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Summary
Osteoclasts resorb bone via the ruffled border whose complex folds are generated by secretory
lysosome fusion with bone-apposed plasma membrane. Lysosomal fusion with the plasmalemma
results in acidification of the resorptive microenvironment and release of CatK to digest the
organic matrix of bone. The means by which secretory lysosomes are directed to fuse with the
ruffled border are enigmatic. We show that proteins essential for autophagy including Atg5, Atg7,
Atg4B and LC3, are important for generating the osteoclast ruffled border, the secretory function
of osteoclasts and bone resorption in vitro and in vivo. Further, Rab7 which is required for
osteoclast function, localizes to the ruffled border in an Atg5-dependent manner. Thus, autophagy
proteins participate in polarized secretion of lysosomal contents into the extracellular space by
directing lysosomes to fuse with the plasma membrane. These findings are in keeping with a
putative link between autophagy genes and human skeletal homeostasis.
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Introduction
Osteoclasts degrade bone by directionally secreting lysosomal enzymes and HCl into an
extracellular resorptive space (Stenbeck, 2002; Zhao et al., 2008a). In this process, secretory
lysosomes target an area of bone-apposed plasmalemma confined by an actin ring
generating the osteoclast's resorptive organelle, the ruffled border. Fusion of secretory
lysosomes to the ruffled border directionally discharges matrix-degrading molecules such as
cathepsin K (CatK) into the site of bone degradation. Ruffled border formation requires
synaptotagmin VII and Rab7 (Zhao et al., 2001; Zhao et al., 2008a) but other proteins
generating this secretory organelle are enigmatic.

Autophagosomes, like the ruffled border, fuse with lysosomes. Autophagosomes are coating
with phosphatidylethanolamine (PE)-conjugated LC3-β (termed LC3II herein) (Levine et al.,
2011), one of eight mammalian ATG8 family of proteins. This occurs via the action of two
ubiquitin-like systems involving Atg5, Atg7, and Atg4B (Weidberg et al., 2010; Levine et
al., 2011; Weidberg et al., 2011). Atg7 initiates Atg5-Atg12 conjugation as well as LC3I
lipidation to form LC3II. The Atg5-Atg12 conjugate complexes with Atg16L1 to localize
production of LC3II which promotes autophagosome elongation, closure, and fusion. The
autophagy proteins Atg5, Atg7, and Atg4B/LC3, which regulate fusion of lysosomes with
phagosomes (Sanjuan et al., 2007; Huang et al., 2009; Lee et al., 2010), are also important
for the function of a range of secretory cells (Cadwell et al., 2008; Ebato et al., 2008;
Ganesan et al., 2008; Jung et al., 2008; Marino et al., 2010; Ushio et al., 2011). Furthermore,
human genome-wide association data suggests a link between autophagy genes, human
height and osteoporosis (Pan et al., 2010; Zhang et al., 2010). Together these considerations
led us to hypothesize that autophagy proteins participate in directional release of lysosome-
residing resorptive molecules by osteoclasts. Here we report that this is the case.

Results
Lipidated LC3 Localization to the Osteoclast Ruffled Border is Atg5-Dependent

To localize LC3-β (LC3) in osteoclasts, we cultured marrow of GFP-LC3 transgenic mice
(Mizushima et al., 2004) on bone fragments in the presence of M-CSF and RANK ligand
(RANKL) (Teitelbaum and Ross, 2003). GFP-LC3 concentrated within actin rings in about
30% of cells (e.g. Fig. 1A,B). It also co-localized with CatK at the site of bone degradation
(Yamaza et al., 1998), but not outside the confines of the actin ring (Fig. 1A) establishing
that secretory lysosomes are not LC3-coated. Immunoelectron microscopy showed LC3
directly associated with the ruffled border (Fig. 1C-D). GFP-LC3+ autophagosomes were
apparent in osteoclasts (Fig. S1A), but not in the vicinity of the resorptive organelle. LC3
localization to autophagosomes requires PE conjugation to glycine 120. Failure of the non-
conjugatable mutant, GFP-LC3G120A to efficiently localize within actin rings (Fig. 1B),
indicates that lipidation mediates delivery of LC3II to the ruffled border.

PE conjugation to LC3I requires Atg5 (Levine et al., 2011). To determine the role of Atg5 in
LC3II localization to the ruffled border, we bred Atg5flox/flox mice to those expressing Cre
recombinase under control of the lysozyme M promoter (LyzM-Cre) (Zhao et al., 2008b).
Autophagy in Atg5flox/flox-LyzM-Cre+ (Atg5-deficient) osteoclasts was defective as
manifest by accumulation of p62 and decreased LC3II (Fig. 1E). Atg5-deletion did not
impact osteoclast development, differentiation marker expression, number of nuclei, actin
ring formation, ATP levels, or total protein ubiquitination (Fig. S1B-G), and ultrastructural
examination revealed no irregularities of mitochondria or intracellular membranes (data not
shown). GFP-LC3, however, failed to efficiently localize to the ruffled border in mutant
osteoclasts (Fig. 1F-G). Therefore, Atg5 is required for LC3 targeting to the ruffled border.
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Atg5 and Atg7 Optimize Bone Resorption
Establishing that autophagy proteins regulate bone degradation, the depth and volume of pits
excavated by Atg5-deficient osteoclasts were reduced 2-2.5 fold (Salo et al., 1997) (Fig. 2A-
C). Similar to those lacking Atg5, absence of Atg7 inhibited conversion of LC3I to LC3II
and dampened resorptive capacity (Fig. 2D-E, S2A). The magnitude of bone pit depth
reduction consequent to Atg5 or Atg7 deficiency was similar to that observed with deletion
of CatK or the αvβ3 integrin which are required for efficient osteoclast function (Saftig et
al., 1998; Mchugh et al., 2000).

Atg5 and Atg7 are Required for Lysosomal Secretion at the Ruffled Border
LAMP1, an integral membrane protein, is delivered to the ruffled border via fusion of
secretory lysosomes containing CatK (Palokangas et al., 1997; Maeda et al., 1999). The
localization of LAMP1 and CatK within actin rings was reduced approximately 60% in the
absence of Atg5 (Fig. 2F-G) or Atg7 (Fig. 2H). Thus, osteoclasts deficient in either gene fail
to normally deliver bone-degrading lysosomes to the ruffled border. While these data
indicate direct autophagy protein participation in osteoclast function, alternative
explanations are possible. Defective secretion by autophagy-deficient vestibular cells is
associated with reduced adaptor protein complex 3 (AP-3) (Marino et al., 2010) expression,
but Atg5 deficiency did not alter AP-3 abundance in osteoclasts (Fig. S2B). Experiments
using fluorescent dextran-3000, which accumulates in the resorptive space where it is
endocytosed and then transcytosed to the non-bone apposed surface (Palokangas et al.,
1997; Stenbeck and Horton, 2004), revealed no role of Atg5 in endosome uptake and
trafficking (Fig. S2C). Atg5 deficiency did not modify synthesis or activation of CatK
(Rieman et al., 2001) (Fig. S2D). Secretory lysosome accumulation of CatK was unaltered
in Atg5-deficient osteoclasts (Fig. S2E) (Van Meel et al., 2011). We observed secretory
lysosomes fusing with the plasma membrane in Atg5-deficient and control osteoclasts
cultured on plastic, establishing that Atg5 is not required for lysosome fusion to the plasma
membrane in non-polarized cells.

The structure of the ruffled border is deranged in the absence of proteins regulating its
formation (Mchugh et al., 2000; Zhao et al., 2008a). Using the actin ring as localization
marker, two blinded observers graded ruffled borders in Atg5flox/flox and Atg5flox/flox-LyzM-
Cre+ mice in vivo, as absent, immature, or mature (Fig. 3A). Atg5-deficient osteoclasts
exhibit a ∼20-fold deficiency in mature ruffled border formation (Fig. 3B).

Atg5-Atg12 Conjugation and Atg4B are Necessary for Efficient Lysosome Localization and
Bone Resorption

Autophagy requires Atg7-dependent conjugation of Atg5K130 to Atg12. To determine if this
lysine regulates bone resorption, we expressed wild type Atg5 or Atg5K130R (Mizushima et
al., 2001; Hamacher-Brady et al., 2007) in Atg5-deficient osteoclasts. Atg5 but not
Atg5K130R was conjugated to Atg12 (Fig. 3C). Only wildtype Atg5 rescued LC3II
generation, CatK localization, and bone pit formation by Atg5-deficient cells (Fig. 3C-E).
Atg5K130R expression decreased bone pit depth and induced abnormal CatK localization in
control osteoclasts, consistent with a dominant-negative effect noted in other cell types (Pyo
et al., 2005; Hamacher-Brady et al., 2007). Thus Atg5-12 conjugation is required for
osteoclast secretion.

Since LC3 conjugation to PE is not the only function of the Atg5-Atg12 complex (Levine et
al., 2011), we expressed a dominant negative mutant of Atg4B (Atg4BC74A), which binds
LC3 and blocks its recognition of PE (Fig. S3A), thus inhibiting autophagy without
disrupting the Atg5-Atg12 conjugate (Fujita et al., 2008). Atg4BC74A expression reduced
bone pit excavation, mislocalized CatK, and inhibited LC3 trafficking to the ruffled border
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in control osteoclasts (Fig. 3F-H). LC3 processing is therefore required for efficient
osteoclast secretion and bone resorption.

Rab7 generates the ruffled border, modulates bone resorption and promotes autophagosome
maturation (Zhao et al., 2001; Harrison et al., 2003; Gutierrez et al., 2004; Jager et al., 2004;
Yamaguchi et al., 2009; Tabata et al., 2010). Indicating that ruffled border formation by this
small GTPase is Atg5-dependent, Rab7 appeared at the ruffled border in 60% of control
osteoclasts, but only 16% of those lacking Atg5 (Fig. 3I, S3B). In comparison, Rab7
localization to the area surrounding the actin ring does not require Atg5 (Fig. S3B).

Requirements for Atg5-dependent osteoclast function in vivo
To assess the physiological significance of Atg5-dependent osteoclast function we measured
the bone mass of Atg5flox/flox and Atg5flox/flox-LyzM-Cre+ mice. Microcomputerized
tomography revealed a small but significant increase in trabecular bone volume in 8 week
old Atg5flox/flox-LyzM-Cre+ mice (Fig. 4A) which was more substantial at 8 months (Fig.
4B). As observed in states of impaired osteoclast function such as osteopetrosis, the number
of Atg5-deficient osteoclasts was increased in vivo (Fig. 4C-D) (Soriano et al., 1991;
Mchugh et al., 2000). Confirming that osteoblast function characteristically parallels that of
osteoclasts in vivo (Novack and Teitelbaum, 2008), serum osteocalcin was diminished
>50% in mice with Atg5-deficient osteoclasts (Fig. 4E). As expected, Atg5 deletion in
myeloid cells did not alter bone formation by osteoblasts in vitro (Fig. 4F). This reduction in
osteogenesis in vivo would dampen increases in bone mass expected in face of ineffective
Atg5-deficient osteoclasts (Zhao et al., 2008a). Ovariectomy-induced bone loss was reduced
about 50% in Atg5flox/flox-LyzM-Cre+ mice due to inhibited resorption (Fig. 4G-H). Thus,
Atg5 regulates osteoclast function in physiological and pathological circumstances.

Discussion
The genesis of the ruffled border was enigmatic until it was shown to contain lysosomal
proteins (Baron et al., 1988) suggesting that it is the product of fusion of secretory vesicles
to the bone-apposed plasma membrane which proved true (Zhao et al., 2008a). Here we
address the importance of the autophagy proteins Atg5, Atg7, and Atg4B/LC3 in this
process which occurs in conjunction with recruitment of Rab7, which also regulates
autophagosome and phagosome maturation and bacterial autophagy, to the ruffled border.

Autophagy and directional secretion of lysosomal contents at the ruffled border require
lysosome fusion to a selected membrane. Likewise, autophagy proteins regulate union of
phagosomes and lysosomes (Sanjuan et al., 2007; Huang et al., 2009; Lee et al., 2010). In all
three processes, a target, cytoplasm-exposed membrane is marked by PE-conjugated LC3
generated by systems involving Atg5, Atg7, and Atg4B. Therefore, these autophagy proteins
may, by directing LC3 to specific sites, prevent indiscriminate fusion of lysosomes to
intracellular membranes.

Autophagy protein-deficient osteoclasts resorb bone poorly, exhibit impaired localization of
CatK and LAMP1 within the actin ring, and lack normal ruffled borders, likely reflecting
failed secretory lysosome/plasma membrane fusion. While Atg5 regulates ruffled border
development it does not impact generation of the secretory lysosomes from which it is
derived. We considered the possibility that the osteoclast ruffled border is a product of
classical autophagy, or that deficient lysosomal secretion observed here reflected abnormal
homeostasis in Atg5-deficient cells. However, Atg5 deficiency did not alter osteoclast
differentiation, secretory lysosome biogenesis, formation of actin rings, organelle or
morphology, ATP content or total ubiquitination.
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Inhibited localization of LC3 to the ruffled border, by deleting Atg5 or over-expressing
dominant negative Atg4B, correlates with dampened bone resorption. LC3-β-/- osteoclasts,
however, effectively concentrate CatK within actin rings and have normal bone mass (data
not shown), perhaps reflecting compensation by other ATG8 family members. LC3 could be
delivered to the ruffled border by fusion with organelles expressing this autophagy protein,
but LC3 and lysosome-residing CatK do not co-localize outside of the resorptive
microenvironment indicating that secretory lysosomes are not LC3-coated. We observed no
autophagosomes in the vicinity of the ruffled border nor extracellular cytoplasmic debris,
potentially released by autophagosome fusion to the ruffled border, in the resorptive
microenvironment. Perhaps the most compelling evidence suggesting that autophagosomes
do not directly contribute to the ruffled border is the fact that CatK and LAMP1, which are
secretory lysosome- and not autophagosome-associated molecules, are delivered to this
membrane in an autophagy protein-dependent process.

p62 modulates NF-κB, an important osteoclastogenic transcription factor and p62 mutations
are associated with Paget's disease of bone, a disorder of overzealous osteoclasts (Kurihara
et al., 2011). Atg5-deficient osteoclasts accumulate p62, but our findings suggest the cell's
phenotypic abnormalities do not reflect this excess. In contrast to those lacking Atg5, for
example, nuclear number decreases in p62 over-expressing osteoclasts which are also unable
to effectively form actin rings (Yip et al., 2006; Chamoux et al., 2009).

Our findings add to emerging evidence that autophagy proteins participate in cell secretion
and suggest a mechanism by which this occurs. Autophagy proteins participate in a non-
classical secretory process in Pichia pastoris and Dictyostelium discoideum (Duran et al.,
2010; Manjithaya et al, 2010), potentially via union of autophagosomes and the plasma
membrane. This event differs from fusion of single membrane-bound secretory lysosomes to
the plasmalemma studied here. Autophagy protein deficiency also impairs secretion of
lysozyme from Paneth cells (Cadwell et al., 2008; Cadwell et al., 2010), insulin from
pancreatic β-cells (Ebato et al., 2008; Jung et al., 2008), melanosomes (which are considered
lysosome-related organelles) from melanocytes (Ganesan et al., 2008), mast cell mediators
(Ushio et al., 2011), and otoconial proteins from vestibular epithelial cells (Marino et al.,
2010). While these data support a general role for certain autophagy proteins in secretion,
the mechanisms responsible may be cell type-specific.

Pathway analysis based on human genome wide association data link autophagy genes to
human skeletal homeostasis (Pan et al., 2010; Zhang et al., 2010). Together with our finding
that Atg5-deletion protects against experimental post-menopausal osteoporosis, this
indicates that autophagy proteins are candidate therapeutic targets for pathological bone
loss. Importantly, clinical targeting of these proteins for other purposes may impact the
skeleton, suggesting that trial of autophagy-active drugs should evaluate bone health.

Experimental Procedures
Mice and osteoclasts

Atg5flox/flox, Atg7flox/flox, Atg5flox/flox-LyzM-Cre+, LC3-β-/-, and GFP-LC3 mice have been
described (Mizushima et al., 2004; Komatsu et al., 2005; Hara et al., 2006; Cann et al.,
2008; Zhao et al., 2008b). Bone marrow macrophages were differentiated into osteoclasts on
either plastic or bovine bone slices by culture with M-CSF and RANK ligand as described
(Teitelbaum and Ross, 2003; Zhao et al., 2008a). In some experiments bone marrow
macrophages were retrovirus transduced using pMXs-IRES-Puro retroviral vector
expressing the desired gene (Cell Biolabs, Inc., San Diego, CA), antibiotic selected, and then
differentiated into osteoclasts (Zhao et al., 2008a). mCherry-Atg5, mCherry-Atg5K130R

(Hamacher-Brady et al., 2007) and mStrawberry-Atg4BC74A (Fujita et al., 2008) constructs
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cloned into the retroviral vector were as described. Western blot, electron microscopy, and
histology of bones fixed in 4% PFA were as described (Zhao et al., 2008a). Specificity of
immunoelectron microscopy was confirmed by staining control osteoclasts with anti-GFP
antibody or of GFP-LC3 transgenic cells with an isotype control antibody. FITC-
dextran-3000 experiments were as described (Stenbeck and Horton, 2004).

Immunofluorescence
Osteoclasts grown on bone slices were imaged by confocal microscopy (Zhao et al., 2008a)
after fixation in 4% paraformaldehyde for 10 minutes and washing with PBS. Cells were
permeabilized in 0.1% Triton-X for 10 minutes at room temperature and blocked for 1 hour
in PBS containing 0.2% BSA, 10% normal rabbit serum, and 10% normal goat serum (goat
serum was replaced with donkey serum if primary antibody was a goat antibody). All
antibodies (see Supplement) were diluted in blocking buffer. Primary antibodies were
applied overnight. After washing in PBS, secondary antibodies were applied for 1 hour at
room temperature. Bones were then mounted in 30% glycerol or VECTASHIELD Mounting
Media with DAPI (Vector labs, Burlingame, CA) and imaged on a Nikon Eclipse
epifluorescent microscope (Nikon, Melville, NY), Olympus BX51 epifluorescent
microscope (Olympus, Center Valley, PA), or Axiovert 100M confocal microscope (Zeiss,
Thornwood, NY). Confocal images were analyzed using LSM 510 software (Zeiss,
Thornwood, NY). For localization of GFP-LC3, cathepsin K, and LAMP1, confocal
microscopy was used to identify cells with complete actin rings. If the area outlined by the
actin ring was completely occupied by CatK in any z-plane containing the actin ring, and
CatK was not visualized outside the ring in those z-planes, the cell was said to have positive
CatK localization. The same procedure was followed for LAMP1, GFP-LC3, and Rab7
localization. All data was collected by a blinded observer.

Nuclei Counts
Osteoclasts were grown on bone for 6 days, fixed and permeabilized as described above.
Cells were stained with Alexa 555-conjugated phalloidin and mounted with
VECTASHIELD Mounting Media with DAPI to visualize actin rings and nuclei. Nuclei per
cell were quantified counting any cell with at least three nuclei.

Actin ring formation
Osteoclasts grown on bone slices were incubated in cold alpha10 media for 30 minutes to
disrupt actin rings, followed by warm alpha10 with 10% FBS, RANKL, and M-CSF. Cells
were fixed at the indicated times, and actin rings were phalloidin stained and counted.

Bone pit depth measurements
Osteoclast-generated bone pits were stained by removing the cells from thin bone slices with
a soft brush and incubating with 20ug/mL FITC conjugated wheat germ agglutinin (Sigma,
St. Louis, MO) for 30 minutes at room temperature. After washing the bones, pits were
imaged by confocal microscopy. The pit depth was measured from the surface of the bone
down to the deepest point in the pit. All data was collected by a blinded observer.

Microcomputed tomography and ovariectomy
Microcomputed tomography (vivaCT 40, Scanco Medical, Brüttisellen, Switzerland) was as
described (Zhao et al., 2008a). Trabecular volume in the distal femoral metaphysis (right
leg) was measured while mice were anesthetized with isofluorane. A threshold linear
attenuation coefficient of 1.2 cm−1 was used to differentiate bone from non-bone. A
threshold of 120 was used for evaluation of all scans. 30 slices were analyzed, starting with
the first slice in which condyles and primary spongiosa were no longer visible. Trabecular
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volume was measured one day before ovariectomy or sham operation (basal bone volume)
and 28 days after surgery (post-ovx). For ovariectomies, mice were anesthetized with
ketamine/xylene delivered by intraperitoneal injection, and ovaries were removed through
two small dorsal incisions. Sham operated mice were anesthetized and opened equivalently,
but ovaries were not removed.

Osteoblast bone formation assay
Osteoblasts were harvested from the calvariae of 3-day-old Atg5flox/flox or Atg5flox/flox-
LyzM-Cre+ mice by collagenase digestion and cultured for 21 days with differentiation
media containing 50 μg/ml ascorbic acid and 2 mM β-glycerophosphate. Bone nodules were
stained with Alizarin Red.

Statistics
All data was analyzed with Prism software (Graphpad, San Diego, CA), using two-tailed
unpaired Student's t tests, unless otherwise indicated. Error bars represent standard
deviation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GFP-LC3 localization to the ruffled border is Atg5-dependent
(A) Confocal image of GFP-LC3 transgenic bone-residing osteoclast; CatK, blue; actin, red;
GFP, green; cell perimeters, white. CatK and GFP-LC3 localize within the actin ring in the
xy and orthogonal planes, representative of two experiments.
(B) Percent of osteoclasts with GFP within the actin ring. Osteoclast precursors were
transduced with GFP, GFP-LC3 or GFP-LC3G120A and differentiated on bone for 6 days;
n=40, pooled from two experiments.
(C) Electron microscopy of a resorbing osteoclast on bone (B) with a developed ruffled
border (RB) surrounded by actin rings (AR).
(D) Immuno-gold labeling of GFP-LC3 in the ruffled border of a resorbing osteoclast.
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(E) Western blot of Atg5, p62, LC3, and β-actin in control and Atg5-deficient osteoclasts,
representative of 6 experiments.
(F) Bone-residing control and Atg5-deficient osteoclasts transduced with GFP-LC3
visualized by confocal microscopy; actin, green; CatK, red; cell perimeter, white.
(G) Percentage of control and Atg5-deficient osteoclasts with GFP-LC3 concentrated within
the actin ring; n=40, pooled from two experiments.
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Figure 2. Atg5- and Atg7-deficient osteoclasts exhibit defective bone pit excavation and lysosome
localization to the resorptive microenvironment
(A) Control and Atg5-deficient bone-residing osteoclasts immunostained for actin (red) and
exposed to FITC-wheat germ agglutinin (WGA) which stains cells and bone pits green;
white, cell perimeters. Bone was visualized in z plane by confocal microscopy before (top)
and following removal of cells (bottom), representative of two experiments.
(B) Normalized bone pit depth excavated by control and Atg5-deficient osteoclasts. Data
from of four experiments (n=100) was normalized to the average depth excavated by control
cells as 100% and analyzed using paired t-test.
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(C) 3D confocal images of FITC-WGA-stained bone pits excavated by control and Atg5-
deficient osteoclasts used to determine pit volume; LSM software, one of two experiments
shown, n=7 per genotype per experiment.
(D) Expression of Atg7, LC3, and β-actin in lysates of control or Atg7-deficient osteoclasts
generated for 6 days on plastic; representative of three experiments.
(E) Normalized bone pit depth excavated by control and Atg7-deficient osteoclasts; one of
two experiments shown, n=7 per genotype per experiment.
(F) Representative confocal images of control and Atg5-deficient bone-residing osteoclasts;
actin, green; CatK, red; cell perimeters, white.
(G) Percentage of control or Atg5-deficient bone-residing osteoclasts with CatK or LAMP1
concentrated within the actin ring; n=45, pooled from three experiments.
(H) Percentage of control or Atg7-deficient bone-residing osteoclasts with CatK or LAMP1
localized in the actin ring; n=30, pooled from two experiments.
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Figure 3. Autophagy proteins mediate ruffled border formation and osteoclast secretory function
(A) Representative electron micrographs of tibia-residing osteoclasts with absent (top),
immature (middle), and mature (bottom) ruffled borders adjacent to actin rings (asterisk).
(B) Percentage of control or Atg5-deficient osteoclasts exhibiting absent, immature, or
mature ruffled borders; representative of two experiments, analyzed by chi-square test for
trend, n=30 cells per mouse per genotype.
(C) Western blots for Atg5, LC3, or β-actin in control or Atg5-deficient osteoclasts
transduced with mCherry-Atg5 or mCherry-Atg5K130R encoding retrovirueses; *, unknown
bands, representative of three experiments.
(D) Normalized bone pit depth excavated by retrovirally-transduced control or Atg5-
deficient osteoclasts; n=20, pooled from three experiments, analyzed by paired t-test.
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(E) Percentage of osteoclasts with CatK concentrated within the actin ring in retrovirally-
transduced control or Atg5-deficient osteoclasts; n=45, pooled from three experiments.
(F) Normalized bone pit depth excavated by wildtype osteoclasts retrovirally-transduced
with empty vector (control) or mStraberry-Atg4BC74A, expressed as a percentage relative
to control; n=30, pooled from three experiments, analyzed by paired t-test.
(G) Percentage of cells with CatK localization in actin rings of wildtype osteoclasts
transduced with empty vector (control) or Atg4BC74A; n=45, representative of three
experiments shown.
(H) Percentage of cells with GFP-LC3 localized in the actin ring of vector (control) or
Atg4BC74A transduced GFP-LC3 osteoclasts; n=45, representative of two experiments.
(I) Percentage of cells with Rab7 localized in the actin ring of control or Atg5-deficient
osteoclasts; n=60, pooled from four experiments.
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Figure 4. Requirements for Atg5-dependent osteoclast function in vivo
(A, B) Percentage of marrow space occupied by trabecular bone (BV/TV) of 8-week and 8-
month old female Atg5flox/flox or Atg5flox/flox-LyzM-Cre+ mice by microcomputed
tomography; n=12 eight week old mice/genotype, n=6 eight-month old Atg5flox/flox mice,
n=5 eight month old Atg5flox/flox-LyzM-Cre+ mice.
(C) Percentage of trabecular bone surface covered by TRAP+ osteoclasts determined by
histomorphometry; n=5 mice/genotype.
(D) Number of osteoclasts per mm of femoral trabecular bone surface determined by
histomorphometry; n=5 mice/genotype.
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(E) Serum osteocalcin levels in 8-week old Atg5flox/flox (n= 5) and Atg5flox/flox-LyzM-Cre+
mice (n=6) mice.
(F) Bone nodule formation by osteoblasts in vitro. Nodules were stained with Alizarin Red-
S and quantified using densitometry; pooled from three experiments, n=7 Atg5flox/flox mice,
n=10 Atg5flox/flox-LyzM-Cre+ mice.
(G) Percentage of bone loss determined by BV/TV in the four weeks following ovariectomy.
Ovariectomy (ovx) or sham operation was performed on Atg5flox/flox (8 ovx, 5 sham) or
Atg5flox/flox-LyzM-Cre+ (7 ovx, 4 sham) mice. The average bone loss of sham-operated
Atg5flox/flox animals was subtracted from all measurements.
(H) Serum concentration of c-telopeptide of type I collagen (CTx) determined two weeks
post-ovariectomy; n=6 mice per genotype.

DeSelm et al. Page 18

Dev Cell. Author manuscript; available in PMC 2012 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


