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Mutations of the Plekhm1 gene in humans and rats cause osteopetrosis, an inherited bone disease
characterized by diminished bone resorption by osteoclasts. PLEKHM1 binds to RAB7 and is
critical for lysosome trafficking. However, the molecular mechanisms by which PLEKHM1 regulates
lysosomal pathways remain unknown. Here, we generated germline and conditional Plekhm1-
deficient mice. These mice displayed no overt abnormalities in major organs, except for an increase
in trabecular bone mass. Furthermore, loss of PLEKHM1 abrogated the peripheral distribution of
lysosomes and bone resorption in osteoclasts. Mechanistically, we indicated that DEF8 interacts
with PLEKHM1 and promotes its binding to RAB7, whereas the binding of FAM38A and NDEL1 with
PLEKHM1 connects lysosomes to microtubules. Importantly, suppression of these proteins results
in lysosome positioning and bone resorption defects similar to those of Plekhm1-null osteoclasts.
Thus, PLHKEM?1, DEF8, FAM98A, and NDEL1 constitute a molecular complex that regulates
lysosome positioning and secretion through RAB7.

Introduction

Osteoclasts are multinucleated cells that are capable of resorbing calcified cartilage and bone matrix during
skeletal development, homeostasis, and repair (1). Increased osteoclast number or activity leads to bone loss
in metabolic bone diseases, such as postmenopausal osteoporosis (2). Conversely, defects in osteoclast dif-
ferentiation or function cause accumulation of structurally disorganized bone in osteopetrosis, an inherited
marble bone disease (3). Osteoclasts dissolve the bone mineral and digest organic bone matrix by secreting
hydrochloric acid and hydrolases through the ruffled border, a highly convoluted plasma membrane structure
circumscribed by the sealing zone (4). Genetic and cell biology studies in humans and rodents with osteop-
etrosis have uncovered key components of the osteoclast acid-secreting machinery, including the a3 subunit
of vacuolar proton pumps, the CLC-7 chloride channel, and osteopetrosis-associated transmembrane protein
1 (OSTM1), a B subunit of CLC-7 (3). Notably, these proteins are enriched in the lysosomal membrane, and
they translocate to the ruffled border in active osteoclasts (5, 6). Cathepsin K (CTSK), the major lysosomal
acidic hydrolase in osteoclasts, is also secreted into the resorption lacuna beneath the ruffled border (7). These
findings indicate that lysosome secretion is a major pathway of osteoclast bone resorption (8).

Lysosomes are membrane-bound organelles with versatile functions in cellular clearance, nutri-
tion-sensing/mTOR pathway, and lipid and energy metabolism (9). Traditionally, lysosomes are con-
sidered as intracellular degradative compartments and the endpoint of endocytic and autophagic path-
ways (10). It has become increasingly evident that both conventional lysosomes and various specialized
lysosome-related organelles or secretory lysosomes can undergo regulated exocytosis upon stimulation
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Figure 1. Generation and characterization of Plekhm1 germline and conditional deletion mice. (A) Strategy to generate a Plekhm1-flox allele. (B) Breeding
strategy to generate Plekhm1 wild-type, germline deletion (KO), control (con), and conditional deletion (cKO) mice using Plekhm1-floxed mice and respec-
tive Cre-expressing mice. Hprt, hypoxanthine guanine phosphoribosyl transferase; Ctsk, cathepsin K. (C) Quantitative real-time PCR of exon 3 of murine
Plekhm1 genomic DNA, normalized to the transferrin receptor 1locus, using genomic DNA isolated from the indicated soft tissues and tibia (mean + SD,

n =3). **P < 0.01versus wild type by Student’s t test. (D) H&E staining of paraffin-embedded tissue sections of wild-type and Plekhm1 germline deletion
mice. Representative images of each tissue from 3 different mice/genotype are shown. Original magnification: x100. (E and F) Scatter dot plot presenta-
tions of body weight of 2-month-old male (WT, n = 17, KO, n = 17; con, n = 15; cKO, n = 12) and female mice (WT, n = 11; KO, n = 15; con, n = 14; cKO, n = 14).
The mean and SD of each group are overlaid onto each column of dots.

in a number of cell types, especially melanocytes, and cells of hematopoietic origin (11, 12). Lyso-
some secretion plays an essential role in cellular entry of bacteria and parasites, immune responses,
pigmentation, membrane repair, and platelet aggregation. Cellular and molecular studies of Griscelli’s
syndrome and its corresponding murine models, Ashen, Dilute, and Leaden mice, have uncovered the key
molecular machinery of lysosome secretion (13—15). The small GTPase RAB27 plays a central role, but
the precise components of the secretory apparatus vary in a cell type—specific manner. For instance, a
RAB27/melanophilin/myosin Va complex is indispensable for melanosome transportation and release
in melanocytes (16, 17). RAB27/MUNCI13-4, on the other hand, is essential for lysosome secretion in
cytotoxic T cells, mast cells, and platelets (18).

Osteoclasts, like most hematopoietic cells, contain secretory lysosomes (19). However, mechanisms
underlying lysosome secretion in osteoclasts seem to be unique. A recent study on osteoclasts derived from
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Figure 2, Plekhm1 germline and conditional deletion male mice have increased trabecular bone mass at 2- and 5-month-old of age. (A and C) p-CT
images and analyses of the trabecular bone compartment of the distal femurs of 2-month-old male wild-type and germline deletion (KO) mice (n = 17).

(B and D) p-CT images and analyses of the trabecular bone compartment of the distal femurs of 2-month-old male control (con) and Plekhm1 conditional
deletion (cKO) mice (con, n = 15; cKO, n = 12). (E and F) u-CT analyses of the trabecular bone compartment of the distal femurs of 5-month-old male mice
(WT, n=11; KO, n =10; con, n = 10; cKO, n = 11). BV/TV, percentage of trabecular bone volume to tissue volume; Tb. N, trabecular number; Tb. Th, trabecular
thickness; Tb.Sp, trabecular separation. Data in C-F are presented as scatter dot plots. The mean and SD of each group are overlaid to each column of
dots. **P < 0.01versus WT or con by Student’s t test.

Ashen mice demonstrates that RAB27A does not directly regulate lysosome secretion during bone resorp-
tion (20). Moreover, Chocolate mice harboring a spontaneous mutation in RAB38, which is essential for the
biogenesis of lysosome-related organelles, have normal osteoclast differentiation and function (21). RAB7,
a protein specifically associated with late endosomes/lysosomes and phagosomes, is localized at the ruf-
fled border of osteoclasts (22). Downregulation of RAB7 expression in osteoclasts impairs ruffled border
formation and bone resorption (23). These lines of evidence suggest that lysosome secretion in osteoclasts
is regulated by RAB7.

Mutations in the Plekhml gene cause osteopetrosis in humans and incisors absent rats (24). Plekhml-
deficient human and rat osteoclasts exhibit diminished bone resorption and an intrinsic defect in ruffled
border formation associated with the accumulation of intracellular lysosomes, suggesting that PLEKHM1
is a critical regulator of intracellular lysosomal trafficking and secretion in osteoclasts (24, 25). However,
the molecular mechanisms and the step(s) at which PLEKHM1 acts on lysosome secretion in osteoclasts
remain unclear. To elucidate the mechanisms by which PLEKHMI1 regulates lysosomal secretion, we
generated mouse strains with germline and conditional deletion of Plekhml using LoxP-Cre technology.
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Figure 3. Plekhm1 deficiency does not change osteoclast number in vivo but results in decreased bone formation in a non-cell-autonomous
manner. (A and B) Histomorphometry analyses of osteoclast and osteoblast parameters of the femurs of 2-month-old male wild-type, germline
knockout (KO), control (con), and conditional knockout (cKO) mice. N.OC, number of osteoclasts; OC.Pm, osteoclast perimeter; N.OB, number of
osteoblasts; OB.Pm, osteoblast perimeter; MAR, bone mineral apposition rate; BFR, bone formation rate. The data are presented as scatter dot
plots (WT, n = 13; KO, n = 12-13; con, n = 15; cKO, n = 12). The mean and SD of each group are overlaid onto each column of dots. **P < 0.01 versus
WT or con by Student’s t test. (C and F) Alkaline phosphatase staining of 14-day cultures of osteoblasts. (D and G) Alizarin red staining of bone
nodules of 21-day cultures of osteoblasts. Images are representatives of 3 wells/genotype from 3 independent experiments. Original magnifica-
tion, x1. (E and H) gPCR detection of Runx2 and osteocalcin (Ocn) mRNA expression during osteoblast differentiation (n = 3). (C-E) Osteoblasts
from calvarias in a 6-well plate. (F-H) Osteoblasts from bone marrow stromal cells in a 12-well plate.

‘We provide herein evidence demonstrating that PLEKHM!1 is critical for bone homeostasis. Furthermore,
data from a series of cellular and molecular experiments have uncovered that PLEKHM1 is an essential
lysosomal adaptor protein regulating lysosome positioning by virtue of its interactions with differentially
expressed in FDCP myeloid progenitor cells 8 (DEF8), RAB7, FAM98A, and NDEL1. Nonetheless, the
physiological function of DEFS is unknown (26). It promotes PLEKHM1’s binding to RAB7 through its
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Figure 4. Loss of Plekhm1 attenuates bone resorption without affecting osteoclast differentiation. (A) Tartrate-resistant acid phosphatase (TRAP)
staining of wild-type and Plekhm17/- (KO) osteoclasts cultured on plastic dishes and bovine cortical bone slices. Representative images are from 6 sam-
ples/group/culture of 3 independent cultures from different mice. Scale bar: 200 pm. (B) Number of TRAP* osteoclasts with more than 3 nuclei/well of a
48-well plate (n = 6). (C) Protein expression of osteoclast markers, cathepsin K (CTSK) and nuclear factor of activated T cells, cytoplasmic 1 (NFATc1), as
detected by Western blotting during osteoclast differentiation. Actin served as a loading control. m, bone marrow monocytes; pOC, preosteoclasts; OC,
mature osteoclasts. The experiment was repeated 3 times. (B) mRNA expression of osteoclast marker genes, Acp5 (also known as TRAP), Ctsk, Nfactc1,
calcitonin receptor (CalcR), in mature osteoclasts, as measured by quantitative real-time PCR (n = 3). (E) Resorption pit staining of WT and KO osteoclasts
cultured on bone slices. White arrows point out the tiny pits dug by KO osteoclasts. Each image is a representative of 6 bone slices/group/culture of at
least 3 independent cultures from different mice. Scale bar: 40 um. (F) The amount of medium CTx-I, collagen fragments released by osteoclasts during
bone resorption, was measured by ELISA (n = 5). **P < 0.01versus WT by Student t test. Data in B, D, and F are presented as scatter dot plots. The mean
and SD of each group are overlaid onto each column of dots.

insight.jci.org

Rubicon homology (RH) domain (27), FAM98A contains a tubulin-binding calponin homology domain
(28), and NDEL1 regulates the activity of microtubule-based motor complexes, cytoplasmic dynein, and
kinesins (29, 30). These findings elucidate a molecular complex linking lysosomes to microtubules for lyso-
some transportation/secretion and bone resorption in osteoclasts.

Results

PLEKHMI is indispensable for skeletal homeostasis. To elucidate the mechanisms by which PLEKHMI1 regulates
lysosomal pathways, we generated Plekhmi-floxed mice harboring a conditional allele, in which exon 3 of
murine Plekhml gene was flanked by 2 1oxP sites using homologous recombination (Figure 1A). The germline
and conditional deletions of Plekhm1 in a C57BL/6 mouse background were generated by crossing Plekhm1-
floxed mice with hypoxanthine guanine phosphoribosyl transferase—Cre (Hprt-Cre) and Ctsk-Cre mice, respec-
tively (Figure 1B) (31, 32). Hprt-Cre eliminated Plekhm1 genomic DNA globally (Figure 1C). Ctsk-Cre markedly
deleted PlekhmI in mature osteoclasts, as reported previously (32), but it was less efficient in deleting Plekhm1
from preosteoclasts and osteocytes and had no effect on Plekhm1 in soft tissues and cultured osteoblasts (Supple-
mental Figure 1; supplemental material available online with this article; doi:10.1172/jci.insight.86330DS1).
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Figure 5. PLEKHM1 regulates lysosome peripheral distribution and ruffled border formation in osteoclasts. (A) An illustration of the polarized structures
of an active osteoclast cultured on bone. The levels (upper level and bone surface level) of two representative sections of confocal microscopic images
shown in B and C are indicated. (B) Immunofluorescent staining of LAMP-2 and (C) immunofluorescent staining of cathepsin K (CTSK) in wild-type and
Plekhm1~- (KO) osteoclasts cultured on glass coverslips and bone slices. White arrows in top rows point out the distribution of LAMP-2-positive lyso-
somes and CTSK at the periphery of WT osteoclasts. White arrowheads in the bottom rows point out the localization of LAMP-2 at the ruffled border and
secretion of CTSK in the resorption lacuna inside actin rings of WT osteoclasts cultured on bone. Each image is a representative of 6 coverslips or bone
slices/group/culture from at least 3 independent cultures from different mice. Scale bar: 20 um. (D) Electron microscopic images of WT and KO osteoclasts
cultured on bone slices in vitro. Images are representatives of 6 osteoclasts/group. SZ, sealing zone; RB, ruffled border. Black arrows in bottom panel point
out enlarged vesicles accumulated in KO osteoclasts. Scale bar: 5 um.

A slight deletion of Plekhml by Ctsk-Cre in osteocyte-enriched tibia cortical bone, probably due to the expres-
sion of Ctsk in some osteocytes undergoing canaliculae remodeling (33), had no effects on cortical bone thick-
ness (Supplemental Table 2). Both strains of PlekhmI-deficient mice had tooth eruption, developed normally,
and were fertile. Histologic analysis of organs that are often affected by lysosomal storage diseases and autoph-
agy defects, such as brain, intestine, kidney, liver, muscle, and spleen, demonstrated normal tissue structures in
Plekhm I~ mice (Figure 1D). Loss of Plekhm1 had no effects on body weight (Figure 1, E and F).

Male and female PlekhmI-deficient mice at 2 months of age exhibited a greater than 60% increase in
trabecular bone mass in long bones and vertebrae. This increase was associated with greater trabecular
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Figure 6. Loss of Plekhm1 has no effects on TFEB expression, lysosome biogenesis, autophagic, and endocytic degradation pathways in mature osteo-
clasts. (A) gPCR detection of mRNA expression of Tfeb and its downstream target genes, Clcn7, Dpp7, Ostm1, and Tcirgl, during osteoclast differentiation
in wild-type and Plekhm1~- (KO) cultures (mean + SD, n = 3). m, bone marrow monocytes; pOC, preosteoclasts; OC, mature osteoclasts. (B) Western blot
detection of protein expression of TFEB during osteoclast differentiation in WT and KO cultures. The lysate of 293-T cells served as a positive control. Actin
served as a loading control. The data are representatives of 3 independent experiments. (C) Western blot detection of LAMP-2 expression during osteoclast
differentiation. Tubulin served as a loading control. The experiment was repeated 3 times. (D) Mature osteoclasts were either untreated (FBS) or underwent
serum and amino acid starvation in HBSS buffer for 2 hours. In another set of experiment, osteoclasts were treated with DMSO, 250 nm of mTOR inhibitor
Torin1, and 50 pM of lysosome inhibitor chloroquin (CQ) for 2 hours. The protein levels of phospho-mTOR, LC3-1, and LC3-1l were detected by Western blots.
The ratio of LC3-11/LC3-1 was measured by densitometry of Western blots using NIH Image] software. The experiment was repeated twice. (E and F) Recep-
tor degradation assays of c-Fms (E) and EGF receptor (EGF-R) (F) in osteoclasts stimulated with cytokines for the indicated times, as detected by Western
blotting and densitometry quantification using NIH Image] software. Actin served as loading controls. The experiments were repeated twice.

number and decreased trabecular separation, as measured by micro-CT (Figure 2, A-D; Supplemental
Figure 2, A-D; and Supplemental Table 1). Loss of PlekhmI had less effect on cortical bone (Supplemental
Table 2). Because the osteopetrotic phenotype in incisors absent rats diminishes as the rats age, we examined
the skeletal phenotype in 5-month-old PlekhmI-deficient mice. In contrast to incisors absent rats, increased
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bone mass persisted in the 5-month-old male and female PlekhmI germline and conditional deletion mice
(Figure 2, E and F, and Supplemental Figure 2, E and F).

We next performed histomorphometry analysis of femurs of 2-month-old male Plekhmi-deficient
mice and their respective controls. Similar to micro-CT data, we observed an increase in trabecular bone
mass in both strains of PlekhmI-deficient mice (Supplemental Table 3). Osteoclast number and surface
in Plekhmi-deficient mice were similar to those in control mice, suggesting osteoclast differentiation was
normal in Plekhm1~~ mice (Figure 3, A and B). Osteoblast number and surface were slightly decreased in
Plekhm 1~ mice. Consistent with these findings, the bone formation and mineral apposition rates were low
in Plekhmi-deficient mice (Figure 3, A and B). Osteoblast differentiation and bone matrix deposition in
vitro were normal, as demonstrated by alkaline phosphatase staining and alizarin red bone nodule staining
(Figure 3, C—G). The mRNA expression of osteoblast marker genes, Runx2 and osteocalcin, was indistin-
guishable between wild-type and Plekhmi-knockout osteoblast cultures (Figure 3, E and H). Therefore,
the decreased osteoblast number and bone formation rate in vivo were likely secondary to decreased cou-
pling of bone formation to bone resorption during bone remodeling, rather than cell-autonomous effects of
Plekhm1 deficiency on osteoblasts.

PLEKHM!I plays an intrinsic role in osteoclast function but not differentiation in vitro. To elucidate the cel-
lular and molecular mechanisms by which PLEKHMI1 regulates osteoclasts, we generated osteoclasts
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of Plekhmi-deficient osteoclasts was quite

glass

different from that of wild-type cells, as
was the distribution pattern of tartrate-re-
upper level sistant acid phosphatase (TRAP), an osteo-
clast-specific acidic phosphatase, which
was more aggregated in the perinuclear
—— area of Plekhml-deficient osteoclasts than
wild-type cells (Supplemental Figure 4).
The total number of TRAP* mature osteo-

clasts with more than 3 nuclei was similar
bone surface

bl in PlekhmI~~ cultures compared with wild-

type cultures (Figure 4B and Supplemen-
tal Figure 3B). Furthermore, the protein
expression of osteoclast markers, CTSK

and nuclear factor of activated T cells,

cytoplasmic 1 (NFATcl1), and the mRNA

levels of osteoclast-specific genes, Acp5 (encoding TRAP), Crsk, Nfatcl, and CalcR (encoding calcitonin
receptor), in PlekhmI-null osteoclasts were comparable to those in wild-type cells (Figure 4, C and D, and
Supplemental Figure 3, C and D). See complete unedited blots in the supplemental material. In contrast,
the bone resorption capacity of Plekhm1”’~ osteoclasts markedly decreased, as demonstrated by resorption
pit staining (Figure 4E and Supplemental Figure 3E) and the concentration of CTx-I, a bone resorption
marker, in the culture medium (Figure 4F and Supplemental Figure 3F). Taken together, these results
indicate that loss of Plekhm1 attenuates osteoclast activity but has no effects on osteoclast differentiation.
Mutations in osteopetrotic patients and rats lead to short N-terminal truncated forms of PLEKHM]1
(24). An R™C mutation in a human patient increases TRAP secretion (34). We generated recombinant
retroviruses expressing HA-tagged full-length murine PLEKHMI1 as well as a series of mutants with either
mutations in human patients and rats or deletions of individual structural domains (Supplemental Fig-
ure 5A). Supplemental Figure 5B shows loss of PLEKHMI protein in Plekhml~~ osteoclasts and success-
ful reconstitution of wild-type and different forms of PLEKHM1. Expression of truncated and mutated
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Figure 9. PLEKHM1 interacts with FAM98A, NDEL1, TAK1, and RAP1B. Co-IP of HA-tagged full-length PLEKHM1 (A) or the N-terminal and the C-terminal
portions of PLEKHM?1 (B) with FLAG-tagged FAM38A, NDEL1, TAK1, and RAP1B in 293-T cells. The lysate of empty vector expressing 293-T cells (lane 1)
served as a negative control. TCL, total cell lysate. Actin served as loading controls. The experiments were repeated 4 times.

PLEKHMI in wild-type osteoclasts had no effect on osteoclast formation and bone resorption (Supple-
mental Figure 6). This finding is consistent with the recessive effects of these mutants on osteoclasts in
humans and rats. Full-length Plekhim1 and the R"“C mutant of PlekhmI rescued the morphology and bone
resorbing activity of PlekhmI~'~ osteoclasts (Supplemental Figure 7, A-C). However, in contrast to the find-
ings in human osteoclasts (34), R”**C mutation in murine osteoclasts failed to exhibit gain of function in
vitro. These findings show that PLEKHMI1 plays an intrinsic role in regulation of osteoclast function and
each structural domain is functionally essential.

PLEKHMI regulates lysosome peripheral distribution and ruffled border formation in osteoclasts. When osteo-
clasts are cultured on glass coverslips, actin filaments form a peripheral belt of podosomes, which are
highly dynamic structures that mediate cell adhesion and migration. Podosomes are clustered into the
sealing zone (actin ring) of osteoclasts cultured on bone (35). Microtubules regulate podosome patterning
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Figure 10. Decreased expression of FAM98A and NDEL1 inhibits the peripheral distribution of lysosomes and their targeting to the ruffled border in
osteoclasts. Immunofluorescent staining of LAMP-2 (A) and cathepsin K (CTSK) (B) in control (Luc-sh), Fam398a- (Fam98a-sh1and Fam98a-sh2), and
Ndel1- (Ndel1-sh1 and Ndel1-sh2) knocked down osteoclasts cultured on glass coverslips and cortical bovine bone slices. White arrows in the top rows point
out the peripheral distribution of LAMP-2 and CTSK in control cells cultured on glass coverslips. White arrowheads in the bottom rows point out the ruf-
fled border localization of LAMP-2 and the secretion of CTSK into the resorption lacuna in control cells cultured on bone slices. Each image is a representa-
tive of 6 bone slices/group/culture from at least 3 independent cultures from different mice. Scale bar: 20 um.

and thus are essential for osteoclast spreading on glass and sealing zone formation on bone (36). Because
Plekhm1~/- osteoclasts displayed a dramatic change in morphology and had decreased bone resorption, we
investigated whether these phenotypes were caused by defects in cytoskeletal organization. As shown in
Supplemental Figure 8A and Supplemental Figure 9A, the organization of actin and microtubules was
normal in Plekhm 1=~ osteoclasts cultured on glass and bone.

We next examined the distribution of lysosomes by immunofluorescent staining of LAMP-2 and
CTSK, two commonly used osteoclast lysosomal markers. While a portion of lysosomes was localized at
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the cell periphery of wild-type osteoclasts cultured on glass (top left, Figure 5, B and C, and Supplemental
Figure 9, B and C), lysosomes in Plekhmi~~ osteoclasts on glass were clustered at the perinuclear area and
were absent from the cell periphery (top right, Figure 5, B and C; Supplemental Figure 8, B and C; and
top, Supplemental Figure 9, B and C). In wild-type osteoclasts cultured on bone (Figure 5A), LAMP-2 was
enriched at the ruffled border inside the actin ring (bottom left, Figure 5B and Supplemental Figure 9B),
while CTSK was secreted into the resorption lacuna circumscribed by the actin ring (bottom left, Figure 5C
and Supplemental Figure 9C). In contrast, both localization of LAMP-2 at the ruffled border and CTSK
secretion were barely seen in PlekhmI~~ osteoclasts (bottom right, Figure 5, B and C, and Supplemental
Figure 9, B and C). Consistent with an essential role of lysosome secretion in ruffled border formation, loss
of Plekhml in osteoclasts resulted in an absence of the ruffled border associated with big vesicles, whereas
the sealing zone appeared intact, as observed by electron microscopic images (Figure 5D). These results
suggest that impaired bone resorption in Plekhml~'~ osteoclasts is caused by defects in the peripheral posi-
tioning and secretion of lysosomes but not organization of cytoskeletons.

Plekhm1 mRNA was also detected in mouse embryonic fibroblasts (MEFs) but was less abundant than
in osteoclasts. Loss of Plekhml in MEFs slightly increased the number of lysosomes around the nuclei
but significantly inhibited Ca?*-regulated exocytosis of lysosomes, as assayed by release of the lysosomal
enzyme B-hexosaminidase in streptolysin-O—permeabilized MEFs (Supplemental Figure 10) (37).

Loss of Plekhm1 has little impact on autophagosome formation or endocytic/phagocytic pathways in osteoclasts.
PLEKHMI is associated with lysosomes in osteoclasts (24, 38), and transcription factor EB (TFEB) reg-
ulates osteoclast lysosome biogenesis (39). We, therefore, examined the expression of TFEB in wild-type
and PlekhmI~~ osteoclast precursor and mature cells. The mRNA level of Tfeb and its target genes Clen7
(encoding CLC7), Dpp7 (encoding dipeptidyl peptidase 7), Ostm1, and Tcirgl (encoding the a3 subunit of
vacuolar-ATPase) (39, 40), was indistinguishable between wild-type and Plekhm 1~ osteoclast lineage cells
(Figure 6A). The TFEB protein level increased during osteoclast differentiation in wild-type cells. TFEB
protein increased in Plekhm 1~ monocytes and preosteoclasts; albeit the level of this transcription factor in
mature Plekhm1~/~ osteoclasts was similar to that of wild-type cells (Figure 6B). The protein level of LAMP-
2 was comparable between wild-type and Plekhm I~ osteoclast precursors and mature cells (Figure 6C). In
contrast to other cell types (40), starvation and mTOR inhibition did not induce nuclear translocation of
TFEB in osteoclasts (Supplemental Figure 11). Collectively, these findings indicate that loss of Plekhm1 has
little effect on TFEB and lysosome biogenesis.

PLEKHMI regulates autophagosome-lysosome fusion through interaction with the autophagosome
protein LC3 (41). In contrast, depletion of Plekhml in A549 lung cells has no effect on autophagy (27),
suggesting that the role of PLEKHMI1 in autophagy is cell-type specific. Several autophagic proteins par-
ticipate in lysosomal secretion in osteoclasts (42). Therefore, we tested whether PLEKHM1 regulates auto-
phagy in osteoclasts. Serum and amino acid starvation or treatment of osteoclasts with a potent mTOR
inhibitor, Torin1, inhibited the mTOR pathway, as evidenced by decreased levels of phospho-mTOR (Fig-
ure 6D). In contrast to the dramatic induction of autophagy in other cell types under the same conditions
(41), starvation and Torin] only slightly increased the LC3-II/LC3-I ratio, a marker of autophagy, in both
wild-type and PlekhmI~'~ osteoclasts (bottom, Figure 6D). A longer period of starvation or a higher dose of
Torinl caused rapid cell death of osteoclasts (data not shown). Additionally, loss of PlekhmI had no effect
on the morphology and distribution of the Golgi apparatus, early endosomes, or recycling endosomes in
osteoclasts cultured on glass or bone (Supplemental Figure 12).

Next, we determined whether PLEKHMI regulates lysosome degradation activities in osteoclasts.
Loss of Plekhml in osteoclasts did not alter the expression of the EGF receptor (Supplemental Figure
13A) or the kinetics of degradation of the M-CSF receptor or the EGF receptor stimulated by respective
cytokines (Figure 6, E and F). Binding and endocytic trafficking of transferrin, a marker of receptor-me-
diated endocytosis, to recycling endosomes in Plekhml~'~ osteoclasts was normal (Supplemental Figure
13B). Targeting of transferrin to the ruffled border in wild-type osteoclasts on bone (bottom, Supplemen-
tal Figure 12C), which requires normal lysosomal secretion (7), was blocked in PlekhmI~'~ osteoclasts.
Furthermore, loading of dextran, a liquid-phase endocytic tracer, into LAMP-2—-GFP positive lysosomes
in PlekhmI~~ osteoclasts was normal (left, Supplemental Figure 13C). While dextran-loaded lysosomes
were secreted and disappeared in wild-type osteoclasts after a 2-hour chase, the majority of loaded
lysosomes remained in the perinuclear area in Plekhmi~'~ osteoclasts (right, Supplemental Figure 13C).
Phagolysosome formation is another important cellular process regulated by RAB7 (43). To test whether

insight.jci.org  doi:10.1172/jci.insight.86330 12



. RESEARCH ARTICLE

phagocytosis was affected by Plekhm1 deficiency, we performed bacterial phagocytosis assay in macro-
phages using the intracellular pathogen Coxiella burnetii (44). Access of C. Burnetii to LAMP-1—positive
lysosomes in Plekhml~'~ macrophages was not prevented, indicating that phagolysosome maturation is
functional in Plekhm I~ macrophages (Supplemental Figure 13D).

PLEKHM]I and DEFS8 form a complex with RAB7 to regulate lysosome positioning and bone resorption in
osteoclasts. To identify PLEKHM -interacting proteins, we expressed HA-tagged PLEKHMI1 in Plekhm1~'~
osteoclasts by retroviral transduction. Reconstituted PLEKHM]1, at a similar level to the endogenous one
(Supplemental Figure 5B), was IP using anti-HA antibody—coated magnetic beads. Proteomic analysis of
HA-PLEKHMI from osteoclasts identified several PLEKHM1-specific binding proteins (Supplemental
Tables 4 and 5). Reciprocal co-IPs of HA-tagged PLEKHM1 and FLAG-tagged proteins in 293-T cells
indicated that DEF8 specifically bound to PLEKHMI1, whereas KIFcl and TPX2, two proteins involved
in microtubule-based vesicular trafficking, were pulled down only by anti-HA beads and not by anti-FLAG
beads. CLASP2, a microtubule plus-end binding protein, did not bind to PLEKHM!1 (Figure 7A). The
binding region of DEF8 on PLEKHM1 was mapped to the last C-terminal 72 amino acids (Supplemen-
tal Figure 14A). Interestingly, both PLEKHM]1 and DEF8 contain a C-terminal RH domain, which has
been recently identified as a novel RAB7-binding motif (Figure 7B) (27). As shown in Figure 7, C and D,
PLEKHMI1 and DEF8 individually bound weakly to RAB7 (lane 2 in IP blots). However, when both pro-
teins were coexpressed in 293-T cells, their binding to RAB7 was greatly enhanced (lane 3 in IP blot of Fig-
ure 7C and lane 4 in IP blot of Figure 7D), suggesting that PLEKHM11, DEF8, and RAB7 form a ternary
complex. Furthermore, an Y949A/1.950A double mutation at the N-terminal region of the PLEKHM1 RH
domain abolished its binding to RAB7 (lane 3 in IP blot of Figure 7D) but kept the capacity of PLEKHM1
binding to DEFS (lane 3 in IP blot of Supplemental Figure 14B), indicating that PLEKHM1 interacts with
DEF8 and RAB7 through different regions.

To dissect the role of DEF8 in osteoclast function, we suppressed its expression by lentiviral transduc-
tion of two distinct shRNAs specifically targeting murine Def§ mRNA. qPCR showed a dramatic reduction
in Def8§ mRNA in osteoclast precursor and mature cells, while endogenous Def8 levels slightly decreased
during osteoclast differentiation (Supplemental Figure 15A). Depletion of Def8 in bone marrow mono-
cytes inhibited osteoclast formation (Supplemental Figure 15, B-D). To circumvent this, we plated 3 times
more control and Def8-depleted monocytes than normal osteoclast cultures. With this maneuver, a similar
number of mature osteoclasts was generated from Def8-depleted cultures on both plastic and bone (Sup-
plemental Figure 15E). Nonetheless, the bone resorption capacity of Def8-depleted osteoclasts was signifi-
cantly decreased (Supplemental Figure 15, F-G). Moreover, loss of Def8 resulted in decreased peripheral
distribution of lysosomes in approximately 60% of osteoclasts cultured on glass (Def8-shl, 63% * 4.4%;
Def8-sh2, 57% + 4.6%; LUC-sh, 4.0% £ 2.5%; mean + SD, n = 6) (Figure 8 and Supplemental Figure 15H).
Loss of Def8 also diminished localization of LAMP-2 at the ruffled border and secretion of CTSK into the
resorption lacuna in osteoclasts cultured on bone (Figure 8). Collectively, these results indicate that DEFS,
in concert with PLEKHM]1, regulates lysosome positioning, secretion, and bone resorption in osteoclasts.

FAMY984 and NDELI interact with PLEKHMI and function in lysosome positioning in osteoclasts. To
determine how PLEKHMI11 regulates lysosome positioning in osteoclasts, we focused on 4 potential
PLEKHM1-binding proteins identified by proteomics of PLEKHM1 immunoprecipitates from osteoclasts
(Supplemental Table 4): FAM98A, a microtubule-associated protein with unknown function (45); NDELI,
a regulatory protein of microtubules and their motor complexes, cytoplasmic dynein and kinesins (29, 30);
TAKI, an important downstream signaling molecule of RANKL (46); and RAP1B, a small GTPase essen-
tial for integrin signaling and osteoclast function (47).

IP studies in 293-T cells showed that the full-length PLEKHM1 bound to all 4 proteins (Figure 9A).
FAMO98A, NDELI, and RAP1B bound to both N- and C-terminal fragments of PLEKHM1, while TAK1
interacted with only the C-terminal portion of PLEKHMI1 (Figure 9B). Furthermore, deletion of RUN
and PH2 domains reduced the binding of FAM98A to PLEKHM1 (Supplemental Figure 16A). Similarly,
deletion of the RUN domain dramatically decreased the binding of NDEL1 to PLEKHM1 (Supplemental
Figure 16B). To elucidate the functional role of FAM98A and NDELI1 in osteoclasts, we knocked down
their expression by lentivirus-mediated shRNA transduction. Depletion of Fam98a or Ndell in osteoclast
precursors inhibited osteoclast formation (Supplemental Figure 17, A and B). Some mature osteoclasts
did form in Fam98a- and Ndell-silenced cultures. Immunofluorescent staining of mature osteoclasts on
glass showed that loss of Fam98a or Ndell had no effect on podosome-belt formation or organization of
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the microtubule network (Supplemental Figure 17C). Similar to Plekhm1~'~ osteoclasts, lysosomes were
clustered at the perinuclear region, and the number of peripherally distributed lysosomes in Fam98a- or
Ndell-depleted osteoclasts cultured on glass coverslips was markedly reduced (Figure 10 and Supplemental
Figure 17, D and E). Loss of Fam98a or Ndell attenuated the targeting of lysosomes to the ruffled border
in osteoclasts cultured on bone (Figure 10). Therefore, PLEKHMI likely interacts with FAM98A and
NDELI to couple lysosomes to microtubules for their peripheral positioning and secretion.

Discussion

Bone regenerates throughout life by remodeling — a process during which resorption mediated by osteo-
clasts is coupled with formation mediated by osteoblasts in time and space. Under normal conditions, the
amount of bone resorbed is refilled by an equal amount of new bone. This so-called “balance” between
resorption and formation is critical for skeletal homeostasis (48). Mutations of PLEKHM]I in humans
and rats cause either an intermediate form (24) or a malignant form (49) of osteopetrosis, suggesting
that PLEKHM1 is essential for osteoclast function. In this study, we have generated Plekhml germline
and conditional deletion mouse models. Detailed characterization of these mouse lines in vivo and in
vitro revealed that PLEKHM1 is a critical regulator of osteoclast lysosome section and bone resorption.
Loss of Plekhm1 increased cancellous bone mass due to decreased bone resorption without overt defects
in other tissues and organs. In vitro mechanistic studies showed that PLEKHMI1 regulates lysosome
peripheral distribution (positioning) and secretion through a protein complex comprising PLEKHMI,
DEFS8, RAB7, FAM98A, and NDELI1 at a minimum. These proteins interact with each other and link
lysosomes to microtubules for their transportation to the ruffled border during bone resorption (Supple-
mental Figure 17F). Elucidation of PLEKHMI1 and its interacting proteins provides insights not only
into osteoclast biology, but in lysosome biology as well, especially in the quickly expending field of lyso-
some positioning (50-58). Moreover, the bone-specific phenotype of mice with germline and conditional
Plekhm1 deficiency suggests that PLEKHMI1-mediated lysosome secretion may be a new therapeutic
target for bone diseases with increased resorption.

Growth factors released from the bone matrix during osteoclastic bone resorption have been long
implicated in the coupling of resorption to formation, as evidenced by the ability of such factors to stim-
ulate osteoblast generation (59, 60). Loss of function of CLCN7 and TCIRGI — genes that encode key
components of the osteoclast acid-secreting machinery — leads to complete abrogation of bone resorption
in both humans and mice, in spite of increased osteoclast number; this condition, therefore, is termed
osteoclast-rich osteopetrosis (61). Nevertheless, both humans and mice with osteoclast-rich osteopetrosis
have increased bone formation (62-64). In contrast, loss-of-function mutations of RANK lead to complete
absence of osteoclasts and “osteoclast-poor” osteopetrosis. However, in the latter form of osteopetrosis,
osteoblast number and bone formation are decreased (65). Based on these lines of evidence, it is possible
that the nonfunctional osteoclasts in the osteoclast-rich osteopetrosis are still capable of secreting factors
that stimulate osteoblasts (66, 67). In the studies reported herein, osteoblasts derived from either calvaria or
bone marrow stromal cells from Plekhm1~~ mice were able to differentiate and form bone nodules normally
in vitro. Nonetheless, osteoblast number and bone formation were attenuated, albeit slightly, in vivo in
both germline and conditional PlekhmI-deficient mice (Figure 3). Whether the attenuated bone formation
in Plekhm1~- mice is secondary to a decrease in coupling factors released from PlekhmI~~ osteoclasts or
independent of them will await further studies.

The involvement of lysosomes in osteoclastic bone resorption was suggested almost 30 years ago
by the demonstration of a lysosomal membrane protein at the ruffled border (68) and the distribution
of mannose-6-phosphate receptors, which are essential for the delivery of newly synthesized lysosomal
enzymes to endosomes (69), from the trans-Golgi network to the ruffled border. These findings led to
a model in which the ruffled border and resorption lacuna underneath it form an extracellular lyso-
some-like compartment (70). In this case, mutations in genes controlling biogenesis of secretory lyso-
somes, as occurs in patients with Hermansky-Pudlak syndrome and corresponding animal models (71),
should impair ruffled border formation and bone resorption. However, there is no evidence of defective
bone resorption in such humans and mice. Similarly, mutations of RAB27 and its effectors, which con-
trol exocytosis of secretory lysosomes in Griscelli’s syndrome and respective mouse models, have no
effect on osteoclast function (20). In contrast, inhibition of intracellular trafficking of lysosomes and
their fusion with the plasma membrane in osteoclasts attenuate the ruffled border formation and bone
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resorption (Figures 4 and 5 and previous reports, refs. 7, 23, 24, 72). Taken together, these lines of
evidence indicate that lysosome secretion plays a central role in osteoclast function, but the molecular
machinery governing this process in osteoclasts is different from other cell types, such as melanocytes
and other hematopoietic cells.

Lysosome positioning is important for lysosomal function and cell migration (53, 73). RAB7 and
its effector RILP propel lysosomes towards the nucleus by recruiting the microtubule motor dynein to
lysosomes (74), whereas the BORC-ARLS/SKIP/kinesin-1 protein module moves lysosomes to the
cell periphery (57, 58). Interestingly, SKIP, also known as PLEKHM?2, has similar structural domains
to those of PLEKHMI1 but lacks the RAB7-binding RH domain. Instead, PLEKHM?2 interacts with
another small GTPase ARLS, and together they regulate lysosome positioning. Loss-of-function muta-
tions of PLEKHM?2 cause lysosome/autophagy defects and human cardiomyopathy (56). In the pres-
ent studies (Figures 7-10, Supplemental Figure 14-17, and Supplemental Tables 4 and 5), we have
uncovered a RAB7-associated molecular machinery, comprising PLEKHM1, DEF§, FAM98A, and
NDELI, that mediates lysosome peripheral positioning in osteoclasts. The functional relationship of
PLEKHM2/BORC/ARLS (57, 58) and PLEKHM1/DEF8/RAB7 (this study) in osteoclasts and other
cell types in vitro and in vivo warrants detailed characterization in the future.

DEFS, a protein of unknown function in hematopoietic cells, contains a RAB7-binding RH domain
and forms a ternary complex with PLEKHMI1 and RAB7. FAM98A has an N-terminal calponin homol-
ogy domain, a motif mediating microtubule binding (28, 75). At present, the physiological functions of
FAMO98A and its interaction with PLEKHMI1 are unknown. Notably, both FAM98A and PLEKHM1
have been implicated in ovarian cancer progression (45, 76), suggesting a possible functional interplay of
these two proteins. NDEL1, in coordination with NDE1 and LIS1, regulates the distribution and activity
of cytoplasmic dynein (29, 77, 78). NDEL1 also links to kinesin-1 through DISC1 (30, 79). Interestingly,
both NDE1 and DISC1 were immunoprecipitated with PLEKHM!I1 from osteoclast lysates in our studies
(Supplemental Table 4). We have previously reported that LIS1 binds to the RUN and PH1 domains of
PLEKHMI1 in osteoclasts and knocking down LIS1 expression in vitro abrogates lysosome distribution
and bone resorption (38). We also found herein that, in both osteoclasts and 293-T cells, PLEKHM]1
binds to TAK1 and RAPI1B, two signaling molecules downstream of the RANKL/RANK and integrin
signaling pathways, which are essential for osteoclast activation and function. Therefore, through its
interaction with the proteins identified in our work, PLEKHM1 may link lysosomes to microtubules and
microtubule motor proteins upon osteoclast activation.

Depletion of PLEKHM 1-interacting proteins in osteoclast precursor cells inhibited osteoclast for-
mation in vitro (Supplemental Figures 15 and 17), whereas loss of Plekhm1 had no effect on osteoclast
differentiation in vitro or in vivo (Figures 3 and 4). It is, therefore, likely that these proteins may have
additional functions independent of PLEKHMI1 and lysosome trafficking. Consistent with this possi-
bility, we have previously found that LIS1 regulates the survival of osteoclast precursors by modulating
JNK activation (38). Similarly, disturbance of dynein function impairs osteoclast differentiation and
function (80). Loss of Plekhml caused dramatic morphological changes in osteoclasts but did not affect
the number of mature osteoclasts cultured on plastic (Figure 4 and Supplemental Figure 3). The exact
mechanisms underlying these phenomena are unknown. It remains possible, however, that the defective
lysosome positioning and secretion in osteoclasts affects osteoclast motility and/or the adhesion and
spreading of osteoclasts (73).

Finally, PLEKHMI1 has been recently implicated in autophagy (41) and EGF receptor degradation in
other cell types (27). In osteoclasts, however, loss of Plekhm did not affect autophagy or the endocytic and
lytic functions of lysosomes (Figure 6 and Supplemental Figures 12 and 13), suggesting that the regulation
of PLEKHMI in these cellular processes is cell-type and tissue-type specific. Given that Plekim ™~ mice
are viable, fertile, and have no overt abnormalities in other tissues and organs, except high trabecular bone
mass, the function of PLEKHMI in other cells and tissues may be compensated by other proteins. The
role of PLEKHM!1 in other cells and tissues needs more detailed characterization under physiological and
pathological conditions.

In closing, the findings in this study indicate that PLEKHM]1 is indispensable for bone homeostasis in
mice, as is the case in rats and humans. Furthermore, our work has uncovered a molecular apparatus link-
ing lysosomes to microtubules through PLEKHM1/DEF8/RAB?7 for lysosome transportation/secretion
and bone resorption in osteoclasts.
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Methods

Mice. The Plekhm1-floxed mice were generated at the Gene Targeting and Transgenic Facility of University
of Connecticut Health Center at Farmington. We crossed Plekhm1-floxed mice with C57BL/6 mice for 10
generations before crossing them with Cre-expressing mice.

Osteoclast and osteoblast cultures. Whole bone marrow was extracted from tibias and femurs of one or
two 8- to 10-week-old mice (81). Primary osteoblasts were harvested from calvaria or cultured from bone
marrow stromal cells, as described in the Supplemental Methods.

Plasmid transfection and retroviral/lentiviral transduction. The HA-tagged, full-length murine Plekhml
and FLAG-tagged Rab7 were amplified by PCR with Pfx DNA polymerase (Life Technologies) from
a mature osteoclast cDNA library in our laboratory. The LKO.1 lentiviral vectors expressing shRNA
sequences targeting specific mRNAs were purchased from Sigma-Aldrich. Retroviral and lentiviral
transduction was performed as described previously (82) and in the Supplemental Methods.

Western blotting and IP. For Western blotting, cultured cells were washed with ice-cold PBS twice and
lysed in 1x RIPA buffer (R-0278, Sigma-Aldrich) containing 1 mM DTT and Complete Mini EDTA-free
protease inhibitor cocktail (04693159001, Roche). The HA- or FLAG-tagged proteins were IP with pro-
tein G magnetic beads (S1430, New England BioLabs) precoated with mouse monoclonal antibodies. For
detailed protocols, see the Supplemental Methods.

Immunofluorescence and laser confocal scanning microscopy. For staining of LAMP-2, cells were fixed
with 4% paraformaldehyde in PBS for 20 minutes, followed by incubation with PBS/0.2% BSA/0.1%
Saponin for 30 minutes. For EEA1 labeling, cells were fixed and penetrated at —20°C with methanol for
5 minutes and acetone for 30 seconds, followed by blocking with PBS/0.2% BSA for 30 minutes. For
rest of the immunofluorescent staining, cells were fixed with 4% paraformaldehyde in PBS for 20 min-
utes and permeabilized with 0.1% Triton X-100/PBS for 10 minutes. For details, see the Supplemental
Methods and ref. 83.

Micro-CT. The left femurs and L4 vertebrae were cleaned of soft tissues and fixed in 10% Millonig’s
formalin with 0.5% sucrose for 24 hours. The bone samples were gradually dehydrated into 100% ethanol.
The bones were loaded into a 12.3-mm diameter scanning tube and were imaged in a pnCT (model nCT40,
Scanco Medical). For details, see the Supplemental Methods.

Histology and bone histomorphometry. 30 pg of tetracycline per gram of mouse weight was injected into
mice at day 4 and day 8 prior to sacrifice. The femurs were fixed in 10% Millonig’s formalin with 0.5%
sucrose for 24 hours and were gradually dehydrated into 100% ethanol. The histological staining and bone
histomorphometry were performed as described in the Supplemental Methods.

Statistics. For all graphs, data are represented as the mean + SD. For comparison of 2 groups, data were
analyzed using a 2-tailed Student’s ¢ test. For comparison of more than 2 groups, data were analyzed using
1-way ANOVA, and the Bonferroni procedure was used for Tukey comparison. A P value of less than 0.05
was considered significant.

Study approval. All animal protocols and procedures used in this study were approved by the Institution-
al Animal Care and Use Committees of the University of Arkansas for Medical Sciences. The protocols
for generation and use of recombinant DNAs, retroviruses, and lentiviruses were approved by Institutional
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