with adenoviral
expression vectors for mouse Atg7 (Ad-Atg7) or an adenoviral
control vectors (Ad-GFP) at a multiplicity of infection of 400.
Adenoviral expression vector was designed, synthesized and
constructed by Genechem Co. (Shanghai, China). Osteoblasts
were transfected with pools of small interfering RNA targeted
for Ddit3 (siDdit3; Invitrogen, 1,320,001) using Lipofectamine
2000 (Invitrogen, 11,668–019), according to the procedure
recommended by the manufacturer. For Alizarin red S
(LEAGENE, DS0072) staining, cells were fixed at day 14 of
culture with 4% formaldehyde and stained for 10 min. For
ALPL (Beyotime, C3206) assay, cells were fixed 4% formalde-
hyde and subjected to ALPL staining on day 7.

TUNEL assay

Apoptotic primary osteoblasts derived from Atg7 cKO and
controls were identified by an In Situ Cell Death Detection Kit
(Roche Diagnostics, 12,156,792,910), according to the instruc-
tions of manufacturer. Nuclei were counterstained with 4, 6-
diamidino-2-phenylindole/DAPI. TUNEL-positive cells were
stained by red fluorescence. The percentage of TUNEL-posi-
tive cells was calculated as the number of TUNEL-labeled cells
per grid divided by the total number of cells per grid.

Western blot analysis

Protein extracts were prepared from calvaria, and primary
calvaria osteoblasts isolated from neonatal mice. Cells and
tissues were lysed using RIPA buffer (50 mM Tris-HCl,
pH7.9, 150 mM NaCl, 0.5 mM EDTA, 0.5% NP-40 [Fluka,
74,385], 0.1 mM PMSF [Beyotime, ST506]). Proteins were
separated on 10% – 15% sodium dodecylsulfate polyacryla-
mide gels; separated proteins were then electronically blotted
onto polyvinylidene fluoride membranes. The membranes
were then blocked and subsequently incubated with desig-
nated primary antibodies overnight at 4°C. Antibodies to
EIF2AK3 (sc-377,400), p-EIF2AK3 (sc-32,577), SMAD4 (sc-
7966), RUNX2 (sc-101,145), p-JUN (sc-822), SMAD1/5/8 (sc-
6031), H3 (sc-10,809), DDIT3 (sc-166,682), and GAPDH (sc-
365,062) were purchased from Santa Cruz Biotechnology.
Antibodies to LC3A/B (4108), ERN1 (3294), SQSTM1
(5114), and p-SMAD1/5/8 (9511P) were purchased from
Cell Signaling Technology. Antibodies to JUN (AF1612),
BMP2 (AF0075), and ALPL (AF1030) were purchased from
Beyotime Biotechnology. Antibodies to ATG7 (ab133528),
BGLAP (ab93876), and p-ERN1 (ab48187) were purchased
from Abcam. On the following day, samples were washed 3
times with TBS-T (50 mM Tris-HCl, pH 7.4, 150 mM NaCl,
0.05% Tween 20 [T8220, Solarbio]) solution for 10 min each,
and subsequently incubated with the secondary antibodies
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(Santa Cruz Biotechnology, sc-2004 and sc-2005) correspond-
ing to the primary antibodies for 60 min. At last, the blots
were visualized with an enhanced chemiluminescence (ECL,
Millipore, WBKLS0100) detection system.

Statistics

Statistical analyses were performed using SPSS 17.0 software.
Data are means ± S.D. Statistical analysis was performed using
an unpaired, two-tailed Student t test between the 2 groups or
one-way ANOVA followed by Tukey post hoc tests for more
than 2 groups. Differences were considered significant when
the P value was < 0.05.

Study approval

All procedures were performed in accordance with the recom-
mendations in the NIH Guide for the Care and Use of
Laboratory Animals. The Institutional Animal Ethics
Committee of Xi’an Jiaotong University reviewed and
approved the protocol.

Abbreviation

ACP5/TRAP acid phosphatase 5, tartrate resistant
ALPL alkaline phosphatase, liver/bone/kidney
ATF4 activating transcription factor 4
ATG autophagy related
BGLAP/OCN bone gamma carboxyglutamate protein
BMD bone mineral density
BMP4 bone morphogenetic protein 4
BV/TV bone volume per tissue volume
BFR bone formation rate
BS bone surface
IBSP integrin binding sialoprotein
CEBPB CCAAT/enhancer binding protein (C/EBP),

beta
cKO conditional knockout
Col1a collagen, type I, alpha 1
Ctsk cathepsin K
CTX C-terminal telopeptide of type I collagen
DDIT3/CHOP DNA-damage inducible transcript 3
EIF2AK3/PERK eukaryotic translation initiation factor 2

alpha kinase 3
ERN1/IRE1α endoplasmic reticulum (ER) to nucleus sig-

naling 1
GAPDH glyceraldehyde-3-phosphate dehydrogenase
IL1B interleukin 1 beta; JUN, jun proto-oncogene
MAR mineral apposition rate
MAP1LC3A/B (LC3A/B) microtubule-associated protein 1 light chain

3 A/B
MAPK8/JNK1 mitogen-activated protein kinase 8
Mmp9 matrix metallopeptidase 9
PBA phenylbutyric acid
PINP amino-terminal propeptide of type I collagen
RB1CC1/FIP200 RB1-inducible coiled-coil 1
RUNX2 runt related transcription factor 2
SP7/osterix Sp7 transcription factor 7
SPP1/OPN secreted phosphoprotein 1
SQSTM1/p62 sequestosome 1
Tb.N trabecular number
Tb.Sp trabecular spacing
Tb.Th trabecular thickness
Tgfb1 transforming growth factor, beta 1
TM tamoxifen
TNFRSF11B/OPG

tumor necrosis factor receptor superfamily,
member 11b (osteoprotegerin)

TNFSF11/RANKL tumor necrosis factor (ligand) superfamily,
member 11

μCT microcomputed tomography
XBP1 X-box binding protein 1
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