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Background: The role of autophagy in osteocytes is unclear.
Results: Suppression of autophagy in osteocytes caused decreases in bonemass and bone remodeling similar to those caused by
aging.
Conclusion: Autophagy in osteocytes maintains the rate of remodeling and bone mass.
Significance: A decline in autophagy in osteocytes may contribute to skeletal aging.

Bone mass declines with age but the mechanisms responsible
remainunclear.Herewedemonstrate thatdeletionofaconditional
allele for Atg7, a gene essential for autophagy, from osteocytes
caused lowbonemass in 6-month-oldmale and femalemice. Can-
cellous bone volume and cortical thickness were decreased, and
cortical porosity increased, in conditional knock-out mice com-
paredwithcontrol littermates.Thesechangeswereassociatedwith
low osteoclast number, osteoblast number, bone formation rate,
and wall width in the cancellous bone of conditional knock-out
mice. In addition, oxidative stress was higher in the bones of con-
ditional knock-out mice as measured by reactive oxygen species
levels in the bone marrow and by p66shc phosphorylation in L6
vertebra. Each of these changes has been previously demonstrated
in the bones of old versus young adult mice. Thus, these results
demonstrate that suppression of autophagy in osteocytes mimics,
in many aspects, the impact of aging on the skeleton and suggest
thatadecline inautophagywithagemaycontribute to the lowbone
mass associated with aging.

Aging causes bone loss but the underlying mechanisms are
only partially understood. The adult skeleton is continuously
remodeled by teams of osteoclasts, which resorb bone, and
teams of osteoblasts, which form new bone (1). These teams
function together within an anatomical structure known as the
basic multicellular unit (BMU).2 Because bone mass declines

with age, it is clear that the balance between resorption and
formation within the BMU becomes negative with aging.
Reduced production of sex steroids causes a rise in the rate of
bone remodeling that subsides with time, but age-associated
bone loss occurs even in individuals with normal levels of sex
steroids (2). Importantly, rodents do not experience a signifi-
cant decline in sex steroids with age but bone mass declines
nonetheless, suggesting thatmechanisms intrinsic to bone cells
contribute to skeletal involution with age (3). However, these
intrinsic mechanisms remain unclear.
Autophagy is an intracellular recycling pathway inwhich cel-

lular components, including protein aggregates and organelles,
are targeted to the lysosome for degradation (4). There aremul-
tiple forms of autophagy, which are distinguished from one
another by the mechanisms used to target cellular components
to the lysosome (5).Macroautophagy, hereafter referred to sim-
ply as autophagy, accomplishes this by engulfing the compo-
nents to be degraded in a double-membrane structure known
as the autophagosome, which eventually fuses with lysosomes
(6). One of the major functions of autophagy is to transform
cellular components into substrates for energy production
when nutrients are limiting. A second important function is to
recycle damaged or malfunctioning proteins and organelles.
Indeed, suppression of autophagy leads to the accumulation of
damaged mitochondria which produce elevated levels of reac-
tive oxygen species (ROS) (7–9). Because this recycling func-
tion is important for the health and viability of long-lived cell
types, reduced efficiency of the autophagic process has been
proposed as an underlying cause of cellular and organismal
aging (10–12). Consistent with this idea, genetic suppression of
autophagy in cell types such as neurons and myocytes mimics
the effects of aging on tissues containing these cell types (13,
14).
Osteocytes are former osteoblasts that are buried within the

bone matrix and remain connected to one another and cells on
the bone surface via a network of cell projections (15). In con-
trast to osteoclasts and osteoblasts, which reside on the bone
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surface and are short-lived cells, osteocytes may live many
months or years, depending on the location within the skeleton
and the rate of bone remodeling (16). Moreover, osteocytes are
an important source of receptor activator of NF�B ligand
(RANKL), which controls osteoclast formation, and sclerostin,
which controls osteoblast formation (17–20). Thus changes in
osteocyte function with age may alter remodeling and thereby
contribute to the low bone mass associated with aging (16).
Herein we present evidence that genetic suppression of

autophagy in murine osteocytes causes skeletal changes in
young adult mice that are similar to those present in old wild
type mice. Thus a decline in osteocyte autophagy may contrib-
ute to the skeletal changes that occur during old age.

EXPERIMENTAL PROCEDURES

Animal Studies—The generation of dentin matrix protein 1
(Dmp1)-Cre transgenic mice and mice harboring an Atg7 con-
ditional allele has been described previously (21, 22). The
experimental animals used in most of the studies described
here were obtained using a two-step breeding strategy. Hem-
izygous Dmp1-Cre transgenic mice were crossed with
heterozygous Atg7-flox mice to generate heterozygous Atg7-
flox offspring with and without a Dmp1-Cre allele. These
offspring were then intercrossed to generate the following off-
spring: wild type (WT) mice, mice hemizygous for the Dmp1-
Cre allele, mice homozygous for the Atg7-flox allele, hereafter
referred to as Atg7-f/f, and Atg7-f/f mice that were also hemi-
zygous for the Dmp1-Cre allele. For studies requiring larger
numbers of mice, Atg7-f/f mice were crossed with Atg7-f/f
mice that were also hemizygous for the Dmp1-Cre allele. Off-
spring were genotyped by PCR using the following primer
sequences: Cre-for, 5�-GCGGTCTGGCAGTAAAAACT-
ATC-3�, Cre-rev, 5�-GTGAAACAGCATTGCTGTCACTT-
3�, product size 102 bp; Hind-Fw, 5�-TGGCTGCTACTTCTG-
CAATGATGT-3�, Atg7-ex14-F, 5�-TCTCCCAAGACAAGA-
CAGGGTGAA-3�, Pst-Rv, 5�-CAGGACAGAGACCATCAG-
CTCCAC-3�, product size 216 bp (WT) and 500 bp (floxed
allele). Both the Dmp1-Cre and Atg7-flox mice were crossed
into the C57BL/6 genetic background for more than 10 gener-
ations prior to initiating generation of mice for this study. Bone
mineral density (BMD), microcomputed tomography (�CT),
histomorphometry, and strength-testing were performed as
previously described (17, 23, 24). CTX and PNIP in blood
plasma were measured using kits according to the manufactur-
er’s directions (Immunodiagnostic Systems, Scottsdale, AZ).
Intracellular ROS levels were quantified in freshly isolated bone
marrow cells from femurs using dichlorodihydrofluorescein
diacetate dye (25). All studies involving mice were approved by
the Institutional Animal Care and Use Committees of the Uni-
versity of Arkansas for Medical Sciences and the Central
Arkansas Veterans Healthcare System.
RNA and Genomic DNA Isolation—Osteocyte-enriched cor-

tical bone was prepared as previously described (17). For
genomic DNA isolation, bone pieces were decalcified in 14%
EDTA for 1week after collagenase digestion. Decalcified osteo-
cyte-enriched bone was then digested with proteinase K (0.5
mg/ml in 10 mM Tris, pH 8.0, 100 mMNaCl, 20 mM EDTA, and
1%SDS) at 55 °C overnight. GenomicDNAwas then isolated by

phenol/chloroform extraction and ethanol precipitation. For
soft tissues, �30 mg of tissue was digested with proteinase K
and processed in the same way as osteocyte-enriched bone.
RNA was purified from bone and soft tissues using Ultraspec
reagent (Biotecx Laboratories, Houston, TX), according to the
manufacturer’s directions. RNA was purified from cultured
cells using the RNeasy kit (Qiagen, Valencia, CA).
TaqmanAssays—Toquantify Atg7 gene deletion, the follow-

ing custom Taqman assay for exon 14 was used: forward,
5�-ACCAGCAGTGCACAGTGA-3�, reverse, 5�-GCTGCAG-
GACAGAGACCAT-3�, probe, 5�-FAM-CTGGCCGTGATT-
GCAGNFQ-3�. All Taqman assays used in this study were
obtained from Invitrogen (Foster City, CA). The custom Atg7
assay was used in combination with a Taqman copy number
reference assay, Tfrc (catalogue number 4458367), and the rel-
ative amount of Atg7 exon 14 genomic DNA was calculated
using the �Ct method (26). To quantify mRNA levels, cDNA
was synthesized using the High-Capacity cDNA Reverse Tran-
scription Kit (Invitrogen) according to manufacturer’s direc-
tions. Taqman quantitative reverse transcription-PCR (RT-
PCR) was performed as previously described (24) using the
following primer probe sets: Sost, Mm00470479_m1; Mepe,
Mm02525159_s1; RANKL, Mm00441908_m1; osteoprotegerin,
Mm00435452_m1, tartrate-resistant acid phosphatase,
Mm00475698_m1; cathepsin K, Mm00484036_m1; osterix-1,
Mm00504574_m1; collagen 1a1, Mm00801666_g1; osteocal-
cin, (forward, 5�-GCTGCGCTCTGTCTCTCTGA-3�, reverse,
5�-TGCTTGGACATGAAGGCTTTG-3�, probe, 5�-FAM-
AAGCCCAGCGGCC-NFQ-3�); and the housekeeping gene
ribosomal protein S2, (forward, 5�-CCCAGGATGGCGAC-
GAT-3�, reverse, 5�-CCGAATGCTGTAATGGCGTAT-3�,
probe, 5�-FAM-TCCAGAGCAGGATCC-NFQ-3�. Relative
mRNAlevelswerecalculatedusing the�Ctmethod(26).Toquan-
tify mitochondrial DNA, the following custom Taqman assay for
themitochondrial gene ND2was utilized: forward, 5�-CATGAC-
AAAAAATTGCTCCCCTATCAA-3�, reverse, 5�-ATGCCCCT-
ATGAAAATAGAAGTAATTGCT-3�, probe, 5�-FAM-CCCG-
CTACTCAACTCT-NFQ-3�.TheamountofmitochondrialDNA
was calculated using results from the ND2 and Tfrc copy num-
ber reference assays and the �Ct method (26).
Immunoblots—Protein was extracted from osteocyte-en-

riched cortical bone by freezing in liquid nitrogen followed by
pulverization in liquid nitrogen. The pulverized bone powder
was then incubated in RIPA buffer (50 mM Tris-HCl, pH 8.0,
150mMNaCl, 1.0% IgepalCA-630 (Nonidet P-40), 0.5% sodium
deoxycholate, and 0.1% sodium dodecyl sulfate (SDS)) contain-
ing 1� SDS-PAGE loading buffer (50 mM Tris-HCl, pH 6.8, 2%
SDS, 6% glycerol, 1% �-mercaptolethanol, and 0.004% bro-
mphenol blue) for 10min at 100 °C. Proteinswere then resolved
in SDS-polyacrylamide gels and electroblotted onto polyvi-
nylidene difluoride membranes. Membranes were subse-
quently blocked with 5% nonfat dry milk in TBS and were then
incubated with primary antibodies and an appropriate horse-
radish peroxidase-linked secondary antibody. The following
antibodies were used: anti-LC3 (Cell Signaling Technology,
Danvers, MA), anti-p62 (Progen Biotechnik, Heidelberg, Ger-
many), and anti-tubulin (Sigma-Aldrich). Blots were developed
using enhanced chemiluminescence and the intensity of the
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bands was quantified using a ChemDoc XRS-plus system (Bio-
Rad). Protein extraction from L6 vertebra and quantification of
p66shc by immunoblotting was performed as previously
described (3).
Cell Culture—Bone marrow cells were harvested from long

bones and used to quantify colony forming units (CFU)-fibro-
blast (CFU-F) and CFU-osteoblasts (CFU-OB) as previously
described (27). Osteoblast differentiation of bone marrow pre-
cursors was evaluated by plating bone marrow cells in 12-well
plates at 5 � 106 cells/well and culturing in �-MEM containing
15% fetal bovine serum, 1% penicillin/streptomycin/glutamine,
1% ascorbic acid, and 10 mM �-glycerolphosphate. One-half of
the culture medium was changed every 3 days. After 21 days,
the cultureswere fixedwith 10%Millonig’smodified phosphate
buffered formalin and then stained with an aqueous solution of
40 mM alizarin red. After photography, the alizarin red was
extracted with 10% acetic acid and quantified as previously
described (28). Osteoblast-specific gene expression was evalu-
ated in parallel cultures lacking �-glycerolphosphate and har-
vested after 12 days. Osteoclast differentiation of bone marrow
progenitors was evaluated by culturing bone marrow cells in
the presence ofM-CSF (30 ng/ml) and RANKL (30 ng/ml) for 5
days followed by TRAP staining as previously described (29).
The ability of bonemarrow cells to support osteoclast differen-
tiationwas evaluated by plating bonemarrow cells as above and
adding vehicle or 10�7 M parathyroid hormone (PTH) for 12
days followed by RNA extraction and quantification of oste-
oclast-specific genes.
Apoptosis Quantification—Femurs from 6-month-old fe-

male mice were fixed in 10% Millonigs modified phosphate-
buffered formalin for 24 h, decalcified in 5% formic acid and
dehydrated in 100% ethylene glycol monoethyl ether, prior to
paraffin-embedding and sectioning. Apoptotic osteocytes were
detected using TACS� 2 TdT DAB (diaminobenzidine) Kit
(Trevigen, Gaithersburg, MD).
Transmission Electron Microscopy—Decalcified bones were

placed into fixative (2.5% glutaraldehyde, 2.0% paraformalde-
hyde, 0.025% calcium chloride in a 0.1 M sodium cacodylate
buffer, pH 7.4) and allowed to fix for 3 h at room temperature.
The bones were post fixed with osmium tetroxide, en bloc
stained with 2.0% uranyl acetate, dehydrated in a graded etha-
nol series, and embedded in pure epoxy resin. Thin sections
were cut using a diamond knife and an LKB 2088 ultrami-

crotome and placed on copper grids. Sectionswere stainedwith
lead citrate and examined in a FEIMorgagni transmission elec-
tron microscope. Images were captured with an AMT 2K digi-
tal CCD camera (Advanced Microscopy Techniques, Danvers
MA).
Statistics—Data were analyzed using SigmaStat (SPSS Sci-

ence, Chicago, IL). All data that passed Levene’s test for con-
stant variance and the Shapiro-Wilk test for normality, either as
the data were, or after log or reciprocal transformation, were
evaluated for differences between group means using two-way
ANOVA or Student’s t test. For comparisons using ANOVA,
post-hoc analysis was performed using the Holm-Sidak
method. Data that did not pass the normality test were evalu-
ated using the Mann-Whitney Rank Sum Test. All values are
reported as the mean � S.D.

RESULTS

Suppression of Autophagy in Osteocytes Decreases BoneMass—
To directly address the role of autophagy in osteocytes, we uti-
lized mice harboring a conditional allele for Atg7, which is an
E1-like enzyme that activates a ubiquitin-like protein known as
LC3 (6). LC3 becomes conjugated to phosphatidyl ethanola-
mine and is required for autophagosome production (6).
Importantly, Atg7 is essential for autophagy (22). Atg7-flox
mice were crossed with transgenic mice expressing the Cre
recombinase under the control of Dmp1 regulatory elements,
hereafter designated Dmp1-Cre mice (21). The Dmp1-Cre
transgene results in recombination in osteocytes and some
mature osteoblasts (17, 21). Mice lacking Atg7 in all tissues
die within 1 day after birth (22), but Dmp1-Cre;Atg7-f/f mice
were obtained at the expectedMendelian frequency when ana-
lyzed at 21 days of age.
Analysis of genomic DNA extracted from osteocyte-en-

riched cortical bone revealed a 75% reduction of the Atg7 con-
ditional allele that did not occur in soft tissues (Fig. 1A). Direct
analysis of LC3 expression in protein extracted from bone
shafts demonstrated reduced conversion from form I (unlipi-
dated) to form II (lipidated) in the conditional knock-out mice
(Fig. 1B) as well as accumulation of p62/sqstm1, a protein fre-
quently elevated in cells with reduced autophagy (Fig. 1C).
Taken together, these results confirm that autophagywas effec-
tively suppressed in osteocytes by deletion of Atg7 using the
Dmp1-Cre transgene.

FIGURE 1. Atg7 deletion suppresses autophagy in osteocytes. A, quantitative PCR of loxP-flanked genomic DNA, normalized to a control locus, using
genomic DNA isolated from osteocyte-enriched femoral cortical bone or the indicated soft tissues (n � 7–9 male 6-month-old mice per group). B, immunoblot
of LC3 in protein extracted from osteocyte-enriched femoral cortical bone. The ratio LC3-II to LC3-I based on quantification of the bands in the immunoblot is
shown on the right (n � 4 – 6 male 2-month-old mice per group). C, immunoblot of p62 in protein extracted from osteocyte-enriched femoral cortical bone. The
intensity of the p62 band normalized to tubulin is shown on the right (n � 4 male 2-month-old mice per group). *, p � 0.05 using Student’s t test.
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BMDmeasurement in 6-week-old mice by dual energy x-ray
absorptiometry (DEXA) revealed a small decrease in femoral
BMD in male conditional knock-out mice, but no change in
spinal or total BMD (supplemental Fig. S1). No change in BMD
at any site was detected in female mice at this age, and body
weight was not different from controls in either sex (supple-
mental Fig. S1). In contrast, at 6 months of age conditional
knock-out mice had low bone mass at all skeletal sites com-
pared with control littermates (Fig. 2A). The low bone mass at
this age occurred in conditional knock-out mice of both sexes
andwas associatedwith normal bodyweight (supplemental Fig.
S1). Littermates homozygous for the Atg7-conditional allele
(Atg7-f/f) or harboring only the Dmp1-Cre transgene had bone
mass indistinguishable from wild-type littermates demonstrat-
ing the specificity of the bone mass phenotype (Fig. 2A). Based
on the latter observation, all further analysis was confined to
Atg7-f/f and Dmp1-Cre;Atg7-f/f littermates.
Analysis of the skeleton by �CT revealed decreased cancel-

lous bone volume in the spine and femur (Fig. 2, B–D). In addi-
tion, cortical thickness was reduced and cortical porosity was
increased in the femurs of conditional knock-outmice (Fig. 2, E
and F). Consistent with these changes in bone mass, biome-
chanical testing revealed that compression strength was
reduced in lumbar vertebrae of the conditional knock-out mice
(Fig. 2G).
Bone Turnover Is Reduced in Mice Lacking Autophagy in

Osteocytes—To determine whether changes in bone remodel-
ing might explain the low bone mass of the mice lacking
autophagy in osteocytes, we performed histomorphometric
analysis of lumbar vertebrae. Osteoclast number and the extent
of bone surface covered by osteoclasts were decreased by�50%
in the conditional knock-out mice (Fig. 3, A and B), as were
osteoblast number and surface (Fig. 3, C and D). In line with
reduced osteoblast number, the bone formation rate was
reduced in the conditional knock-out mice due to a reduced

amount of mineralizing surface but no change in the mineral
apposition rate (Fig. 3, E–H). Reducedwall width is a consistent
histological finding in aged human and murine bone and
reflects the reduced amount of work (new bone matrix) per-
formed by teams of osteoblasts (3, 30). Importantly, wall width
was significantly lower in the conditional knock-out mice com-
pared with control littermates (Fig. 3I). A circulating marker of
bone resorption, C-terminal telopeptide of type I collagen
(CTX), was reduced in the blood plasma of the conditional
knock-out mice, although there was no significant change in
the bone formation marker amino-terminal propeptide of type
I collagen (P1NP) (Fig. 3, J–K). Taken together, these results
demonstrate that 6-month-old mice lacking autophagy in
osteocytes exhibit a low rate of bone remodeling similar to that
observed in aged wild type mice.
Autophagy plays an important role in the terminal differen-

tiation of some cell types. For example, mice lacking autophagy
in erythrocyte progenitors develop severe anemia and die by 14
weeks of age (31). To determine whether osteocyte differentia-
tion from osteoblasts was altered by suppression of autophagy,
we quantified osteocyte density and found that it was
unchanged in either the cancellous or cortical bone of condi-
tional knock-out mice (Fig. 4A). Similarly, the percentage of
apoptotic osteocytes was not different between genotypes (Fig.
4B). Consistent with these findings, examination of osteocyte
morphology in newly embedded andmature osteocytes by elec-
tron microscopy showed no obvious changes (Fig. 4C). Lastly,
the expression of osteocyte-specific genes such as Sost and
Mepe was not altered in the conditional knock-outmice (Fig. 4,
D and E).

Wenext soughtmolecular explanations for the reduced bone
remodeling in the conditional knock-out mice. We and others
have recently shown that mice lacking RANKL in osteocytes
have reduced cancellous bone remodeling due to a reduction in
osteoclast formation (17, 18). Thus it is possible that suppres-

FIGURE 2. Low bone mass in Dmp1-Cre;Atg7-f/f mice. A, BMD measured by DEXA in the femur, spine, and whole body of wild type (WT), Dmp1-Cre, Atg7-f/f,
and Dmp1-Cre;Atg7-f/f littermates. B, high resolution �CT images of the distal femur and L4 vertebra. C, bone volume per tissue volume (BV/TV) of cancellous
bone in L4 vertebra. D–F, cancellous BV/TV in the distal femur, cortical thickness at the femoral diaphysis, and cortical porosity at the femoral diaphysis. G,
compression strength (stress) of L4 vertebra. All values in Fig. 2 were determined in 6-month-old male mice (n � 6 –9 mice per group). *, p � 0.05 using two-way
ANOVA (A) or Student’s t test (C–G).
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sion of autophagy in this cell type altered production of RANKL
or its soluble decoy receptor osteoprotegerin (OPG) to reduce
osteoclast formation in Dmp1-Cre;Atg7-f/f mice. However,
measurement of RANKL andOPGmRNAs in calvarial bone or
osteocyte-enriched cortical bone did not reveal any changes in
expression in conditional knock-out mice (Fig. 5A). We then
examined the osteoclastogenic potential of bone marrow pro-
genitors and found that, rather than being reduced, it was
slightly elevated in conditional knock-out mice (Fig. 5B). It is
also possible that the support of osteoclastogenesis by bone
marrow stromal cells may have been altered by deletion of Atg7
in osteocytes. However, osteoclast differentiation in primary
bone marrow cultures from conditional knock-out mice was
similar to cultures from control mice (Fig. 5C).
Similar to the osteoclastogenic potential, we observed a small

but significant increase in colony-forming units that give rise to
fibroblasts (CFU-F) andosteoblasts (CFU-OB) in the bonemar-
row of conditional knock-out mice (Fig. 5D). In contrast,
osteoblast differentiation, as measured by mineralizing nodule
formation and osteoblast-specific gene expression in bonemar-

row cultures, was not affected by deletion of Atg7 in Dmp1-
Cre-expressing cells (Fig. 5, E and F). Thus the reduced bone
formation and lack of balance between bone resorption and
bone formation in the conditional knock-out mice is not due to
insufficient numbers of osteoblast progenitors or an inability of
progenitors to differentiate into mature osteoblasts.
Suppression of Autophagy in Osteocytes Increases Oxidative

Stress in Bone—We have shown previously that aging in wild
type mice is associated with increased oxidative stress as
revealed by elevated ROS production in bone marrow cells and
increased phosphorylation of the p66shc adaptor protein in
bone tissue (3). Strikingly, p66shc phosphorylation was in-
creased in L6 vertebrae of Dmp1-Cre;Atg7-f/f mice, compared
with control littermates (Fig. 6A). Moreover, ROS levels were
significantly higher in the bone marrow of conditional knock-
out mice (Fig. 6B). Previous studies have demonstrated that
suppression of autophagy increases ROS in part by increasing
the number ofmitochondria (9, 32). Consistent with this, mito-
chondrial DNA content in osteocyte-enriched cortical bone
was higher in conditional knock-out mice compared with con-

FIGURE 3. Dmp1-Cre;Atg7-f/f mice have low bone turnover. A–I, histomorphometric analysis of cancellous bone in lumbar vertebra 1–3. A and B, osteoclast
surface per bone surface (Oc.S/BS) and osteoclast number per bone surface (N.Oc/BS). C and D, osteoblast surface per bone surface (Ob.S/BS) and osteoblast
number per bone surface (N.Ob/BS). E and F, bone formation rate per bone surface (BFR/BS) and mineralizing surface per bone surface (MS/BS). G, photomi-
crographs of calcein-labeled surfaces in vertebral cancellous bone. H and I, mineral apposition rate (MAR) and wall thickness (W.Th). J and K, CTX and P1NP
measured in blood plasma. All values in Fig. 3 were determined in 6-month-old male mice (n � 6 –9 mice per group). *, p � 0.05 using Student’s t test.

FIGURE 4. Osteocyte formation in Dmp1-Cre;Atg7-f/f mice. A, osteocyte density measured in cancellous (canc.) and cortical (cort.) bone of lumbar vertebra
1–3 of 6-month-old male mice (n � 6 per group). B, osteocyte apoptosis measured in cancellous (canc.) and cortical (cort.) bone of the femur of 6-month-old
female mice (6 per group). C, TEM images of newly-embedded osteocytes (left) or mature osteoctyes (right) in femoral cortical bone from 2-month-old male
mice; bar, 2 �m. D and E, quantitative RT-PCR of Sost and Mepe mRNA in calvaria and tibia shafts from 3-month-old male mice (n � 6 –11 per group).
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trol littermates (Fig. 6C). These results demonstrate that sup-
pression of autophagy in osteocytes is sufficient to increase oxi-
dative stress in the bones of young mice to levels normally seen
in aged animals, possibly via suppression of mitochondrial
turnover.

DISCUSSION

Compared with young adults, agedmice have low bonemass
associated with low cancellous bone remodeling (3, 33).
Because bone mass declines with age, the age-associated
decrease in bone formation must exceed the decrease in bone
resorption. Importantly, a different phenomenonoccurs in cor-
tical bone since cortical porosity, which depends on osteoclas-
tic bone resorption, increases with age (34, 35). The molecular
mechanisms responsible for altered bone remodeling in either
compartment remain unclear but, as with many aging pheno-
types, these changes are associated with increased oxidative
stress (3, 36). Strikingly, all of these structural, cellular, and
biochemical changes were also observed in Dmp1-Cre;Atg7-f/f
mice at 6 months of age (Fig. 6D). Thus, suppression of
autophagy in osteocytes is sufficient tomimicmany of the skel-
etal changes associated with advanced age in young adult mice.
Although the rate of cancellous bone remodeling is low in the

conditional knock-outmice, this alone cannot explain their low
bone mass. For example, some other genetic models with low
bone remodeling, such as mice lacking a RANKL transcrip-
tional enhancer (37) ormice lacking parathyroid hormone (38),
have high bone mass as adults. Therefore, similar to aged mice,
the low bone mass must be due to an imbalance between
resorption and formation such that bone is incompletely
replaced in each remodeling cycle. The decrease in wall width
that occurs in the conditional knock-outmice is consistentwith
this idea.
Because the Dmp1-Cre transgene is active in at least some

matrix-synthesizing osteoblasts, it is possible that the skeletal
phenotype of the conditional knock-out mice is due in part to

loss of autophagy in these cells. However, deletion of Atg7 in
Dmp1-Cre-expressing cells did not alter osteoblast differentia-
tion in vitro as measured by mineralized nodule formation and
osteoblast gene expression in primary bone marrow cultures.
This suggests that the skeletal phenotype is most likely due to
suppression of autophagy in osteocytes rather than osteoblasts
and that suppression of autophagy in osteocytes alters produc-
tion of factors that control osteoclast and osteoblast number.
Consistent with this idea, osteoclast numbers were reduced in
the conditional knock-out mice even though osteoclasts or
their progenitors do not express the Dmp1-Cre transgene (21).
The Dmp1-Cre transgene that we used has been shown to

have activity in cell types other than osteoblasts and osteocytes,
including odontoblasts and skeletal muscle cells (21, 39). It is
possible that Atg7 deletion in odontoblasts altered tooth for-
mation. However, altered dentition would affect the skeleton
primarily via altered nutrition. The normal body weight of the
Dmp1-Cre;Atg7-f/f mice confirms the normal nutritional sta-
tus of these mice. Previous studies have shown that deletion of
Atg7 using a muscle specific promoter resulted in significantly
reduced body weight by 40 days of age (14). Therefore, the
normal body weight of the Dmp1-Cre;Atg7-f/f mice also sug-
gests that significant deletion of Atg7 did not occur in the mus-
cle tissue of these mice. Taken together, these observations
argue that the skeletal phenotype observed in Dmp1-Cre;Atg7-
f/f mice is not the result of altered dentition or muscle mass.
There are several potential mechanisms by which suppres-

sion of autophagy in osteocytes may control bone remodeling.
Suppression of autophagy in other long-lived cell types, such as
neurons and myocytes, increases the basal rate of apoptosis.
However, we did not detect any changes in osteocyte number or
apoptosis in the conditional knock mice as measured by
TUNEL staining, osteocyte density, or osteocyte-specific gene
expression.Moreover, since osteocyte apoptosis has been asso-
ciated with (40), or shown to cause (41–43), increased oste-

FIGURE 5. Osteoclast and osteoblast differentiation. A, quantitative RT-PCR of RANKL and OPG mRNA in calvaria and tibia shafts from 3-month-old male mice
(n � 6 –11 per group). B, osteoclast (oc) formation quantified in bone marrow from 12-month-old female mice (n � 3 wells per group). C, quantitative RT-PCR
of TRAP and cathepsin K (CatK) in bone marrow cultures treated with vehicle or PTH for 11 days to induce osteoclast formation (n � 4 wells per group). D, CFU-F
and CFU-OB in bone marrow cells from 12-month-old female mice (n � 3 wells/group). E, Alzarin Red staining and quantification of primary bone marrow cells
cultured for 21 days in osteoblast differentiation medium (n � 3 wells/group). F, quantitative RT-PCR of osterix-1 (Osx1), collagen1a1 (Col1a1), and osteocalcin
(Ocn) in 12-day primary bone marrow cultures (n � 3 wells/group). *, p � 0.05 using Student’s t test.
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oclast formation and bone resorption, an increase in osteocyte
apoptosis would not explain the reduced osteoclast formation
in mice lacking autophagy in osteocytes.
Osteocytes have been shown to control osteoclast formation

by producing RANKL and OPG and to suppress osteoblast for-
mation by producing sclerostin (17, 18, 44, 45). However, we
did not detect changes in the expression of mRNAs encoding
these factors in osteocytes of the conditional knock-out mice.
Nonetheless, it is possible that autophagy controls production
of these factors via mechanisms other than transcriptional reg-
ulation. In support of this idea, autophagy has been shown to
play an important role in the unconventional (not mediated by
the classical endoplasmic reticulum/Golgi-dependent path-
way) secretion of proteins such as IL-1� and IL-18 (46, 47). In
addition, autophagy contributes to protein secretion in some
cell types via a specialized structure known as the TOR-au-

tophagy spatial coupling compartment (TASCC) (48). Thus it
will be important to determine whether suppression of
autophagy in osteocytes alters secretion or cell-surface expres-
sion of factors such as RANKL, OPG, and sclerostin. It is also
possible that previously unrecognized factors produced by
osteocytes contribute to the low remodeling and bone mass
caused by deletion of Atg7 in these cells.
An increase in oxidative stress has been functionally associ-

ated with the bone loss caused by estrogen-deficiency and has
been detected in the bones of aged wild type mice (3, 49). Thus,
the increase in oxidative stress in the bones of mice lacking
autophagy in osteocytes may contribute to the imbalance
between bone resorption and formation. The elevated mito-
chondrial DNA content of the osteocyte-enriched bone sug-
gests that the likely source of the elevated ROS is an accumula-
tion of damaged mitochondria in the osteocytes of the
conditional knock-out mice. Whether oxidative stress alters
production of factors by osteocytes that control bone forma-
tion, or whether ROS produced by osteocytes act directly on
osteoblasts, are important questions that will need to be
addressed in future work.
We have shown previously that blockade of glucocorticoid

action on osteoblasts and osteocytes blunts the loss of bone
mass and strength caused by aging in mice (50). We also noted
in those studies that corticosterone levels in the circulation
increase with age. Together, these results suggested that an
increase in endogenous glucocorticoids is partially responsible
for the decrease in bonemass and strength caused by aging. The
results of the present study suggest that a decline in osteocyte
autophagy may also contribute to the adverse effects of age on
the skeleton. Recent studies have provided evidence that gluco-
corticoids stimulate autophagy in the MLO-Y4 osteocytic cell
line (51). Based on these studies, the increased endogenous glu-
cocorticoid levels in aged mice might be expected to increase
autophagy. However, it is important to note that autophagy is
regulated by numerous signaling pathways and conditions such
that the effects of glucocorticoids alone may not predomi-
nate in aging mice. Direct comparison of autophagy in osteo-
cytes from young versus old mice will be required to deter-
mine whether this is the case. Our preliminary attempts to
measure autophagy in old bone have been hampered by the
increase in cortical porosity, and thus the presence of other
cell types, in osteocyte-enriched bone from old mice (data
not shown). Thus, development of novel approaches to
directly measure autophagy in osteocytes will be required to
address this question.
It is somewhat surprising that the conversion of matrix-syn-

thesizing osteoblasts to osteocytes was not altered by deletion
of Atg7 in Dmp1-Cre-expressing cells. Osteoblasts and recent-
ly-embedded osteocytes, also known as osteoid osteocytes (15),
contain abundant endoplasmic reticulum and mitochondria
that are progressively reduced as the cells mature within min-
eralized bone. Because autophagy is required for similar reduc-
tions in cellular components during thematuration of other cell
types (31), one might have anticipated altered osteocyte mor-
phology or increased cell death when Atg7 was deleted using
the Dmp1-Cre transgene. However, since this transgene does
not become active until the matrix-synthesizing stage of osteo-

FIGURE 6. Oxidative stress in bone from Dmp1-Cre;Atg7-f/f mice. A, immu-
noblot of phospho-p66shc in lumbar vertebra 6 from 3-month-old male mice
(n � 5 per group). B, ROS in bone marrow isolated from tibiae of 3-month-old
male mice (n � 5 per group). C, ratio of mitochondrial:nuclear DNA deter-
mined by Taqman PCR of DNA isolated from osteocyte-enriched femoral cor-
tical bone of 6-month-old male mice (n � 7–9 per group). D, comparison of
changes in old mice and mice lacking Atg7 in osteocytes. *, p � 0.05 using
Student’s t test (A and B) or Mann-Whitney Rank Sum test (C).
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blast differentiation, it is possible that even after the Atg7 gene
was deleted, sufficient Atg7 protein remained to allow
autophagy to continue until osteocytes were fully formed. This
would of course depend on the half-life of the Atg7 protein,
which likely varies in different cell types and conditions. None-
theless, it remains possible that the process of osteocyte forma-
tion may be affected when the Atg7 gene is deleted using Cre
driver strains that become active at earlier stages of osteoblast
differentiation.
In summary, the results presented herein demonstrate that

suppression of autophagy in osteocytes causes skeletal changes
very similar to those caused by aging and suggest the possibility
that reduced autophagy may contribute to the detrimental
effects of aging on bone mass and strength. It will now be
important to identify the molecular mechanisms that account
for the low and unbalanced bone remodeling caused by sup-
pression of autophagy in osteocytes. In addition, recent studies
in other organs, such as the brain and liver, have demonstrated
that stimulation of autophagy can prevent or reverse age-asso-
ciated damage (52, 53). Thus, it will also be important to com-
plement our loss-of-function studies with gain-of-function
studies to determine whether maintenance or stimulation of
autophagy in osteocytes is sufficient to prevent any aspects of
skeletal aging.
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