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Figure 3-11. Atg5-deficient T lymphocytes have an increase in

mitochondrial mass

(A) Splenocytes from Atg5""“[ck-Cre- and Atg5"*"**Lck-Cre+ mice were loaded
with MitoTracker green, stained with antibodies against CD4 or CD8, and analyzed by
flow cytometry. Analysis was performed on CD4+ or CD8+ splenocytes without gating

by forward and side scatter. Shown are representative FACS plots of at least fifteen mice
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of each genotype and the quantification of the mean fluorescence intensity (MFI) of
Mitotracker staining from one of three independent experiments. (B) Splenocytes from
Atg5"M* [ ck-Cre- and Atg5"/"™.Lck-Cre+ mice were stained with CD4, CDS,
Mitotracker green, and Annexin-V. Representative FACS plots and quantification of the

percentage of Annexin-V+ cells from the Mitotracker™"

and Mitotracker'™ gates are
shown. Analysis was performed on CD4+ or CDS8+ splenocytes without gating by

forward and side scatter. Data pooled from three independent experiments. (* p < 0.05,

** p <0.005, *** p < 0.0005, n.s. = not statistically significant)
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Materials and Methods

Mice and cells The generation of Atg5”, Atg5 ™" and Atg7"®/"™ mice has been

24,23,28
4>

previously describe . Chimeric mice were generated by reconstituting sublethally

irradiated B6.129S7-Rag1™™ ™) (Ragl”, The Jackson Laboratory, #002216) mice with

Atg5™"" or Atg5” fetal liver cells, as previously described®’. Atg5 ™% and Atg7"1o/Mox
were bred to Lck-Cre (C57BL/6NTac-TgN(Lck-Cre)) transgenic mice (Taconic,
#004197, Hudson, NY). Mice were maintained at Washington University School of
Medicine in accordance with institutional policies for animal care and usage. Atg5™ and
Atg5*"* embryonic fibroblasts were generated from day 13.5 embryos. To establish
immortalized cell lines, 10° cells were transformed with 1pg of pEF321-T, an SV40 large
T antigen expression vector (a gift from T. Hansen), by the FuGENE HD transfection

reagent (Roche, Basel, Switzerland) according to the manufacturer’s instructions.

Genotyping Genotyping of the mice was performed as described**?®, with the Cre

gene detected with primers crel (AGGTTCGTTCACTCATGGA) and cre2
(TCGACCAGTTTAGTTACCC) using PCR [94°C(4 min); 25 cycles of 94°C (30 sec),
60°C (30 sec), 72°C (1 min); 72°C (5 min)]. The Atg5 gene was detected with the
primers exon3-1 (GAATATGAAGGCACACCCCTGAAATG), short2
(GTACTGCATAATGGTTTAACTCTTGC), and check2 (ACAACGTCGAGCA
CAGCTGCGCAAGG) using PCR [94°C (4 min); 30 cycles of 94°C (30 sec), 60°C (30

sec), 72°C (1 min); 72°C (5 min)]. The same PCR program was used with the primers
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short2, check?, and 5L2 (CAGGGAATGGTGTCTCCCAC) to check for the Atg5"™ and
deleted Atg5™"™ alleles in thymocytes from Atg5">/"** Lck-Cre+ and Atg5"™/1% Lck-Cre-
mice. The Atg7"™ allele was detected with primers Hind-Fw
(TGGCTGCTACTTCTGCAATGATGT) and Pst-Rv
(CAGGACAGAGACCATCAGCTCCAC) using PCR [94°C (5min); 30 cycles of 94°C
(20 sec), 68°C (30 sec), 72°C (90 sec); 72°C (10 min)]. Confirmation of the wild type
Atg7 locus was done with primers Ex14 F (TCTCCCAAGACAAGACAGGGTGAA)
and Ex14 R (AAGCCAAAGGAAACCAAGGGAGTG) using PCR [94°C (5min); 35

cycles of 94°C (20 sec), 60°C (15 sec), 72°C (60 sec); 72°C (10 min)].

Stimulation and proliferation assays Single cell suspensions from the spleens

and lymph nodes of chimeric mice were first B cell depleted using negative selection
with anti-B220-Dynal beads (Invitrogen, Carlsbad, CA), followed by positive selection
for CD62L"€" lymphocytes. Briefly, cells were incubated with biotin-conjugated anti-
CD62L antibody (Caltag, Carlsbad, CA) followed by anti-biotin MACs beads (Miltenyi
Biotec, Auburn, CA) and isolated according to the manufacturer’s instructions.
CD62L"" purities were greater than 90%. Lymph node T cells were plated at 1x10%/mL
in complete media (DMEM (Gibco, Carlsbad, CA) plus 10% fetal calf serum (FCS),
100Units/mL penicillin, 100ug/mL streptomycin, 1mM sodium pyruvate, 2mM L-
glutamine, 1x non-essential amino acids (Gibco, Carlsbad, CA) and 57uM -

mercaptoethanol). Cells were stimulated with 1.0 pg/mL anti-CD3 and 1.0 ug/mL anti-
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CD28 (BD Biosciences, San Jose, CA). To label cells with CFSE, cells were incubated
with 1uM CFSE (Invitrogen, Carlsbad, CA) for 30 minutes at 37° and then washed in
complete media. Labeled cells were cultured with the indicated stimuli for 72 hours and

then analyzed by flow cytometry.

Flow cytometry and cell sorting Single cell suspensions were prepared from the

spleens, thymi, and lymph nodes and stained with antibodies against TCRp, CD4, CD8,
CD24, CD25, CD44, CD62L, and CD69 (BD Biosciences, San Jose, CA). Annexin-V
labeling was performed by surface staining cells with the indicated lineage markers,
washing with complete media, and staining for 15 minutes with Annexin-V (BD
Biosciences, San Jose, CA). Thymocytes were sorted on a FACS Vantage SE (BD
Biosciences, San Jose, CA) by FSC/SSC gating on a live lymphocyte population,
followed by gating out CD11b+, CD11c+, and B220+ cells. The remaining cells were
then sorted based on expression of CD4 and CD8. Purities were greater than 94% for
each population (n = 4 independent experiments). Peripheral CD4+ and CD8+ T cells
were isolated using negative selection by MACS magnetic bead sorting according to the
manufacturer’s instructions (Miltenyi Biotec, Auburn, CA). Peripheral T cells were
negatively selected from pooled spleen and lymph node samples, followed by negative
selection against either CD4+ or CD8+ cells. Purities averaged 86% for CD4+ cells and

92% for CD8+ cells (n = 4 independent experiments).
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Immunoblots Cells were washed with PBS and then lysed in cold NP-40 lysis buffer

[0.5% NP-40, 50 mM Tris-Cl, 150 mM NaCl, ImM EDTA, 1 mM phenylmethylsulfonyl
fluoride] or cold lysis buffer B [SOmM Tris-HCI pHS8.0, 150mM NaCl, 1% Triton X-100,
0.1% SDS, 0.2% deoxycholic acid sodium salt] supplemented with complete pretease
inhibitors (Roche, Basel, Switzerland) for 10 minutes at 4°C. Lysates were cleared by
centrifugation at 14,000 x g for 10 minutes at 4°C.  Samples were analyzed by
immunoblotting”' using antibodies against ATG5 (Novus Biologicals, Littleton, CO and
Nanotools, Teningen, Germany), ATG7 (Sigma, St. Louis, MO), LC3 (Novus

Biologicals, Littleton, CO) and B-actin (Sigma, St. Louis, MO).

Microarrays and analysis Total thymocyte RNA was harvested from Atg5" and

Atg5+/+ chimeras by lysing single cell suspensions of thymocytes in Trizol (Invitrogen,
Carlsbad, CA). RNA analyses were performed at the microarray core facility at the
Harvard Medical School and Partners Healthcare Center for Genetics and Genomics. The
quantity, purity and integrity of RNA were evaluated by UV spectrophotometry and
RNA-nano Bioanalyzer (Agilent, Santa Clara, CA). Sample processing and hybridization
on Mouse Genome 430 2.0 GeneChip microarrays (Affymetrix, Santa Clara, CA) were
performed according to manufacturer’s instructions. Probe-level normalization of the raw
.CEL data files using the GC Robust Multi-array Average (GCRMA) algorithm®' was
implemented in the R programming language. Two-sided t-tests were performed for each

+/+

probeset, comparing between Atg5'/ “and Atg5™ " chimera samples. Probesets with p<0.05
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were considered differentially expressed. Hierarchical clustering (pairwise complete-
linkage) of probesets corresponding to differentially expressed genes was performed with
Cluster 3.0> using the Pearson’s correlation coefficient as the similarity metric. Z-score
transformation was applied to each probeset across all arrays prior to generating

‘heatmaps’ for visualization implemented in the Python language.

Gene Ontology (GO) analysis Differentially expressed genes were examined in

terms of GO cellular component categories®. To assess enrichment of these categories
within the set of differentially expressed genes against all genes represented by probes on
the Affymetrix Mouse Genome 430 2.0 microarray GeneChip, p-values were computed
using Fisher’s exact test implemented in Python and R programming languages.

Categories with p<0.05 were considered significantly enriched.

Protein interaction network The network was constructed by iteratively

connecting interacting proteins, with data extracted from a collection of genome-wide
interactome screens and curated literature entries in HPRD. The network uses graph
theoretic representations, which abstract components (gene products) as nodes and
relationships (e.g. interactions) between components as edges, implemented in the Perl

programming language.
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Literature co-citation analysis Co-citation analysis was performed using Milano
search®, identifying the number of times a gene was co-cited with a specified term in
articles from the PubMed database. Vectors capturing the co-citation profiles for each of
these genes were generated for a set of terms and clustered using pairwise complete-
linkage hierarchical clustering with the Pearson’s correlation coefficient as the similarity

measure. The results were displayed as a heatmap implemented in the Python language.

Mitochondria mass/volume assay Cells were loaded with 100nM MitoTracker

Green (Invitrogen, Carlsbad, CA) for 30 minutes at 37°C in the presence of flourochome-
conjugated antibodies against CD4 and CDS8. Cells were washed and then analyzed by
flow cytometry. When necessary, Annexin-V was added after washing the cells in

complete media.

Statistics All non-gene chip data was analyzed with Prism software (Graphpad; San

Diego, CA), using two-tailed unpaired Student’s t tests.
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CHAPTER 4

The LC3 Conjugation System is Important for Directional

Secretion in Osteoclasts

108



Abstract

Osteoclasts function to degrade bone by regulated secretion of lysosomal enzymes
and acid against the bone surface. The mechanisms regulating this secretion are poorly
understood. Here we show that the biochemical pathway necessary for autophagy is
critical for secretion in osteoclasts. We found that LC3 localizes to the ruffled border in
osteoclasts. We hypothesized that this localization may be important for osteoclast
function, so we inhibited the LC3 conjugation cascade by deleting the essential
autophagy genes Atg5 or Atg7 or overexpressing a dominant negative mutant of ATG4B.
All of these disruptions inhibited bone resorption and localization of lysosomal markers
to the resorptive surface in vitro. Expression of dominant negative ATG4B also
decreased localization of LC3 to the ruffled border, suggesting that LC3 localization and
osteoclast function are connected. Finally, deletion of Atg5 in osteoclasts and other
myeloid-lineage cells in vivo protected mice from ovariectomy-induced bone loss, a
mouse model of osteoporosis. Our results demonstrate that the LC3 conjugation pathway

is important for directional secretion in osteoclasts.
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Introduction

Osteoclasts are multinucleated cells of the monocyte lineage that degrade bone by
directionally secreting lysosomal enzymes and hydrogen ions against the bone surface
(Fig. 1-2, reviewed in ). This secretion is targeted through undefined mechanisms to an
area of the plasma membrane juxtaposed to the bone and circumscribed by an actin ring,
forming a “ruffled border” of convoluted membrane. The goal of this chapter is to
determine if autophagy or autophagy genes are important for osteoclast function.

Many of the proteins involved in autophagosome nucleation also regulate vesicle
trafficking. There is a growing literature suggesting that autophagy genes downstream of
nucleation are important for secretory cell function™>*. In addition, LC3 localizes to the
phagosome during phagocytosis and enhances fusion of phagosomes to lysosomes®,
suggesting that the LC3 conjugation system may be involved in vesicular trafficking
pathways independent of classical autophagosome formation.

In this chapter we report that LC3 is found concentrated at the ruffled border in
osteoclasts, but this localization is reduced in osteoclasts expressing a dominant negative
mutant of ATG4B, ATG4B**. Deletion of Atg5 or Atg7 or overexpression of
ATG4B™** or a mutant of ATG5, ATG5%"*R  all inhibit osteoclast function in vitro, as
measured by bone pit formation and localization of lysosomal proteins to the ruffled
border. Deletion of Atg5 in myeloid-lineage cells in vivo protects mice from bone loss
induced by ovariectomy. We demonstrate an important role for the LC3 conjugation

machinery in osteoclast secretion.
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Results

GFP-LC3 localizes to the ruffled border

As a first step to understand the role of autophagy and LC3 conjugation in
osteoclasts, we visualized LC3 localization in osteoclasts using GFP-tagged LC3 (GFP-
LC3)". LC3 is normally found on the developing autophagosome where it promotes

8910.1L12 "o cultured osteoclasts from GFP-LC3 transgenic mice'”

membrane elongation
by growing bone marrow-derived macrophages in the presence of M-CSF-containing
conditioned media for 4 days and then replating equal cell numbers on bone in the
presence of M-CSF and RANKL, a cytokine necessary for osteoclastogenesis'!. We
stained the cells to visualize actin and GFP-LC3 and identified active osteoclasts as
multinucleated cells with an actin ring. Confocal microscopy showed LC3 not only in
punctate cytoplasmic structures, which we presume to be autophagosomes, but also
concentrated within the actin ring in approximately 25% of osteoclasts (Fig. 4-1). We
also stained the cells with an antibody against cathepsin K, a lysosomal protease that is
secreted from the cells and localizes to the ruffled border'>. GFP-LC3 was found in the
same region of the cell as cathepsin K, demonstrating that GFP-LC3 localizes to the
resorptive microenvironment. Interestingly, we did not observe colocalization of GFP-
LC3 and cathepsin K puncta in the cell periphery, suggesting that LC3 does not localize

to cathepsin K+ vesicles. Based on these results, we sought to determine the functional

significance of the presence of LC3 in the actin ring.
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Atg5 is not required for osteoclast differentiation but is important for

osteoclast secretion

ATGS5 is an essential autophagy protein required for the conjugation and
localization of LC3 to autophagosomes and phagosomes'®®. To delete Atg5 in
osteoclasts, we bred mice containing two copies of a knock-in Atg5 gene in which LoxP
sites were inserted flanking the third exon [Atg5"/"*]'” to mice expressing the Cre
recombinase under control of the LyzM promoter, resulting in expression of the
recombinase in cells of the myeloid lineage'™'®"”. Given the function of Atg5 in B and T
cell development (see Chapters 2 and 3), we first determined if osteoclasts can be
differentiated from Atg5"®/"**-LyzM-Cre+ bone marrow. We counted osteoclasts grown
on plastic on days 3, 4, and 5 post addition of RANKL. Osteoclasts were identified as
cells with at least 3 nuclei that stained for the osteoclast marker tartrate-resistant acid
phosphatase (TRAP)**?'#2. Atg5""*_[ yzM-Cre+ cells had a delay in osteoclast
formation, but by day 5 we observed equal numbers of mature osteoclasts in Atgofox
LyzM-Cre+ and Atg5"*/"**.LyzM-Cre- cultures (Fig. 4-2). To explore this difference,
we performed immunoblots against cathepsin K and c-Src, two proteins that are

upregulated during osteoclastogenesis™ 2",

Immunoblot analysis revealed similar
kinetics of upregulation of both cathepsin K and c-Src, indicating that this aspect of
differentiation of macrophages into osteoclasts is not impaired in Atg5""**-LyzM-Cre+
cells (Fig. 4-3A).

To further assess osteoclast formation in the absence of Atg5, we grew cells from

Atg5"M* [ yzM-Cre+ and Atg5""*.LyzM-Cre- mice on bovine cortical bone
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fragments and counted the number of nuclei per osteoclast on day 6. We observed no
difference in the average number of nuclei per cell between Atg5"/"**-LyzM-Cre+ and
Atg5"M*_ [ yzM-Cre- osteoclasts (Fig. 4-3B). We also stained for actin and confirmed
that nearly 100% of both Atg5"™"°*.LyzM-Cre+ and Atg5"**"*.LyzM-Cre- osteoclasts
form actin rings, a hallmark of active osteoclasts grown on bone substrate (data not
shown). Finally, to ensure that osteoclasts from Atg5"*/"**.LyzM-Cre+ mice had deleted
Atg5 and that non-recombined cells were not growing out in culture, we analyzed ATG5
protein expression in osteoclasts grown for 6 days in vitro. We observed a dramatic
reduction in ATGS protein levels, inhibition of LC3 conjugation, and accumulation of
p62, consistent with an inhibition of autophagy in these cells (Fig. 4-4)”. From these
results we conclude that Atg5 is not required for osteoclast formation.

We next determined whether Atg5-deficient osteoclasts were functionally
competent by analyzing their ability to degrade bone in vitro. We cultured Atg5"®/"
LyzM-Cre+ and Atg5""*.LyzM-Cre- osteoclasts on bone for 6 days, removed the
osteoclasts from the bone fragments and stained the bones with FITC-conjugated wheat
germ agglutinin, a lectin that binds to the organic matrix of bone exposed by
degradation®. This technique allowed us to measure the depth of bone pits generated by
the cells using confocal microscopy. Bone resorption pits formed by Atg5""*LyzM-
Cre- control osteoclasts were approximately twofold deeper than pits formed by

Atg5"M*_ [ yzM-Cre+ osteoclasts (Fig. 4-5). This data suggests that Atg5 is required for

normal bone resorption by osteoclasts in vitro.
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Osteoclast bone degradation requires regulated, directional secretion of lysosomal
enzymes against the bone surface (reviewed in *’). To determine if this process was

normal in Atg5"*¥o

-LyzM-Cre+ osteoclasts, we examined the intracellular localization
of cathepsin K, a lysosomal protease important for bone degradation, and LAMPI1, a

lysosomal transmembrane protein. Secretion of lysosomes by active osteoclasts localizes

both of these markers to the ruffled border, with LAMPI localized on the plasma

28,15 flox/flox
15 gloviox.

membrane We observed a significant reduction in the percentage of Atg
LyzM-Cre+ osteoclasts with cathepsin K localized in the actin ring compared with
Atg5"M"* [ yzM-Cre- osteoclasts (Fig. 4-6; Atg5 ™M™ LyzM-Cre-: 53.1 + 2.4%;
Atg5"MO%_ | y7M-Cre+: 24.3 + 3.2%; p = 0.002). Similarly, LAMP1 localization was
also reduced in Atg5"*/"**_LyzM-Cre+ osteoclasts (Fig. 4-6; Atg5"*"**.LyzM-Cre-: 59.0
+ 1.4%; Atg5"M*_LyzM-Cre+: 23.7 £ 3.7%:; p = 0.0009).

Cathepsin K is synthesized as a pro-enzyme that must be cleaved in the lysosome
to be active”. To confirm that we were measuring lysosome secretion in our
immunofluorescence assays and not abnormal cathepsin K expression in Atgs"*¥Mo%
LyzM-Cre+ osteoclasts, we measured levels of pro-form and active cathepsin K.
Immunoblotting of lysates from plastic-grown osteoclasts 6 days after addition of
RANKL revealed no difference in the levels of the pro-form or processed, active form of
cathepsin K (Fig. 4-7), arguing that delivery of cathepsin K to lysosomes is intact in the

absence of Atg5. Together, this data suggests that secretion of lysosomes at the ruffled

border is impaired in the absence of Atg5.
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Conjugation of ATG5 to ATG12 is important for osteoclast function

To assess if this phenotype may be due to a non-autophagy function of Atg5, we
deleted Atg7, another essential autophagy gene, in osteoclasts. ATG7 is an El-like
enzyme that is required for conjugation of ATG5 to ATG12*°. We bred Atg7"®"*™* mice

7Moo [ vzM-Cre+ mice’'. Immunoblotting of

to LyzM-Cre mice to generate Atg
osteoclasts grown from these mice revealed that these cells had a significant reduction in
ATGT7 protein levels and partial inhibition of LC3-I to LC3-II conversion (Fig. 4-8).
There was no delay in the formation of Atg7"®/"™*_LyzM-Cre+ osteoclasts (data not
shown). Similar to our findings with Atg5-deficient osteoclasts, we observed a decrease
in the depth of bone pits generated by Atg7-deficient osteoclasts (Fig. 4-9a). Atg7"o¥Mox
LyzM-Cre+ osteoclasts also had a significant reduction in cathepsin K localization (Fig.
4-9B; Atg7"M% ] y7M-Cre-: 58.6 + 2.1%; Atg7"™M L yzM-Cre+: 302 + 3.1%; p =
0.017) and LAMPI localization (Fig. 4-9B; Atg7"™"*.LyzM-Cre-: 58.6 + 2.1%;
Atg7"Mo%_ | yzM-Cre+: 37.8 + 0.8%; p = 0.0116). These data demonstrate that a second
essential autophagy gene is important for osteoclast function. Given the requirement of
ATGT7 for the conjugation of ATGS and the concordance of the phenotypes of Atg5- and
Atg7-deficient osteoclasts, we hypothesize that the ATG5-ATG12 conjugate is involved
in osteoclast secretion.

To test our hypothesis, we generated retroviruses expressing either mCherry-
ATG5Y" or mCherry-ATG5*"**®, a mutant of ATG5 in which the lysine required for

32,16,33

conjugation to ATGI2 has been changed to an arginine Immunoblotting of

transduced osteoclasts demonstrated expression of the wild-type and mutant mCherry-
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ATGS fusion proteins at higher levels than endogenous ATGS. We confirmed that
mCherry-ATG5*"**® does not form the higher molecular weight band of the expected
size for the mCherry-ATG5-ATGI12 conjugate, consistent with the published phenotype
of this mutant (Fig. 4-10)*2. Expression of mCherry-ATG5"", but not mCherry-
ATG5*®  restored the synthesis of LC3-II in Atg5"/"*.LyzM-Cre+ osteoclasts.

K130R

Interestingly, expression of the ATGS mutant, but not the wild-type protein, in

Atg5"M°%_ 1 yzM-Cre- osteoclasts reduced LC3-1I levels, suggesting that this mutant
might function as a dominant negative in the LC3 conjugation pathway in our system.

We measured bone pit depth and cathepsin K localization in ATG5-transduced
Atg5"M°%_ 1 yzM-Cre+ and Atg5"*"*“LyzM-Cre- osteoclasts. Expression of mCherry-
ATG5"T in Atg5"M*_LyzM-Cre+ osteoclasts restored bone pit depth to control levels,
whereas mCherry-ATG5*"**® did not increase bone pit depth (Fig. 4-11A). Similarly,

KI130R

expression of wild-type ATGS, but not ATGS , increased cathepsin K localization in

Atg5"M*_ [ yzM-Cre+ osteclasts to levels comparable to Atg5"/1%x

-LyzM-Cre- controls
(Fig. 4-11B). Interestingly, Atg5"*"™.LyzM-Cre- osteoclasts expressing mCherry-

ATG5*® had decreased bone pit formation and cathepsin K localization, consistent

K130R 33,9,34

with our observation that ATGS inhibits the function of endogenous ATGS
Based on these results and our studies in Atg7-deficient osteoclasts, we conclude that the

ATGS5-ATGI12 conjugate is important for osteoclast secretion.
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Inhibiting the LC3 conjugation pathway decreases osteoclast secretion

The ATGS5-ATG12 conjugate is important for LC3 conjugation, but it may have
additional functions in the cell’>. To determine if LC3 conjugation is required for
osteoclast function, we next inhibited the LC3 conjugation pathway without affecting the
conjugation of ATG5 to ATG12. ATGH4B is a cysteine protease required for processing
of the pro-form of LC3 and deconjugation of LC3 from phosphatidylethanolamine (PE)
3 Mutating the catalytic cysteine residue generates a dominant negative enzyme
(ATG4B“"**) that sequesters LC3 and inhibits its conjugation to PE, inhibiting autophagy
without disrupting formation of the ATGS5-ATGI12 conjugate’’. We retrovirally
expressed ATG4B“™** fused to mStrawberry in wild-type osteoclasts. As a control, we
used either GFP or vector-only retroviruses. Immunoblotting revealed expression of the
ATG4B“"** fusion protein (Fig. 4-12). We measured bone pit formation and cathepsin K
localization and found that ATG4B“™**-expressing osteoclasts had reduced bone pit
depth and cathepsin K localization in the actin ring compared with control transduced
cells (Fig. 4-13A and 4-13B). Expression of ATG4B“"** in GFP-LC3 osteoclasts also
inhibited localization of GFP-LC3 to the actin ring (Fig. 4-14). This data demonstrates
that the LC3 conjugation pathway is required for osteoclast function and suggests that
LC3 conjugation is an important process in osteoclast secretion. Since inhibition of GFP-
LC3 localization correlates with decreased vesicular secretion, one explanation is that

osteoclast function requires the proper targeting of LC3 to the actin ring through its

conjugation by the autophagy machinery.
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Atg5"*/M*_ | yzM-Cre+ mice are protected from ovariectomy-induced

bone loss

Estrogen-deficiency osteoporosis is a common disease of the elderly associated
with significant morbidity and mortality (reviewed in **). This condition can be induced
in female lab animals by ovariectomy™. To determine if the Atg5 is important for
regulating skeletal mass in vivo, we induced osteoclast activity by removing the ovaries
from female Atg5"*/"™*_LyzM-Cre+ and Atg5"®/"**_LyzM-Cre- mice. We measured bone
mass in 8-week old Atg5" ™. LyzM-Cre+ and Atg5""*.LyzM-Cre- mice by
microcomputed tomography (LCT) before and after ovariectomy or a sham operation. At
baseline, we observed a small increase in trabecular bone volume (BV/TV) in Atg5"*¥Mo%.
LyzM-Cre+ mice (Fig. 4-15A). One month after the sham operation we observed no
difference in the percentage of bone lost between Atg5 ™" LyzM-Cre+ and Atg5"*"*
LyzM-Cre- sham-treated animals. However, Atg5"™"*LyzM-Cre+ mice had a 55%
reduction (p = 0.0393) in ovariectomy-induced bone loss compared with Atg5" /"%
LyzM-Cre- controls (Fig. 4-15B). This data is consistent with the hypothesis that
Atg5"M*_ [ yzM-Cre+ mice have dysfunctional osteoclasts, suggesting that our in vitro

phenotype is relevant in vivo. In addition, the function of Atg5 in osteoclasts may be

important for the pathophysiology of osteoporosis.
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Discussion

Here we show that GFP-LC3 localizes to the actin ring in activated osteoclasts.
Deletion of two essential autophagy genes (Atg5, Atg7) in the autophagy pathway or
retroviral expression of a dominant negative ATG4B“** or ATG5""**" inhibit osteoclast
function as measured by bone pit depth and cathepsin K localization. We confirmed that
the secretion defect in AthﬂOX/ﬂox-Lsz-Cre+ osteoclasts is due to deletion of ATGS in
these cells by rescuing this phenotype with retroviral expression of wild-type ATGS.
Together, these studies demonstrate that the biochemical pathway required for LC3
conjugation and autophagosome formation is critical for osteoclast secretion. Finally,
mice lacking Atg5 in osteoclasts and other myeloid-lineage cells are protected from
ovariectomy-induced bone loss.

Given these findings connecting proteins involved in a cellular degradation
pathway and osteoclast secretion, it is useful to compare our results with published
phenotypes of osteoclasts deficient in proteins known to be important for bone
degradation, osteoclast activation, and secretion. We found a 55% reduction in bone pit
depth generated by Atg5-deficient osteoclasts, which is comparable with the reduction in
pit depth by cathepsin K knockout osteoclasts (44% reduction) and 3 integrin knockout

40,41

osteoclasts (38% reduction) We observed a twofold reduction in cathepsin K

localization in the actin ring, similar to the 3-fold reduction reported in osteoclasts

lacking Synaptotagmin VII, an important regulator of lysosome exocytosis**.

Finally,
our results demonstrating a 55% reduction in ovariectomy-induced bone loss are

comparable with protection offered by bisphosphonate treatment of ovariectomized rats
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(74% reduction) or cathepsin K inhibitor treatment of ovariectomized mice (73%

45 This comparison demonstrates the importance of autophagy genes in

reduction)
osteoclast biology and suggests that the biochemical pathway necessary for autophagy
may be a new target to treat bone disease.

The observation that 8-week old Atg5"™"*“LyzM-Cre+ mice have a minimal
increase in basal bone mass but are protected from ovariectomy-induced bone loss
suggests that ATGS is important for osteoclast function after activation in vivo. Our in
vitro results demonstrate that Atg5-deficient osteoclasts can be activated, as demonstrated
by normal formation of actin rings, but have reduced secretion after activation.
Interestingly, B3 integrin-deficient mice are also protected from ovariectomy-induced
bone loss, do not have a basal difference in bone density when young (<4 months), but

#1461t will be interesting to determine

develop severe osteosclerosis by six months of age
if Atg5"™/M%*_ yzM-Cre+ mice develop osteosclerosis as they age.

We have identified a novel biochemical pathway involved in secretion in
osteoclasts. Autophagy genes have been implicated in secretion in other cell types, and
the molecular mechanisms connecting autophagy genes and secretion are of great

234347 1n these studies it is unclear how the formation of autophagosomes would

interest
be necessary for secretion. In osteoclasts, we favor the working hypothesis that LC3 is
conjugated to the plasma membrane at the ruffled border, as suggested by our localization
studies with GFP-LC3. In our experiments employing the dominant negative protein

ATG4B“™A  localization of GFP-LC3 correlates with osteoclast function, suggesting that

LC3 localization might be important for vesicle secretion in osteoclasts (Fig. 4-16). We
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hypothesize that LC3 at the ruffled border is important for the trafficking or fusion of
lysosomes with the plasma membrane. Indeed, LC3 localization to the phagosome
membrane correlates with increased fusion of phagosomes with lysosomes®. How the

resorptive microenvironment is targeted for LC3 localization remains to be determined.
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Figure 4-1. GFP-LC3 localizes to the actin ring in active osteoclasts

Confocal image of a GFP-LC3 osteoclast grown on bone stained for actin (red), cathepsin
K (ctsk, blue), and GFP (green) showing localization of cathepsin K and GFP-LC3 within
the actin ring in both the xy plane and z plane. Representative image from two separate

experiments, 3 bones/experiment.
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Figure 4-2. Atg5"™"*.LyzM-Cre+ cells have a slight delay in formation

of TRAP+ multinucleated osteoclasts

(A) Representative images of osteoclasts differentiated on plastic for 5 days from
Atg5""* yzM-Cre- and Atg5"™M“.LyzM-Cre+ macrophages, stained for the
osteoclast marker TRAP (purple). (B) Quantification of the number of TRAP+
multinucleated cells in plastic cultures on day 3-5. Quantification of one representative
experiment from 5 independent experiments. P values generated by unpaired Student's t

test, n.s. = not statistically significant.
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Figure 4-3. Atg5"M% | yzM-Cre+  cells

osteoclast

differentiation markers normally during osteoclastogenesis and form

osteoclasts with normal numbers of nuclei

(A) Immunoblot analysis of macrophages induced to differentiate into osteoclasts, probed

against cathepsin K (Ctsk), c-Src, and B-actin. Lysates were made on the indicated days

after addition of osteoclastogenic cytokines.

One of four representative blots shown.

(B) Quantification of the number of nuclei per osteoclast grown for 6 days on bone.
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Individual cells were identified by actin staining and the number of nuclei counted per
cell. All cells with 3 or more nuclei were included in this analysis. Data pooled from
three independent experiments. There was no statistically significant difference in mean

nuclei number in any of the three experiments.
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Figure 4-4. Atg5"™°*_| yzM-Cre+ osteoclasts express reduced levels of

ATGS5 and LC3-11 and increased levels of p62

Immunoblot analysis of lysates from Atg5"*"* LyzM-Cre- and Atg5"*"**LyzM-Cre+
osteoclasts grown on plastic for 6 days. Lysates were probed with antibodies against

ATGS, p62, LC3, and B-actin. Representative blot of 6 independent experiments.
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Figure 4-5. Atg5"™/1°*_| yzM-Cre+ osteoclasts have a defect in bone pit

formation
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(A) Bone pits were imaged by removing osteoclasts grown on bone and staining
degraded bone with FITC-conjugated wheat germ agglutinin. Representative images of
bone pits viewed in the z plane. (B) Quantification of bone pit depth from one of four
experiments, analyzed in a blinded fashion. Each point represents an individual bone pit.
P value generated by unpaired Student's t test. (C) Pooled analysis of the mean bone pit
depths from 4 independent, blindly read experiments. To pool the results, we normalized
the mean of the pit depth generated by Atg5"*/"**.LyzM-Cre+ cells to the mean depth
generated by Atg5""*_LyzM-Cre- cells, which was set to 100. P value generated by

paired Student's t test.

128



Atg 5f|ox/f|ox_
LyzM-Cre-

Atg 5f|0x/f|0x_
LyzM-Cre+

Actin Ctsk merge
B
100 <0.04
a2 oo —p<003 — ®  Experiment 1
%E 804 A Experiment 2
g 701 v ma’ v Experiment 3
20 601 my - =
O = 50{ & I_V
< c AMv A
H 2 407 = v w
» § 307 nr LN
8 ‘_g 20 —aA ma
o O 104 | ]
°\ —
0 T T T
Atg5floxflox-L yzM-Cre -- + -- +
Cathepsin K LAMP1

Figure 4-6. Atg5"*/"*.|yzM-Cre+ osteoclasts have reduced localization

of cathepsin K and LAMP1 in the actin ring

(A) Representative confocal images of Atg5"/"**-LyzM-Cre- and Atg5"*"**-LyzM-Cre+
osteoclasts, grown on bone and stained for actin (green) and cathepsin K (Ctsk, red). (B)
Quantification of the percentage of Atg5"*/"**.LyzM-Cre- and Atg5""**.LyzM-Cre+

osteoclasts with cathepsin K or LAMPI localized in the actin ring. Cells of each
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genotype were grown on at least three pieces of bone in separate culture wells. Each
point represents the percentage of cells with localization from one bone — a minimum of
10 cells analyzed per bone, with at least three bones analyzed per genotype per
experiment. All data was collected by a blinded observer. The largest p value from any

of the three experiments is shown, calculated by unpaired Student's t test.
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Figure 4-7. No difference in cathepsin K processing in Atg5" /" LyzM-

Cre- and Atg5""**.|LyzM-Cre+ osteoclasts
Immunoblot of lysates from Atg5"" LyzM-Cre- and Atg5"™"*.LyzM-Cre+
osteoclasts grown on plastic for 6 days and probed for cathepsin K (Ctsk) and B-actin.

One representative of four independent experiments shown.
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Figure 4-8. Atg7"™M®.| yzM-Cre+ osteoclasts have reduced expression

of ATG7 and LC3-11

Immunoblot analysis of lysates from day 6 Atg7"®® LyzM-Cre- and Atg7"*"*_.LyzM-
Cre+ osteoclasts grown on plastic. Lysates were probed for ATG7, LC3, and B-actin.

One representative of three independent experiments shown.
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Figure 4-9. Atg7"/1°*_| yzM-Cre+ osteoclasts have a defect in bone pit

formation and cathepsin K and LAMPL localization

(A) Quantification of bone pit depth from one of two experiments. Each point represents

an individual bone pit. All data was collected by a blinded observer. P value generated
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by unpaired Student's t test. (B) Quantification of the percentage of Atg7"*¥"**.LyzM-
Cre- and Atg7"*M°*LyzM-Cre+ osteoclasts with cathepsin K (Ctsk) or LAMP1 localized
in the actin ring. Each point represents the percentage of cells with localization from one
bone — a minimum of 10 cells analyzed per bone, with at least two bones analyzed per
genotype per experiment. All data was collected by a blinded observer. The largest p

value from any of the two experiments is shown, generated by unpaired Student's t test.
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Figure 4-10. Expression of ATG5"", but not ATG5""*®, rescues LC3

conjugation in Atg5""°*.|_yzM-Cre+ osteoclasts

Immunoblot analysis of Atg5""**LyzM-Cre- and Atg5"/"*.LyzM-Cre+ osteoclasts

WT
5 or

transduced with control retrovirus or retroviruses expressing mCherry-Atg
mCherry-ATG5K"*™ fusion proteins. Lysates were probed for ATGS, LC3, and B-actin.

Asterisks (*) indicate unpredicted bands that we hypothesize are degradation products of

the fusion protein. One of three experiments shown.
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Figure 4-11. Expression of ATG5"", but not ATG5""*°R, rescues bone

pit depth and cathepsin K localization in Atg5""*.LyzM-Cre+

osteoclasts
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(A) Atg5"M%*_ 1 yzM-Cre- and Atg5"*"**.LyzM-Cre+ osteoclasts were transduced with
control retroviruses or retroviruses expressing mCherry-ATG5"" or mCherry-
ATG5*P™ " Pooled analysis of the mean bone pit depths from 2-3 independent, blindly
read experiments. Data normalized as described in Figure 4-5. P values calculated by
paired Student's t test. (B) Quantification of cathepsin K localization in actin rings in
transduced Atg5 ™" LyzM-Cre- and Atg5""™.LyzM-Cre+ osteoclasts. Average
localization from 2-3 independent experiments was pooled. All data was collected by a

blinded observer. P values generated by unpaired Student's t test.

137



+ | = | control retrovirus

mStrawberry-ATG4BC74A
mStrawberry retrovirus
ATG4BC74A .
native ATG4B
B-actin

Figure 4-12. mStrawberry-ATG4B“"** is expressed in wild-type

osteoclasts after retroviral transduction

Immunoblot analysis of lysates from wild-type osteoclasts transduced with mStawberry-
ATG4B“"**-expressing or control retrovirus, probed with antibodies against ATG4B and
B-actin. The asterisk (*) indicates an unpredicted band that we hypothesize is a
degradation product of the fusion protein. One representative blot of three independent

experiments shown.
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Figure 4-13. Transduction of wild-type osteoclasts with retrovirus

T4A
BC

expressing mStrawberry-ATG4 causes a reduction in bone pit

depth and cathepsin K localization
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(A) Wild-type osteoclasts were transduced with control retrovirus or retrovirus

expressing mStrawberry-ATG4B“"#4

. Pooled analysis of the mean bone pit depths from
3 independent, blindly read experiments. Data normalized as described above in Figure
4-5. P values generated by paired Student's t test. (B) Quantification of the percentage of
mStraWberry-ATG4BC74A or control transduced osteoclasts with cathepsin K (Ctsk)
localized in the actin ring. Each point represents the percentage of cells with localization
from one bone — a minimum of 10 cells analyzed per bone, with at least three bones
analyzed per genotype per experiment. All data was collected by a blinded observer.

The largest p value from any of the three experiments is shown, generated by unpaired

Student's t test.
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Figure 4-14. Expression of mStrawberry-ATG4B“"** in GFP-LC3

osteoclasts decreases GFP-LC3 localization in the actin ring

Quantification of the percentage of mStrawberry-ATG4B“™** or control transduced
osteoclasts with GFP-LC3 localized in the actin ring. Each point represents the
percentage of cells with localization from one bone — a minimum of 10 cells analyzed per
bone, with at least three bones analyzed per genotype per experiment. All data was
collected by a blinded observer. The largest p value from either experiment is shown,

generated by unpaired Student's t test.
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Figure 4-15.  Atg5"™"™.LyzM-Cre+ mice are protected from

ovariectomy-induced bone loss

(A) Trabecular bone volume over total volume of the marrow space (BV/TV) of 8-week
old female Atg5"™"*.LyzM-Cre- and Atg5"*"**.LyzM-Cre+ mice, as measured by
microcomputed tomography. Pooled data from 3 independent experiments, n = 12 mice

per genotype. P value generated by unpaired Student's t test. (B) Quantification of
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ovariectomy-induced bone loss. BV/TV was measured at day 0, mice were
ovariectomized or sham operated on day 1, and BV/TV was reanalyzed at day 29. The
average bone loss in sham-operated Atg5"*"™.LyzM-Cre- control animals was
subtracted from all measurements. Pooled data from 2 (sham) or 3 (ovariectomy)
independent experiments, n = 4-5 mice for the sham treatment and 7-8 mice for the

ovariectomy treatment groups.
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ACTIVE
OSTEOCLAST

(1) LC3 conjugation
system: ATG5-
ATG12, ATG7,
ATG4B

BONE PIT

BONE

Figure 4-16. Working hypothesis for the role of LC3 and the LC3

conjugation pathway in osteoclast function

We propose the following model to explain the function of the LC3 conjugation pathway
in osteoclast secretion. (1) We speculate that the LC3 conjugation cascade (see Fig. 1-1),
employing ATG7, the ATG5-ATG12 conjugate, and ATG4B, is involved in localization
of LC3 to the ruffled border, suggesting that LC3 is directly conjugated to the ruffled
border (2). We did not observe colocalization of LC3 and cathepsin K puncta in the cell
periphery, arguing that LC3 is not conjugated to the membranes of secretory lysosomes.
At the ruffled border, LC3 may function either to promote (green arrows) trafficking of
cathepsin K-containing, LAMP1 positive vesicles to the ruffled border (3) or the fusion
of these vesicles with the plasma membrane (4). Key: cathepsin K (Ctsk) — blue; LAMP1

—red; conjugated LC3 — green box with green line; bone — orange box
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Materials and Methods

Mice The generation of Atg5"/"™ Atg7"®/M%x  Atg51M1* [ yzM-Cre+, and GFP-LC3

mice has been previously reported'*"'®1. To generate Atg7"™"™*_LyzM-Cre+ mice, we
bred mice Atg7"™"* mice to mice expressing the Cre recombinase from the Lysozyme M
locus (strain #004781, Jackson Laboratory, Bar Harbor, ME). Atg5"M* Atg7fiovfiox
Atg5""* yzM-Cre+ mice were genotyped as described®®. GFP-LC3 mice were
genotyped with primers GFP-1: 5-TCCTGCTGGAGTTCGTGACCG-3" and LC3: 5'-
TTGCGAATTCTCAGCCGTCTTCA

TCTCTCTCGC-3' using PCR [94°C(4 min); 35 cycles of 94°C (30 sec), 57°C (30 sec),
72°C (1 min); 72°C (5 min)]. Mice were maintained at Washington University School

of Medicine in accordance with institutional policies for animal care and usage.

Cell culture Osteoclasts were grown in alphal0 media, containing alpha-MEM

(Sigma Aldrich, St. Louis, MO), 10% fetal calf serum (Hyclone, Waltham, MA),
100U/mL penicillin and 100ug/mL streptomycin. Plat-E retrovirus packaging cells were
purchased from Cell Biolabs, Inc. (San Diego, CA) and maintained in DMEM media
(Cellgro, Manassas, VA) containing 10% fetal calf serum (Hyclone, Waltham, MA), and
2mM L-glutamine (Gibco, Carlsbad, CA). Osteoclasts were differentiated from bone
marrow as described, with minor modifications*. Briefly, bone marrow was extracted

from mice and cultured in the presence of 10% CMG 14-12 supernatant™, an M-CSF-
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containing cell supernatant, on day -4. After 4 days (day 0), cells were lifted and replated
on plastic or bovine bone fragments in alphalO media supplemented with 2% CMG and
100ng/mL recombinant RANKL. Bone grown cells were fixed in 4% paraformaldehyde
6 or 7 days after plating for immunofluorescence and bone pit measurements. Plastic-
grown cells were fixed on days 3, 4, and 5 in 4% paraformaldehyde/PBS for
osteoclastogenesis or lysed on various days for immunoblot analysis. TRAP staining on
fixed cells was performed using a commercially available kit according to the

manufacturer's instructions (Sigma, St. Louis, MO).

Retroviral DNA constructs mCherry-ATG5™" and mCherry-ATG5*"*®® were

generated in the laboratory of Dr. A. B. Gustafsson™. mStrawberry-ATG4B"** was
kindly provided by Dr. T. Yoshimori’’. The eGFP construct was purchased from
Clontech (Mountain View, CA). All constructs were cloned into the pMXs-IRES-Puro
retroviral vector (Cell Biolabs, Inc., San Diego, CA). eGFP-IRES-Puro retrovirus and

vector only retrovirus were used as controls.

Retroviral transduction Retroviral transduction of bone marrow macrophages was

done as previously described, with slight modifications*. Briefly, 8ug of retroviral DNA
was transfected into Plat-E cells using the Fugene HD transfection reagent (Roche, Basel,

Switzerland) the same day as bone marrow isolation. Plat-E media was replaced 24
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hours later and virus harvested 48 and 72 hours after for transduction of plated bone
marrow cells. To transduce the bone marrow cells, culture media was replaced at 48 and
72 hours with alphalO containing 25% Plat-E viral media, 10% CMG 14-12 supernatant,
and 4ug/mL polybrene. At 96 hours the transduction media was replaced with alphalO
with 10% CMG 14-12 supernatant and 2ug/mL puromycin. Cells were allowed to grow
for 3 days before being harvested and plated to form osteoclasts. Control, untransduced

cells were killed by the puromycin.

Immunofluorescence Osteoclasts grown on bone fragments were fixed in 4%

paraformaldehyde for 10 minutes and washed in 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 goat serum, and 10% normal rabbit serum. The following
antibodies and detection reagents were used: anti-cathepsin K (Millipore, Billerica, MA)
(1:500 dilution), mouse IgG1 isotype control (Southern Biotech, Birmingham, AL), anti-
GFP conjugated to Alexa 488 (Molecular Probes, Carlsbad, CA), polyclonal rabbit
antibody conjugated to Alexa 488 isotype control (anti-fluorescein, Molecular Probes,
Carlsbad, CA), anti-CD107a (eBioscience, San Diego, CA), rat anti-mouse IgG2a
isotype control (anti-mouse CD8a, BD Biosciences, San Jose, CA), phalloidin-Alexa 555
and phalloidin-Alexa 488 (Molecular Probes, Carlsbad, CA), goat anti-rat-Alexa 488
(Molecular Probes, Carlsbad, CA), goat anti-mouse Cy5 (Jackson Immunoresearch, West

Grove, PA), and donkey anti-mouse-Alexa 555 (Jackson Immunoresearch, West Grove,
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PA). All antibodies 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 BXS51 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 LAMPI,
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

and GFP-LC3 localization. All data was collected by a blinded observer.

Bone pit depth measurements Osteoclast-generated bone pits were stained by

removing the cells from bone fragments 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.
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Nuclei and actin ring measurements Osteoclasts were grown on bone for 6 days

and 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. Actin rings were quantified in any cell with at least three

nuclei. Nuclei per cell were quantified counting any cell with at least three nuclei.

Immunoblots Cells were lysed in RIPA buffer + protease inhibitors for 10 minutes on

ice, the lysates were clarified, 5x Laemmli sample buffer added, and the samples boiled.
Immunoblotting was performed using antibodies against ATGS5 (Nanotools, Teningen
Germany) (1:200 dilution), LC3 (Cosmo Bio Co, LTD, Tokyo, Japan) (1:500 dilution),
ATG7 (Sigma-Aldrich, St. Louis MO) (1:2,000 dilution), B-actin (Sigma-Aldrich, St.
Louis MO) (1:40,000 dilution), p62 (Progen Biotechnik, Heidelberg, Germany) (1:1,000
dilution), ATG4B (MBL, Woburn, MA) (1:1,000 dilution), c-Src (monoclonal antibody
directed against c-Src was a gift from A. Shaw) (final concentration: 2ug/mL), and

cathepsin K (Millipore, Billerica, MA) (1:500 dilution).

Microcomputed tomography and ovariectomy Trabecular volume in the distal

femoral metaphysis (right leg) was measured using in vivo microcomputed tomography
(vivaCT 40, Scanco Medical, Briittisellen, Switzerland) while the mice were anesthetized

with isofluorane. A threshold linear attenuation coefficient of 1.2 cm ! was used to
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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 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.

Statistics All data was analyzed with Prism software (Graphpad, San Diego, CA),

using two-tailed unpaired or paired Student’s t tests, as indicated. Error bars represent

standard error of the mean (SEM).
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CHAPTER 5

Conclusions and Future Directions
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Summary of Results

The canonical functions of autophagy are to degrade unwanted cytoplasmic
constituents and provide recycled material back to the cell. As groups have identified
and studied the molecular mechanisms of autophagy in a variety of model organisms and
cell types, it has become clear that autophagy and autophagy genes have a plethora of
additional functions. The goal of this thesis is to better understand the functions of
autophagy genes in primary mammalian cells with important physiologic functions. We
chose to study B cells, T cells, and osteoclasts because much is known about the

development, homeostasis, and functions of these cell types.

Our studies in lymphocytes revealed a role for autophagy genes in cellular
development and homeostasis. B cells lacking Atg5 had an increase in cell death during
the late stages of development in the bone marrow and decreased numbers of B-1la B
cells. In contrast, T cells deficient in either Atg5 or Atg7 had a profound defect in
peripheral homeostasis, associated with an increase in markers of cell death and
decreased ability to proliferate. Transcriptional studies suggested abnormalities in
mitochondria, which we corroborated by demonstrating an increase in mitochondrial
mass. High mitochondrial mass correlated with the increased markers of cell death in

Atg5-deficient T cells.

In contrast to lymphocytes, Atg5-deficient osteoclasts did not have gross
abnormalities in cellular development. Instead, these cells had a reduction in their

capacity to degrade bone. Delivery of the lysosomal markers cathepsin K and LAMPL1 to
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the bone surface was impaired in the absence of Atg5, suggesting a role for Atg5 in cell
secretion. To further explore the mechanism behind this observation, we showed that
osteoclasts lacking Atg5 or Atg7 or overexpressing ATG5*® or ATG4B“"** all shared
the same phenotype. Together, this data identifies the biochemical pathway necessary for
LC3 conjugation as important for osteoclast secretion. Interestingly, LC3 is found at the
ruffled border in activated osteoclasts. This localization is inhibited by ATG4B"**

expression, suggesting a connection between LC3 localization and osteoclast function.

Conclusions and Future Directions: Lymphocytes

Cell type specificity

Our studies reveal that Atg5 has very dramatic cell-type specific functions. B and
T lymphocytes are closely-related lineages that differentiate from a common progenitor,
yet Atg5 is required for peripheral T cell, but not B-2 B cell, homeostasis. Also, T cells
accumulate mitochondria in the absence of Atg5, whereas peripheral B-2 B cells do not.
Even more striking is the discrepancy within B cells — B-1la B cell numbers are
dramatically reduced in Atg5"*/"°*.CD19-Cre+ mice, but B-1b and B-2 B cells are not.
These results demonstrate that one must be cautious when taking lessons learned about
the function of autophagy genes in one biological system or cell type and trying to apply
them to another, and support our bias that it is necessary to study the function of

autophagy genes in primary cells with physiologically important roles.
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Autophagy in lymphocyte survival and death

There are many reports in the literature that autophagy can accelerate or induce
cell death in different cell types***. Even within the T cell literature, autophagy is
suggested to be an important death pathway after nutrient withdrawal, exposure to HIV,

5678 | contrast to these results, we observed

or in a variety of genetic deletion models
either no effect or an increase in cell death when we deleted autophagy genes in primary
T cells. If autophagy were a physiologically important cell death pathway in
lymphocytes, one would have predicted an accumulation of B and T cells, possibly
resulting in autoimmunity. We have followed both Atg5"™1™*.CD19-Cre+ and
Atg5"M%_| ck-Cre+ mice and their Cre- controls as they age and have not seen
abnormalities in long-term survival. We hypothesize that in physiologic circumstances
autophagy functions as a pro-survival mechanism in lymphocytes, and that this process is

only important for inducing cell death in conditions of genetic abnormalities or when

excessively induced.

One of the major questions raised by our studies in T lymphocytes is why the lack
of Atg5 or Atg7 resulted in decreased T cell survival. Both our work and the work of Pua
et al.' demonstrate that mitochondria are abnormal in the absence of essential autophagy
genes, suggesting that autophagy is important in T cells for degradation of excess or
damaged mitochondria. While it is known that damaged mitochondria can produce toxic
byproducts, such as reactive oxygen species, that can result in cell death, we were unable
to rescue T cell survival with pharmacologic inhibitors of reactive oxygen species (data

not shown). Until Atg5-deficient T cells can be rescued from cell death, the downstream
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cause of death from deletion of essential autophagy genes will be unknown. Given the
important role of Bcl-2 family members in T cell survival and the misregulation of these
proteins in Atg7-deficient T cells', one hypothesis is that disruption in the balance of pro-
and anti-apoptotic Bcl-2 family members contributes to T cell death in the absence of
autophagy genes. One could breed Atg5"*/"°*_ck-Cre mice to mice expressing Bcl-2 in
T cells® to determine if overexpression of this anti-apoptotic molecule protects Atg5-
deficient T cells from death and restores peripheral T cell numbers. Rescue of Atg5-
deficient T cell death by Bcl-2 overexpression would suggest that the T cells are dying in
a Bax/Bad-dependent fashion, prompting further studies of the regulation of these family

members in Atg5-deficient T cells.

B cell secretion

Given the role of autophagy genes in osteoclast secretion, it would be interesting
to determine if B lymphocytes lacking Atg5 are able to secrete antibody. Atg5"/"o
CD19-Cre mice provide a good model system in which to study B cell antibody
production, both in vivo and in vitro. Antibody titers in serum from naive Atg5"®/1ox.
CD19-Cre+ mice should be measured to determine if Atg5 is important for the
homeostasis of antibody levels. Given that antibody levels are tightly regulated,”® a
deficiency in B cell secretion may not be observable until the mice are challenged to

produce an antibody response. Injection of mice with standard, well-characterized

antigens that elicit robust immunoglobulin production (i.e. TNP-KLH) would allow
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measurement of specific antibody responses. Also, B cell antibody production can be
measured in vitro by stimulating cells with LPS and measuring total IgM levels in the
supernatant. Given that our anti-phosphocholine titer experiments in these mice suggest
that Atg5-deficient B cells are able to secrete antibody, we hypothesize that antibody
secretion will be unaffected in Atg5"*"*.CD19-Cre+ B cells. It is likely that autophagy
genes are not involved in secretion in every cell type, as mice lacking Atg5 or Atg7 in
neurons are able to survive for weeks, proving that neuronal secretion is not dramatically

inhibited!**?,

Conclusions and Future Directions: Osteoclasts

The function of autophagy genes in cell secretion is an area of active interest in
our lab, given the importance of these genes in Paneth cell secretion and the work
described in Chapter 4 in osteoclasts. Osteoclasts provide a manipulable in vitro system
for pursuing mechanistic questions. Using this system we have identified that the LC3
conjugation pathway is important for osteoclast secretion, and our data suggest that LC3
localization to the ruffled border may be involved. Based on this data we have developed

a working model summarized in Figure 4-16.

Exploring the role of LC3 in osteoclasts

To test our working model, one must first confirm that LC3 localization to the

ruffled border requires LC3 conjugation. Second, identification of the membrane(s) onto
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which LC3 is conjugated would guide our hypotheses about the function of LC3. Finally,
direct assessment of LC3 function would be important to determine the mechanism of its
action at the ruffled border. Each of these three lines of inquiry is discussed in more

detail below.

The first hypothesis predicted from our model is that LC3 conjugation is required
for localization of GFP-LC3 to the ruffled border. Our studies with the ATG4B®™*A
mutant suggest this conclusion, but given that this mutant binds to and sequesters LC3",
it is possible that the inhibition in GFP-LC3 localization is simply due to sequestering of
LC3 in the cytoplasm. To test if conjugation is required for localization, one could
transduce GFP-LC3 into cells lacking ATG5. We predict that GFP-LC3 will localize to
the ruffled border in Atg5"/".yzM-Cre- but not Atg5"/"™.|yzM-Cre+ osteoclasts,
indicating that Atg5 is required for LC3 localization. This hypothesis could be further
assessed by transducing control osteoclasts with a mutant of LC3 that cannot be

conjugated to phosphatidylethanolamine (LC3%2%4)1

. If our hypothesis is correct, then
GFP-LC3™T, but not GFP-LC3%%* will localize to the ruffled border. If LC3
conjugation is not required for localization, then one would study the functions of the
LC3 conjugation pathway outside of the context of LC3. For example, this pathway is
required for conjugation of additional mammalian ATG8 homologues, including

GABARAP, GATE16, and ATG8L™®" that may be responsible for the observed

osteoclast phenotype.
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If LC3 conjugation is required for its localization, it will be important to know
what structure(s) LC3 is conjugated to within the actin ring. Immunoelectron microscopy
of active GFP-LC3 osteoclasts on bone should allow us to determine if the LC3 is located
on the plasma membrane or on vesicles or autophagosomes near the ruffled border.
Electron microscopy would also be useful to determine if there are any double-membrane
bound vesicles in the vicinity of the ruffled border in control cells which might suggest a

role for autophagosomes in cell secretion.

Finally, the function of LC3 in mediating directional secretion needs to be
determined. As a first step towards addressing this question, it would be useful to
understand the kinetics of LC3 localization using live cell imaging of osteoclasts on bone
substrate'®.  Luckily, live imaging of both the dynamics of actin ring formation in
osteoclasts and GFP-LC3 localization in macrophages has already been reported,*
suggesting that it might be possible to visualize both of these processes in live

osteoclasts. Trafficking of lysosomes can also be visualized in live cells®.

Kinetic analysis experiments might explain two puzzling observations from our
studies: first, why we observe GFP-LC3 localization in only 25% of osteoclasts, despite
localization of cathepsin K in 50% of osteoclasts; second, why nearly 100% of cells with
localization of GFP-LC3 in the actin ring also had localization of cathepsin K in the actin
ring. Three non-mutually exclusive hypotheses may explain these results. First, LC3
localization may function to enhance secretion (through some of potential mechanisms

discussed below), but may not required for initial secretion. Visualizing the kinetics of

162



lysosome and GFP-LC3 trafficking to the actin ring could address this hypothesis.
Second, targeting of LC3 to the ruffled border may be a transient signal that rapidly
initiates secretion. Kinetic studies would also address this hypothesis. Third, cathepsin
K and LAMP1 may be targeted to the ruffled border via two distinct secretory pathways
(i.e. secretory lysosomes and directly from the Golgi apparatus, see Chapter 1), only one
of which requires the LC3 conjugation machinery. To study this hypothesis, one would
need to do a detailed analysis of cathepsin K secretion in osteoclasts. Luckily, such an
analysis is currently underway in the laboratory of one of our collaborators, Dr. Judith
Klumperman. Understanding which, if any, of these hypotheses is correct may also
explain why Atg5- and Atg7-deficient osteoclasts still are able to form shallow bone pits

and localize cathepsin K in a fraction of cells.

LC3 is a multifunctional protein that could mediate directional secretion in
osteoclasts through several potential mechanisms. First, LC3 interacts with many

different proteins in the cell**?*#*%

including p62, an important molecule in osteoclast
biology. Second, LC3 promotes the tethering and hemifusion of membranes®,
suggesting it may be part of the machinery necessary for vesicle fusion with the plasma
membrane at the ruffled border. Third, LC3 binds to microtubules®, suggesting that it
might be important for vesicle trafficking on the cytoskeleton. As we do not observe
colocalization of GFP-LC3 and cathepsin K puncta in the cell periphery in osteoclasts,

we do not believe that LC3 is localized to secretory lysosomes in osteoclasts and will not

discuss this hypothesis further.
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P62 is an attractive target for study because mutations in p62 have been
associated with Paget's disease of bone (PDB), a human disease characterized by focal
areas of bone degradation and hyperactive osteoclasts (reviewed in ?'). Understanding
the role of p62 in PDB has been very complicated because of the multiple roles of this
scaffolding protein, including interacting with many signaling molecules necessary for
osteoclast formation®. There is little known about the functions of p62 in osteoclasts
outside of these osteoclastogenic signaling pathways. LC3 targeted to the ruffled border
may function by binding p62, localizing this important scaffold molecule to the
resorptive microenvironment. As a first step to understand if LC3 binding to p62 is
potentially important for the function of LC3 at the ruffled border, one could determine if
p62 localizes within the actin ring and colocalizes with LC3. It would also be useful to
determine if the interaction of these proteins is important by studying mutants of p62 that
abolish LC3 binding®®%. Transducing these mutants into p62” macrophages before
inducing osteoclastogenesis may rescue the defect in osteoclast formation in these cells?®

and allow analysis of the function of the p62-LC3 interaction in osteoclasts.

LC3 is also involved in membrane tethering and hemifusion, an important
function for autophagosome formation?. The fusion machinery required for secretion of
vesicles at the ruffled border in osteoclasts is unknown. The ability of LC3 to facilitate
membrane tethering and fusion may be important at the ruffled border for either bringing
the vesicular membrane in proximity with the plasma membrane or for directly fusing
these two membranes to allow release of vesicular contents. To test this hypothesis, one

could generate mutants of LC3 that cannot participate in membrane fusion. These
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mutants have already been generated and characterized in ATGS, the yeast homologue of

LC3%. Overexpression of these mutants in osteoclasts may inhibit secretion.

Differentiating the functions of autophagy from the functions of
autophagy genes

As discussed briefly throughout this thesis, one of the major challenges that the
field of autophagy is now facing is to understand the difference between the functions of
autophagy genes and the autophagy pathway. The gold standard for defining that a
phenotype is dependent on autophagy requires demonstration that the mechanism
involves a function of autophagosomes, such as degradation of long-lived proteins or
organelles. Alternatively, inhibiting the autophagy pathway at multiple points, from
induction to autophagosome-lysosome fusion, and demonstrating that each has the same
phenotype is highly suggestive that autophagosome formation is involved.
Unfortunately, even processes that require proteins from multiple steps in autophagosome
formation may not involve classical autophagy. For example, both Beclin-1 and LC3
localize to single-membrane bound phagosomes before phagosome-lysosome fusion™,
suggesting co-opting of the autophagy machinery from the class 11l PI3K to LC3

conjugation for phagosome maturation.

Our studies in osteoclasts have identified that the LC3 conjugation pathway is
important for secretion, but we do not know if this pathway is working in the context of
autophagosome formation or in an alternative role. To address this question, one could

knock down or knock out proteins in the autophagy pathway outside of the LC3

165



conjugation pathway and determine if osteoclast secretion is inhibited. Since many of the
upstream signaling molecules have separate functions in vesicular trafficking®*!
(reviewed in *), targets for knockdown must be carefully selected. mMATGY is a
homologue of the yeast protein ATG9 that is hypothesized to transport membrane to the
forming autophagosome (reviewed in **). ATG14L is a binding partner in the Vps34-

beclin complex necessary for autophagosome induction®*>".

Knocking down these
proteins in mammalian cells inhibits autophagosome formation®**°=! but is not known to
affect vesicular trafficking. If knocking down expression of these proteins does not affect
osteoclast secretion but still inhibits autophagosome formation in osteoclasts, this would
demonstrate that autophagosomes are not required for osteoclast secretion. ATG14L, and

343031 1f these knockdowns do

possibly mATG9, is important for LC3 conjugation
inhibit osteoclast secretion but also inhibit LC3 conjugation, it does not prove that
autophagosomes are required for secretion. The best approach is to inhibit multiple
proteins both upstream and downstream of LC3 conjugation and demonstrate that they all
result in defects in osteoclast secretion. This result would be highly suggestive that
formation of autophagosomes is important for osteoclast secretion. The alternative
hypothesis is that the biochemical pathway required for autophagy has an entirely
separate and currently undefined function in secretion. Immunoelectron microscopy

studies to localize LC3 and electron microscopy to visualize double-membrane bound

vesicles in osteoclasts would help distinguish between these two hypotheses.
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Autophagy genes in cell secretion

Cell secretion in osteoclasts is not well understood, but a number of lines of
evidence suggest that the vesicles involved in secretion are secretory lysosomes (see
Chapter 1). It is interesting to note that of the three cell types in which autophagy genes
have been shown to be important for secretion — Paneth cells, melanocytes, and now
osteoclasts — both melanocytes and osteoclasts utilize secretory lysosomes (reviewed in
%), This suggests that there may be a common mechanism employing autophagy
machinery for the secretion of lysosomes. Also, this may explain why some cells require
autophagy genes for secretion, whereas other cells do not. It would be interesting to

determine if the role of autophagy genes in cell secretion is specific for secretory

lysosomes, and if this role is applicable across multiple cell types.

Related to the hypothesis that there may be a common mechanism for the
secretion of lysosomes that involves the autophagy machinery, a small GTPase, Rab7, is

362037 and osteoclast

known to be important both for autophagosome fusion to lysosomes
localization of vacuolar H+ ATPase to the actin ring®. These results suggest that
molecular machinery may be shared between autophagosome maturation and vesicular
secretion in osteoclasts. This may be due to a role for autophagosomes in secretion or a
function of the LC3 conjugation pathway in recruiting shared mechanisms. It would be
interesting to determine if additional molecules involved in autophagosome maturation,

such as the vesicular snare VAMP7°, are also involved in vesicular secretion in

osteoclasts and other cell types with secretory lysosomes.
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In conclusion, we have shown that autophagy genes have important functions in
survival, development, mitochondrial maintenance, and secretion in primary mammalian
cells. We have also demonstrated that these functions are highly cell-type specific.
Together, these results suggest that autophagy or autophagy genes have been co-opted for

multiple functions during evolution.
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