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Abstract

Osteoclasts play a crucial role in bone homeostasis by forming resorption pits on bone
surfaces, resulting in bone resorption. The osteoclast expression of Rab38 protein is
highly induced during differentiation from macrophages. Here I generated mice with
double knockout (DKO) of Rab38 and its paralogue, Rab32, to investigate the roles of
these proteins in osteoclasts. Bone marrow-derived macrophages from Rab32/38 DKO
mice differentiated normally into osteoclasts in vitro. However, DKO osteoclasts showed
reduced bone resorption activity. These osteoclasts also demonstrated defective secretion
of tartrate-resistant acid phosphatase and cathepsin K into the culture medium. In vivo,
Rab32 and Rab38 positive cells were attached to the bone surface. Eight-week-old DKO
mice showed significantly thickened trabecular bones in micro-CT analysis, as well as
reduced serum levels of cross-linked C-telopeptide of type I collagen, indicating
diminished bone resorption in vivo. Middle-aged DKO mice (10 to 12 months of age)
exhibited kyphosis, which is not usually observed in wild-type male mice until around 24
months of age. These results indicate that Rab32 and Rab38 contribute to osteoclast

function by supporting intracellular traffic, thereby maintaining normal bone homeostasis.
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1. Abbreviation

BMM: bone marrow-derived macrophage

CTSK: cathepsin K

DGs: dense granules

FBS: fetal bovine serum

FACS: fluorescein amine-labeled chondroitin sulfate
GAPDH: glyceraldehyde-3-phosphate dehydrogenase
GTP: guanine nucleotide triphosphate

GDP: guanine nucleotide diphosphate

H&E: hematoxylin and eosin

HPS: Hermansky-Pudlak syndrome

LRO: lysosome-related organelle

M-CSF: macrophage colony-stimulating factor
NFATecl1: nuclear factor of activated T cells c1
RANK: Receptor activator of nuclear factor k B
RANKL: Receptor activator of nuclear factor k B ligand
CTX-I: cross-linked C-telopeptide of type I collagen
TRAP: tartrate-resistant acid phosphatase

a-MEM: a-minimum essential medium

micro-CT: micro-computed tomography



2. General Introduction

2.1. Bone homeostasis

Bones play crucial roles in vertebrates including humans, as they structurally support the
total body integrity, protect fragile internal organs, enable locomotion together with
muscles, and serve as sources of calcium, phosphate, and bone marrow (1). They are
porous calcified structures composed of a series of bone-related cells, blood vessels, and
bone matrix (1). About 90% of total bone volume is occupied with the bone matrix (2).
The bone matrix is composed of the inorganic or mineral matrix (65%), organic matrix
(20%), and lipids and water (<15%). The inorganic matrix is composed largely of
hydroxyapatite, that is calcium phosphate crystal, and the organic matrix is mostly
composed of type I collagen secreted by osteoblasts (2, 3)

Bone maintains its homeostasis by consistently remodeling itself from older to
new. Bone remodeling consists of three sequential phases: initiation of bone resorption
by osteoclasts, the transition from resorption to the new bone, and bone formation by
osteoblasts (4, 5). Bone homeostasis is maintained by a delicate balance between
formation and destruction, and accidental imbalance leads to various bone diseases (6).
For example, bone resorption by osteoclasts begins to outpace bone formation leading to
osteoporosis, which causes bone loss and deterioration of the bone structure, especially
in human females after the age of 40 (7). Inflammatory bone disease, rheumatoid arthritis,
is characterized by the destruction of articular cartilage and excessive subchondral
osteoclastic bone resorption (8). Periodontal disease is another inflammatory bone disease
and results from the accumulation of periodontal decomposing bacteria, which activate
osteoclasts and destroy the cellular and structural components of periodontal tissue (7).

In contrast, osteoclast dysfunction is also associated with diseases of bone (7, 9). When



bone resorption is suppressed by osteoclast dysfunction, it leads to marble bone disease
with osteosclerosis (10). Therefore, it would be important for human health to understand
the details of osteoclast character as an approach to understanding and overcoming the

etiology of these diseases.

2.2. Character of osteoclasts

Osteoclasts are multinucleated giant cells with the monocyte-macrophage lineage that
arise by intercellular fusion of macrophages, possessing 2 to several dozen nuclei and
ranging from 20 to 100 pm in size (6). Osteoclast proliferation and differentiation are
stimulated by extracellular cytokine that regulates the activity of nuclear transcriptional
regulators (6). Monocyte- and macrophage-derived osteoclast progenitors receive
macrophage colony-stimulating factor (M-CSF), a paracrine factor produced by
osteoblasts and osteocytes via a colony-stimulating factor receptor/c-FMS localized on
the cell membrane that provides the signal necessary for osteoclast survival and
proliferation (11). Receptor activator of nuclear factor x B ligand (RANKL), also secreted
from osteoblasts, binds to receptor activator of nuclear factor k B (RANK), a membrane
receptor expressed on osteoclast precursor cells, recruits tumor necrosis factor (TNF)
receptor-associated factor 6 (TRAF6), which in turn recruits downstream NF-«kB, c-Jun
N-terminal kinase (JNK), p38, and extracellular signal-regulated kinase (SCK), and
induces the expression of the extracellular signal-regulated kinase (ERK) pathways (10,
12). In addition, it activates transcription factors such as NF-kB, microphthalmia
transcription factor, c-Fos, and nuclear factor-activated T cells c1 (NFATcI) to promote

osteoclast differentiation and multinuclear maturation through cell fusion (12, 13).



In the cytoplasm of osteoclasts, there are numerous mitochondria and a
developed Golgi apparatus, indicating that osteoclasts are active in energy metabolism
and protein synthesis (14, 15). The Golgi apparatus and trans-Golgi network (TGN) reside
in proximity to the nucleus, actively involved in lysosome biogenesis and various
membrane components. Lysosomes are membrane-bound organelles that contain a
variety of soluble acid-hydrolyzing enzymes, highly glycosylated integral membrane
protein and degrade materials taken up from inside and outside the cell (16)(17). In
addition, many lysosomes, vesicles, and multivesicular bodies are also observed in
osteoclasts (14). Osteoclasts exist as attaching to the bone surface, accompanying two
structures; the ruffled border characterized by a folded cell membrane structure, and the
bright zone that surrounds the ruffled border with actin filaments and adheres to the bone
surface, forming a bone resorption pit (18). Vacuolar H -ATPase (V-ATPase), are proton
pumps localized on the membrane surface of the ruffled border and acidify the resorption
pits (19). The ruffled border and resorption pit are together functionally equivalent to
lysosomes in that they contain V-ATPase and hydrolytic enzymes such as cathepsin K
and tartrate-resistant acid phosphatase (TRAP), and thereby digest bone matrix in the

same way that lysosomes digest incorporated materials (18, 20).

2.3. Secretory lysosomes and lysosome-related organelle (LRO)

In some cells, such as cytotoxic T lymphocytes, mast cells, and osteoclasts, a kind of
organelle, secretory lysosomes, exist that can store and release secreted proteins in
addition to the conventional degrading function of lysosomes (21)(22). In osteoclasts, it
has been reported that cathepsin K and TRAP accumulate within secretory lysosomes and

that these organelles fuse with the ruffled border to form active bone resorption pits (23).



The V-ATPase localized on the secretory lysosomal membrane is transported to the
ruffled border, acidifying the bone resorption pits, activating hydrolytic enzymes, and
degrading bone (24). Secretory lysosomes require further characterization, they may be a
type of lysosome-related organelle (LRO), defined as a specialized organelle possessing
lysosome-like properties and cell type—specific functions (17). LROs have a structure in
common with endosomes and lysosomes, and in addition to lysosomal proteins, include
cell type-specific components that perform specialized functions, and are specialized for
storage and secretion rather than degradation of their contents (25). LROs are known to
function in various processes such as pigmentation, hemostasis, lung homeostasis, and
immunity (25). Typical LROs that are well-known include melanosomes, platelet-dense
granules (DGs) and lamellar bodies (17)(26). Melanosomes localize to melanocytes and
retinal pigment epithelial cells and synthesize and storage a group of related pigments
known as melanin, a major factor in defining skin and hair color (17). Melanosomes
contain soluble proteins and transmembrane lysosomal proteins (17). DGs are also
involved in platelets and megakaryocytes and play a central role in hemostasis and
thrombosis. They contain a highly condensed core composed of serotonin, calcium, ATP,
ADP, and pyrophosphate, which are important for the fluid coagulation reaction (17). The
platelet-dense granule lumen is slightly less acidic than lysosomes and lacks lysosomal
hydrolytic enzymes, but contains H" pumps, serotonin transporters, and lysosomal
proteins (17). Lamellar bodies are localized in type II alveolar epithelial cells, and are
composed of surfactant biogenesis of lamellar bodies, LROs involved in storage and
secretion of surfactant phospholipids into the alveolar space, reduction of alveolar surface
tension, and alveolar dilation (26). Like other LROs, the lumen of the lamellar body is

acidified and contains hydrolytic enzymes and lysosomal proteins (26).



2.4. Rab32 and Rab38 proteins
Membrane traffic represents organelle migration, vesicle transport between organelles,
vesicle secretion, and autophagy. Rab is a class of small GTPase-family proteins broadly
conserved in eukaryotes and functions as the master regulator of membrane traffic (27).
Mammals contain approximately 60 different Rab proteins that are supposed to play
specialized roles in various cellular processes (28). Rab proteins localize to various
organelles and intracellular compartments and work as a molecular switch that regulates
intracellular membrane trafficking, including cargo sorting, vesicle formation, vesicle
transport, tethering and fusion to specific organelles (29). Rab proteins cycle between
GTP-bound active and GDP-bound inactive forms to regulate their functions in
membrane traffic and organelle biosynthesis (29).

Several reports have been published on the involvement of Rab in osteoclasts.
Rab7, which regulates lysosomal trafficking, is highly expressed in mouse osteoclasts
and is involved in an actin ring formation and bone resorption (30) and the regulation of
lysosomal trafficking to the ruffled border (31). Rab3DKO mice have increased bone
mass and impaired bone resorption capacity due to abnormal formation of the ruffled
border (32). Osteoclasts from Rab27A-deficient mice, which are involved in LRO and
vesicular trafficking, show abnormal subcellular localization of lysosome-associated
membrane protein (LAMP2) and cathepsin K, as well as impaired actin ring formation
and bone resorption capacity (33). More than half of Rab proteins are expressed in
osteoclasts (34). However, little is known about the function of each Rab protein in
osteoclasts.

Rab32 and Rab38 have been reported to play important roles in the regulation

of LROs. These two Rab prpteins are approximately 75% identical in sequence, and



Rab32 is broadly expressed while Rab38 is specifically expressed in LRO-containing
tissues and cells such as melanocytes and platelets (35). The two proteins have
overlapping functions in melanosome biogenesis in melanocytes (36). Both localize on
the melanosome membrane and regulate post-Golgi vesicular transport of melanosomal
enzymes to immature melanosomes (36—38). Chocolate mice possessing a point mutation
in Rab38 show typical characteristics of LRO deficiency, such as impaired melanosome
biosynthesis resulting in coat color depigmentation, a marked increase in lung surfactant,
and pronounced expansion of the lamellar bodies of the lungs (39, 40). Rab38 is the gene
causative of Hermansky-Pudlak syndrome (HPS), in which defective biogenesis of LROs
results in an abnormal pulmonary phenotype, predisposition to hemorrhage, and
oculocutaneous albinism (41). A mouse model of severe HPS involving Rab32/38 double
knockout (DKO) is characterized by atypical coat color, eye pigment dilution, and
abnormal lung morphology with reduced numbers of DGs (42). In human platelets, single
deletion of Rab38 or Rab32 does not affect DGs biosynthesis or function, indicating that

Rab32/38 play redundant roles in the biosynthesis of DGs (42).
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3. Introduction of This Thesis

Bone homeostasis, including bone structure and function, is maintained by a delicate
balance between bone formation by osteoblasts and bone resorption by osteoclasts (6).
Accordingly, several bone-related diseases are associated with osteoclast malfunction:
excessive activation of osteoclasts leads to diseases such as osteoporosis, periodontitis,
and rheumatoid arthritis, whereas suppression of osteoclast activity and bone resorption
leads to conditions involving bone sclerosis, such as marble bone disease (7, 9).
Osteoclasts are multinucleated giant cells that originate from the intercellular fusion of
monocyte-macrophage lineage cells (6). Osteoclasts differentiate upon stimulation by
macrophage colony-stimulating factor (M-CSF) and receptor activator of NF-«B ligand
(RANKL), which are paracrine factors produced by osteoblasts and osteocytes (6).
Osteoclasts adhere to the bone surface and form a zone termed the ruffled border,
characterized by a wavy area of the plasma membrane (18). Ruffled border functions as
a secretory organelle for bone resorption in osteoclasts (34). Osteoclasts seal around the
ruffled border by actin rings to form bone resorption pits and secrete H" and hydrolytic
enzymes from the ruffled border to acidify the resorption pit and degrade bone matrix.
(19). The ruffled border and resorption pit are together functionally equivalent to
lysosomes in that they contain vacuolar H*-ATPase (V-ATPase) and hydrolytic enzymes
such as cathepsin K and tartrate-resistant acid phosphatase (TRAP), and thereby digest
bone matrix in the same way that lysosomes digest incorporated materials (18, 20). It has
also been reported that cathepsin K and TRAP accumulate within secretory lysosomes in
organelles, and that these organelles fuse with the plasma membrane to form active bone
resorption pits (23). Although secretory lysosomes require further characterization, they

may be considered to be a type of lysosome-related organelle (LRO), defined as a
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specialized organelle possessing lysosome-like properties and cell type—specific
functions (16, 19). It is supposed that dynamic organelle trafficking and secretion of
vesicles containing hydrolytic enzymes, i.e., membrane trafficking, are essential for
osteoclasts during differentiation and bone resorption. Membrane trafficking is a
mechanism for organelle trafficking, transport of vesicles between organelles or between
the plasma membrane and the organelle, and secretion of vesicles to the extracellular cell
(43). Rab is a class of small GTPase-family proteins that are broadly conserved in
eukaryotes and that function as fundamental regulator of membrane traffic (27).
Mammals contain approximately 60 different Rab proteins that are assumed to play
specialized roles in various cellular processes (28). Previous reports have indicated that
more than half of Rab proteins are expressed in osteoclasts, but very few Rabs have been
functionally characterized in osteoclasts (34).

Our laboratory examined the expression of all Rab protein genes in
macrophages and osteoclasts using DNA microarray. As a result, Rab38 expression is
highly induced during osteoclast differentiation (Noda et al., submitted).

Our laboratory also reported that Rab32 and Rab38 co-localize on LROs in
osteoclasts (Noda et al., submitted). However, the role of Rab32/38 in osteoclasts is not
clear. In this study, I investigated the role of Rab32/38 in osteoclast function. I generated

Rab32/38 DKO mice and evaluated the effects on bone resorption and structural changes.
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4. Materials and Methods

4.1. Mice

C57BL/6J mice were purchased from Japan SLC (Shizuoka, Japan). All mice were
maintained under specific pathogen—free conditions in the animal facility of the Graduate
School of Dentistry, Osaka University. Mice used for isolation of bone marrow cells and
collection of femurs, tibias, and fibulas, were appropriately euthanized using carbon
dioxide inhalation. Mice used for whole blood collection and micro-CT imaging were
euthanized using a mixture of three anesthetics (3% Domitor (medetomidine
hydrochloride 1.0 mg/mL, AHD1, ZENOAQ), 8% Dormicum (midazolam 5.0 mg/mL,
17008A2, Astellas), and 10% Betolfal (butorphanol tartrate 5.0 mg/mL, VETLIS, Meiji
Seika) in MilliQ water). This mixture was administered intraperitoneally at a dose of 0.1
mL per 10 g of body weight. All animal studies were approved by the Institutional Animal
Experiments Committee of Osaka University Graduate School of Dentistry (29-008-0)

and the Gene Modification Experiments Safety Committee of Osaka University.

4.2. Generation of Rab32/38 DKO mice

The CRISPR/Cas9 system was injected into mouse embryos by electroporation at the
Institute of Experimental Animal Sciences, Osaka University Medical School, as
previously reported (44). The guide RNAs were designed to target the Rab32 exon 1 and
Rab38 exon 1 loci (Figure 2A). Fo mosaic mutant mice were crossed with C57BL/6J mice
to produce heterozygous mice with a 4-nucleotide base-pair deletion in Rab32 and a 5-
nucleotide base-pair deletion in Rab38 in Fi mice. Generation of Fi mice was confirmed
by Sanger sequencing, with DNA collected from mouse ears used as a PCR template.

Primers used for PCR and Sanger sequence analysis are as follows. Rab32:

13



GGTAGCCAGGGAAGAGGAAG (Forward) and ACCGGGAGACAGAGAGGAGT
(Reverse), Rab38: GCACCAGCTCCCTATCCTG (Forward) and
ACTCCTCACTGGCTCACTCC (Reverse). The resulting F1 heterozygous mutant mice
were crossed with WT mice to obtain F2 heterozygous mutant mice. Furthermore, F1
heterozygous mutant mice were crossed with F2 heterozygous mutant mice to obtain F3
homozygous mutant mice. Homozygous mutant mice were then crossed with each other

to maintain the Rab32/38 DKO mouse line.

4.3. Genotyping of Rab32/38 DKO mice

DNA was extracted from mouse ear specimens using the KAPA Express Extract Kit
(Roche) and purified by isopropanol precipitation. PCR was performed using Tks Gflex
DNA Polymerase (Takara Bio) with initial denaturation at 94 °C for 1 min, followed by
40 cycles of denaturation at 98 °C for 10 s, annealing at 60 °C for 15 s, and elongation at
68 °C for 30 s. The resulting PCR products were mixed with the gel loading dye.
Generation of 15% polyacrylamide gel was performed by mixing 40%(w/v) -
acrylamide/bis mixed solution (19:1) (Nacalai Tesque), 5 X TBE (44.5 mM Tris-borate
(pH 8.3), 10 mM EDTA), 10% ammonium persulfate, and TEMED, and poured in a slab
gel plate. After electrophoresis using 1 X TBE as buffer at 40 mA for 2 h, the
polyacrylamide gel was immersed in a 0.5 pg/mL ethidium bromide solution for 10 min
and detected using DigiDoc-It Darkroom (UVP). The following primers were used for

genotyping.  Rab32 CGAGGGACTAGGGCAACAG  (Forward) and

AAAGAGGTGCTCTCGGGTC (Reverse), Rab38: ACAAGGAGCACCTGTACAAG

(Forward) and AGCGCTTGATAATGCTGGTC (Reverse).
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4.4. BMM isolation and culture

Male C57BL6J mice or Rab32/38 DKO mice between 7 and 10 weeks of age were used
for the experiments. Under aseptic conditions, the femurs and tibias of mice were
harvested and the medullary cavity of the bones was rinsed with a-MEM with L-
glutamine and phenol red (135-15175, Fuyjifilm Wako Pure Chemical Corporation)
containing 60 pg/mL kanamycin (Fujifilm Wako Pure Chemical Corporation) in a 5-mL
syringe and centrifuged at 250 x g for 5 min. Red blood cell lysing buffer (150 mM NH4Cl,
10 mM KHCOs, 0.1 mM EDTA (pH 7.4)) was added to remove blood cells, and the
remaining cells were used as bone marrow cells. These cells were suspended in 10 mL of
a-MEM basal medium (a-MEM with L-glutamine and phenol red containing 60 pg/mL
kanamycin and 10% FBS), seeded into 100-mm petri dishes, and cultured in 5% CO, at
37 °C overnight. As the M-CSF conditioned medium, the culture supernatant of CMG14-
12 cells, a mouse M-CSF—producing Ltk- cell line, was collected in a-MEM basal
medium (45). After 10-h incubation, non-adherent cells in the supernatant were collected
and seeded in 24-well plates (2.5x10° cells/well), 48-well plates (1.0x10° cells/well), or
96-well plates (4.0x10* cells/well) in a-MEM basal medium with 10% M-CSF
conditioned medium. After 48-h culture, adherent cells were defined as BMMs and were
replaced with differentiation medium (oa-MEM basal medium, 2% M-CSF conditioned
medium, and 400 ng/ml GST-RANKL, prepared as previously described (46) to induce
differentiation into osteoclasts. This point was designated as culture day 0. After 3 days,
half of the medium was replaced and osteoclasts were collected at 5 or 6 days of

differentiation (47, 48).
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4.5. TRAP staining

TRAP staining was performed using a TRAP Staining Kit (AK04F, Cosmo Bio). Bone
marrow derived from the femurs and tibias of WT and Rab32/38 DKO mice was
harvested in 96-well plates and cultured in a-MEM basal medium with M-CSF for 2 days
to induce BMMs. Then, RANKL was added and culture was performed for 5 days to
induce differentiation into osteoclasts. Osteoclasts on 96-well plates were fixed in 10%
Formalin Neutral Buffer Solution and incubated with Chromogenic Substrate Solution at
37 °C for 20-60 min. Once sufficiently colored, the reaction was stopped by washing the
wells with pure water. TRAP-positive multinucleated cells (three or more nuclei) were

counted as differentiated osteoclasts.

4.6. Protein extraction and western blotting
Osteoclast differentiation was induced in differentiation medium for 5 or 6 days in 24-
well plates. Cells were then washed with PBS (137 mM NaCl, 2.7 mM KCI, 10 mM
Na;HPOy4, 1.76 mM KH,PO4 (pH 7.4)), and 50 pL lysis buffer (50 mM Tris-HCI (pH 7.5),
150 mM NaCl, 1% TritonX-100, EDTA-free Protease Inhibitor Cocktail Tablets (Roche))
was added to each well. After the plates were allowed to stand for 10 min on ice, the
whole-cell lysate was collected, and 6 wells were combined into one sample. After
centrifugation at 20,400 x g for 10 min, supernatants were collected and then protein
quantification was performed by Pierce Coomassie Plus (Bradford) Assay Kit (Thermo
Fisher). Protein concentrations were adjusted to 1 mg/mL.

For protein extracts from mouse organs, small samples of tissue were washed
in PBS and placed in one well in the 6-well plate containing 1 mL lysis buffer, and

stainless mesh (40 mesh/inch, E9111, Q-ho Metal Works) was placed over the tissue on
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ice and pushed through it using a 5-mL syringe plunger head. The whole-tissue lysate

was collected into 1.5 mL tubes, stored at -80 °C overnight, and then stored at 4 °C

until totally thawed. This freeze-and-thaw step was repeated twice, and protein extracts
were collected after centrifugation as described above. Protein concentrations were
adjusted to 5 mg/mL.

The samples were suspended in sample buffer (300 mM Tris-HCI (pH 6.8),
12% SDS, 30% glycerol, 0.006% bromophenol blue, 0.6 M 2-mercaptoethanol) and
boiled for 3 min. Ten micrograms of protein from cell samples or 50 pg of protein from
tissue samples were electrophoresed in SDS-PAGE using 15% polyacrylamide gel and
running buffer (25 mM Tris-HCI (pH 8.3), 191 mM glycine, 0.1% SDS). The proteins
were transferred to polyvinylidenefluoride (PVDF) membranes (GE Healthcare) using
transfer buffer (25 mM Tris-HCI (pH 8.3), 192 mM glycine, 20% methanol) in a transfer
device (NA-150: Nihon Eido) (100 V, 150 mA, 1 hr). PVDF membranes were treated
with PBS-T (3.2 mM Na;HPOy4, 0.5 mM KH;POy4, 1.3 mM KCI, 135 mM NaCl, 0.05%
Tween 20 (pH 7.4)) containing 5% skim milk (Morinaga Milk Industry) for 60 min at
room temperature for blocking. The primary antibody was reacted with a diluted solution
of Can Get Signal (TOYOBO) Solution I for 1 h at room temperature, followed by
washing with PBS-T for 15 min. Then, the secondary antibody was reacted with a solution
diluted with Can Get Signal (TOYOBO) Solution II for 1 h at room temperature, followed
by washing in PBS-T for 15 min. After washing, the membrane was reacted with ECL
Select Western Blotting Detection Reagent (GE Healthcare), and bands were detected
using Gene Gnome 5 (Syngene). The dilution ratio of each antibody was as follows:
primary antibodies were anti-Rab32 rabbit (49): 1/1000, anti-Rab38 rabbit (49): 1/1000,

anti-cathepsin K (sc-48353, E-7, Santa Cruz): 1/200, anti-GAPDH (2275-PC-100, R&D
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system): 1/5000 and anti-tubulin (T9026, Sigma): 1/10000; secondary antibodies were
anti-rabbit IgG HRP (CST): 1/2000 and anti-mouse IgG HRP (Southern Biotech):

1/10000.

4.7. Quantitative PCR

Total RNA of BMMs and osteoclasts cultured in 24-well plates was extracted using
TRIsure (Bioline). The extracted RNA was used as a template for reverse transcription
using the iScript cDNA Synthesis Kit (Bio-Rad) to generate complementary strand DNA
(cDNA). Real-time PCR analysis was performed using QuantiTect SYBR Green PCR
(Qiagen), with the following cDNA used as templates and primers for genes specific for
osteoclast differentiation. GAPDH: AAATGGTGAAGGTCGGTGTG (Forward),
TGAAGGGGTCGTTGATGG (Reverse), CTSK: GCCAGGATGAAAGTTGTATG
(Forward) CAGGCGTTGTTCTTATTCC (Reverse), TRAP:
GCTGGAAACCATGATCACCT (Forward) GAGTTGCCACACAGCATCAC
(Reverse), DC-STAMP: TGTATCGGCTCATCTCCTCCAT (Forward)
GACTCCTTGGGTTCCTTGCTT (Reverse). The Step One Plus Real-time PCR System
(Applied Biosystems) was used for reaction and detection. Relative gene expression
levels for each gene were calculated according to the AACt method (50), using GAPDH
as the internal control gene. The fold induction of osteoclast marker genes was normalized
to the basal levels in BMMs, and then the fold induction of mRNA was compared between

WT and Rab32/38 DKO osteoclasts.
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4.8. Bone resorption assay

Bone resorption activity was evaluated using a Bone Resorption Assay Kit (BRA-24kit,
PG Research). Bone marrow derived from femurs and tibias of WT and Rab32/38 DKO
mice was cultured on a FACS/calcium phosphate—coated 48-well plate in a-MEM basal
medium with M-CSF for 2 days to induce BMMs. Then, BMMs were induced to
differentiate into osteoclasts using differentiation medium without phenol red for 5 days,
and the culture supernatant was collected. The fluorescence intensity of the collected
supernatant was measured at an excitation wavelength of 485 nm and an emission
wavelength of 535 nm by Twinkle LB 970 (Berthold), a microplate reader. For pit area
analysis, each well was treated with 2.5% sodium hypochlorite for 5 min to remove cells,
then the wells were washed with distilled water and dried. Each well was randomly
photographed under an optical microscope with a 10 x objective, and the total pit area per
image was measured using ImagelJ software. In brief, I drew the outline of each pit area
and measured the number of pixels per area. All pixels from one image were summed up,

and 6 images per well and 3 wells per condition were analyzed.

4.9. TRAP activity assay

Osteoclasts were prepared in 96-well plates by phenol-red free differentiation medium.
The culture supernatants were collected and diluted 5-fold by TRAP activity assay buffer
(TAAB) (1 mM ascorbic acid, 0.1 mM FeSO4-7H>0, 0.1 mM (NH4)2SO4, 0.1 M sodium
acetate, 0.15 M KCl, 10 mM sodium (+)-tartrate dihydrate, 0.1% Triton-X100 (pH 5.8)).
Cell pellets were washed twice by PBS, lysed by 100 uL TAAB on ice for 10 min, and
further diluted 10-fold in TAAB buffer. Ten pL of TRAP substrate (100 mM p-

nitrophenylphosphoric acid disodium salt (25019-52, Nacalai Tesque) dissolved in
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TAAB) was added into 200 pL of diluted supernatant or cell lysate and incubated for 10
min at 37 °C, then 50 uL of 0.5 M NaOH was added to stop the reaction. Absorbance at
405 nm was measured by iMark (Bio-Rad). The assay background was cell-free medium

or TAAB buffer.

4.10. CTSK activity assay

CTSK activity in cell culture supernatants and cell lysates was detected by Magic Red-
Cathepsin K (#6135, ImmunoChemistry Technologies). Osteoclasts were prepared with
phenol-red free differentiation medium in 24-well plates. To collect CTSK, 300 uL fresh
differentiation medium was directly added into each well every 3 days without removing
culture medium. Cell supernatants were collected 9 days after differentiation induction,
and cell pellets were washed twice with PBS and lysed with 1% Triton-X100, 150 mM
NaCl, 50 mM Tris-HCI (pH 7.8). Magic Red staining solution in DMSO was diluted 10-
fold in H>O and 8 pL. was added to 200 pl of supernatant or cell lysate. After 15-min
incubation at room temperature, fluorescence signals (Ex. 530 nm, Em. 590 nm) were
detected by the PowerScan HT fluorescence microplate reader (BioTek DS Pharma

Biomedical). Medium or lysis buffer was used as background control.

4.11. 3D micro-CT and bone analysis

For 3D analysis of bone, the distal end of the femur of an 8-week-old male mouse was
used to acquire images using a 3D micro-CT scanner R mCT2 (Rigaku) with the X-ray
source conditions set to 60 kV voltage, 120 pA current, and FOV of 10. The trabecular
bone near the distal growth plate of the femur was then reconstructed three dimensionally

using TRI/3D-Bone software (Ratoc) and the following parameters were analyzed: bone
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volume per tissue volume: BV/TV (%), trabecular thickness: Tb. Th (um), bone mineral
content per tissue volume: BMC/TV (mg/cm?®), trabecular number: Tb. N (1/mm) and
trabecular separation: Tb.Sp (um).

Mouse spines were analyzed using 8-week-old or 10- to 12-month-old male
mice. For spine kyphosis analysis, a 3D micro-CT scanner was used to acquire images of
the cervical to the thoracic spine after mice were completely anesthetized. Scanning
conditions were as follows: FOV, 60; acquisition time, fine 2 min. The distance AB was
defined as that between the caudal margin of the last cervical vertebra and the caudal
margin of the sixth lumbar vertebra. The distance CD was defined as that from the dorsal
edge of the vertebra at the point of greatest curvature to a point perpendicular to the line

AB. The kyphosis index was the distance AB divided by the distance CD (51).

4.12. Detection of serum C-terminal telopeptides of type I collagen (CTX-I)

Whole blood was collected from 8-week-old WT and Rab32/Rab38 DKO male mice. The
blood was placed at room temperature for 30 min and then centrifuged at 16,300 x g at
4 °C for 10 min. The supernatants were collected and used immediately or stored at -
80 °C. CTX-I in 20 pL serum per test were detected by a Rat-Laps (CTX-I) EIA kit (AC-
06F1, Immunodiagnostic Systems). In the final step, the absorbance at 450 nm and the

reference absorbance at 570 nm was measured by iMark (Bio-Rad).

4.13. H&E and immunofluorescence staining of mouse bone
Fluorescence immunostaining and H&E staining and image superimposition were
performed as previously reported (52). Femurs were harvested from 8-week-old male WT

mice, fixed in 4% paraformaldehyde (PFA) at 4 °C overnight, and demineralized in 10%
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EDTA (pH 7.0) for 14 days. Demineralized bone tissue was embedded in paraffin and
sectioned at 4-um thickness using a Leica CM 1850 (Leica Biosystems). Formalin-fixed,
paraffin-embedded (FFPE) sections were mounted on glass slides and dried at 40 °C
overnight. Then, the FFPE sections were baked for 1 h at 60 °C. Paraffin was then
removed from the FFPE sections using xylene and ethanol sequentially (100%, 100%,
90%, 80%, 70%, each 10 min) using ASP300S (Leica Biosystems), and rinsed in water
for rehydration. To block endogenous peroxidase activity, the tissue sections were soaked
with 3% H>O> in methanol for 10 min. To block nonspecific binding, tissue sections were
incubated in 5% BSA and 1% goat serum in PBS for 30 min at room temperature. After
that, sections were incubated with primary antibody (diluted in 1% BSA in PBS) at 4 °C
overnight. On the next day, the secondary antibody was treated at room temperature for
1 h. Finally, mounting medium was added to the slide and topped with a coverslip. The
dilution ratio of each antibody is as follows: primary antibodies were anti-Rab32 rabbit
(49): 1/500 and anti-Rab38 rabbit (49): 1/500; the secondary antibodies were Alexa Fluor
488—conjugated anti-rabbit (Thermo Fisher Scientific). The coverslip of the section was
gently removed by soaking in PBS followed by standard hematoxylin and eosin (H&E)
staining (53). Adobe Photoshop software (CS6, Adobe Systems, San Jose, CA) was used
to superimpose the histochemical staining image (x 400; DS-Ri2, Nikon) onto

fluorescence images (TSC SPS, Leica).

4.14. Statistical analysis

Data were analyzed with Graph Pad Prism version 7.04. All data are expressed as mean

+ standard deviation (SD). Data comparisons between two groups were analyzed using
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the unpaired Student t-test; P-values less than 0.05 were considered statistically

significant. * P<0.05, ** P<0.01, and *** P<0.005.
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5. Results

5.1. Rab32 and Rab38 were expressed in mouse osteoclasts in vivo

In the previous paper by Noda et al, the expression of Rab32 and Rab38 were validated
in osteoclast induced from macro bone marrow-derived macrophage in vitro (Noda et al,
submitted). To further study the expression of Rab32 and Rab38 in vivo, I first examined
the localization of these molecules inside bone tissues. Fluorescence immunostaining for
Rab32 or Rab38 was performed on femur tissue sections prepared from 8-week-old WT
mice, and followed by hematoxylin and eosin (H&E) staining. Rab32 was detected at the
contact areas between the bone and attached cells, and Rab38 appeared in similar areas.
Rab32 exhibited significant accumulation in the bone surface, whereas Rab38 showed a
wider distribution within the attached cells (Figure 1A, B). Both Rab32 and Rab38
positive signals were scarce inside the bone matrix (Figure 1A, B). These images are

consistent with the view that Rab32 and Rab38 are expressed in osteoclasts in vivo.

5.2. Establishment of Rab32/38 DKO mice

To investigate the role of Rab32 and Rab38 in osteoclast function, Rab32/38 DKO mice
were generated from C57BL6/J mice using the CRISPR/Cas9 system. Guide RNAs were
designed to target the Rab32 exon 1 and Rab38 exon 1 loci (Figure 2A). Fomosaic mutant
mice were crossed with C57BL/6J mice to produce Fi progenies heterozygous for a 4-
nucleotide base-pair deletion in Rab32 and a 5-nucleotide base-pair deletion in Rab38.
The mutations were confirmed by DNA sequencing, and they were considered to be null
alleles because they cause frame shifts of the reading frames encoded in exon 1 (Figure
2B). Each offspring was genotyped by specific PCR of their genome (Figure 3A). The

resulting F1 heterozygous mutant mice were crossed with WT mice to obtain F2
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heterozygous mutant mice. Furthermore, F1 heterozygous mutant mice were crossed with
F2 heterozygous mutant mice to obtain F3 homozygous mutant mice. Thereafter,
homozygous mutant mice were crossed with each other after 8 weeks of age to maintain
the Rab32/38 DKO mouse line.

The protein extracts from mouse tissues, including the heart, spleen, lung, liver,
and kidney, were subjected to western blotting with anti-Rab32 and -Rab38 antibodies.
Rab32 signals were detected in the spleen, lung, and liver in WT mice but not in Rab32/38
DKO mice (Figure 3B). Rab38 signals were barely detectable in any of these organs, even
in WT mice, implying relatively low expression of Rab38 in these tissues (data not
shown).

Of note, Rab32/38 DKO mice exhibited a light beige coat and red eyes,
compared to the black coat and black eyes of C57BL6/J wild-type mice (Figure 4A, B).
This is consistent with the recently reported phenotype of Rab32/38 DKO mice (42).
While Rab32 single knockout mice showed no apparent difference compared to wild-type
mice in either coat or eye color, both their coats and eyes did have a slight pigment
deficiency that was also seen in a chocolate mouse mutant with a Rab38 natural point
mutation (54) (data not shown). These phenotypes were consistent with previous reports
showing crucial overlapping roles of Rab32/38 in melanosome biogenesis (36, 42), and

supported the successful establishment of the Rab32/38 mutant mouse line.

5.3. Rab32/38 DKO did not affect multinucleated osteoclast formation, CTSK/TRAP
production, and osteoclast differentiation marker expression
Next, the effect of Rab32/38 DKO on bone marrow-derived macrophage (BMM)

differentiation into osteoclasts was evaluated. Bone marrow from the femurs and tibias
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of WT and Rab32/38 DKO mice was harvested and cultured with M-CSF for 2 days, then
cultured with RANKL for 5 or 6 days to induce differentiation into osteoclasts. The
mRNA expression of dendritic cell-specific transmembrane protein (DC-STAMP),
tartrate-resistant acid phosphatase (TRAP), and cathepsin K (CTSK), which are induced
during BMM differentiation into osteoclasts (55-57), were measured by qPCR. The
induction levels of these genes in DKO osteoclasts were indistinguishable from those in
WT cells (Figure 5A).

The total intracellular protein extracts from BMMs and osteoclasts derived
from WT and Rab32/38 DKO mice were subjected to western blotting. As reported,
Rab32 protein was expressed in WT BMMs and osteoclasts, whereas Rab38 was absent
in WT BMMs (Figure 5B) (Noda et al., submitted). Neither Rab32 nor Rab38 was
detected in Rab32/38 DKO osteoclasts or BMMs, further confirming the establishment
of null mutants of Rab32 and Rab38 (Figure 5B). When the protein extracts from BMMs
and osteoclasts of WT and Rab32/38 DKO mice were probed with anti-CTSK antibody,
the CTSK signal was highly induced in differentiated DKO osteoclasts as well as WT
osteoclasts (Figure 5B).

Furthermore, 1 quantified the number of TRAP-positive multinucleated cells
(MNCs) with more than three nuclei per cell, which correspond to osteoclasts, after 5-
day culture with RANKL. WT and Rab32/38 DKO mice exhibited no significant
difference in the formation of multinucleated osteoclasts (Figure 5C). Collectively,
Rab32/38 DKO had negligible effects on intercellular fusion and multinucleation,

CTSK/TRAP generation, and osteoclast differentiation marker expression.
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5.4. Osteoclasts from Rab32/Rab38 DKO mice showed reduced bone resorption capacity
I next assessed the bone resorption capacity of osteoclasts derived from Rab32/38 DKO
mice. Osteoclasts from WT and DKO mice were cultured for 5 days on culture plates
coated with fluorescein amine-labeled chondroitin sulfate (FACS)-bound calcium
phosphate, which is subjected to osteoclast enzyme digestion. The digested pit area was
significantly smaller in osteoclasts derived from Rab32/38 DKO mice compared to those
from WT mice (Figure 6A, B). The cleaved FACS products released into the medium
were measured by fluorescence analysis and also significantly reduced in Rab32/38 DKO
osteoclasts (Figure 6C). Collectively, Rab32/38 DKO derived osteoclasts have

significantly reduced bone resorption capacity.

5.5. TRAP and CTSK secretion efficiency were decreased in osteoclasts of Rab32/38
DKO mice
Various enzymes in osteoclasts, including TRAP and CTSK, are secreted into the
resorption pits via vesicular transport (19). First, the distribution of TRAP activity in
osteoclast culture was examined. Intracellular TRAP activity was comparable between
WT and Rab32/38 DKO osteoclasts (Figure 7A), which is consistent with the data that
the two cell types showed similar TRAP mRNA expression and TRAP staining intensity
(Figure 5A and C). However, the extracellular TRAP activity in the culture medium was
significantly reduced in Rab32/38 DKO osteoclasts (Figure 7B).

Next, the distribution of CTSK activity using a Magic Red Cathepsin K Assay
Kit was examined. Similar to the TRAP results, CTSK activity within osteoclasts was
similar between WT and Rab32/38 DKO mice (Figure 7C), reflecting equivalent CTSK

mRNA expression (Figure 5A) and protein levels (Figure 5B). By contrast, extracellular
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CTSK activity in the culture medium was decreased in Rab32/38 DKO osteoclasts
(Figure 7D). These results indicate that the secretion of TRAP and CTSK to the
extracellular space was hampered in Rab32/38 DKO osteoclasts.

5.6. Rab32/38 DKO mice exhibited increased trabecular bone density

To examine the effect of Rab32 and Rab38 ablation in bone, the serum levels of carboxy-
terminal collagen I (CTX-I) crosslinks; these are released as a result of bone resorption
and represent osteoclastic activity in vivo (58). The serum CTX-I ELISA level in vivo
was significantly lower in Rab32/38 DK O mice than in WT mice (Figure 8A), suggesting
that osteoclasia is abrogated in Rab32/38 DKO mice in vivo.

The femurs of 8-week-old male WT and Rab32/38 DKO mice were analyzed using
micro-CT. The 3D reconstituted images of trabecular bone in Rab32/38 DKO mice
showed a significantly more dense trabecular bone structure than in WT mice (Figure 8B).
Indeed, increases in four trabecular bone structure parameters, namely bone volume per
tissue volume (BV/TV), trabecular thickness (Tb. Th), bone mineral content per tissue
volume (BMC/TV) and trabecular number (Tb. N), as well as a decrease in trabecular
separation (Tb. Sp), were observed implying that osteogenesis predominates over
osteoclasia in the trabecular bone of Rab32/38 DKO mice (Figure 8C). In contrast,
significant differences were not observed in length between WT and Rab32/38 DKO mice

femur (Figure 8D).

5.7. Bone deformation occurred in Rab32/38 DKO mice
As described above, there were differences regarding bone indices between WT and
Rab32/38 DKO mice at 8 weeks of age, while no clear discrepancy was observed in

external appearance at this stage. However, middle-aged (10- to 12-month-old) Rab32/38

28



DKO male mice showed increased curvature between the beginning of the first thoracic
vertebra and the end of the last lumbar vertebra, called kyphosis (Figure 9A). This
kyphosis is usually observed in older WT male mice, likely those aged 24 months (59).
The kyphosis index (60), representing the degree of curvature, was shown to be
significantly decreased in Rab32/38 DKO male mice compared to WT (Figure 9B). This
phenotype was absent in females (data not shown). These results indicate that bone

homeostasis is disturbed in Rab32/38 DKO, especially in aged male mice.
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6. Discussion

In the present study, I showed that Rab32 and Rab38 are required for sufficient activity
of bone resorption in osteoclasts. Deficiency of Rab32 and Rab38 increases trabecular
bone mass, and in male mice, it results in bone structure abnormalities that become more
pronounced with age.

Since Rab38 expression i1s markedly induced following osteoclast
differentiation (61) (Noda et al, submitted), it is possible that Rab38 affects osteoclast
differentiation. However, the expression of specific markers for osteoclast differentiation
in osteoclasts derived from Rab32/38 DKO mice did not differ from those derived from
WT mice, indicating that Rab32/38 DKO cells can differentiate normally into
multinucleated osteoclasts containing bone resorption enzymes. In contrast, osteoclasts
from Rab32/38 DKO mice had significantly reduced bone resorption capacity. Our results
suggest that the loss of bone resorption function resulting from Rab32/38 DKO may be
due to defective trafficking of TRAP, CTSK, and V-ATPase to the extracellular space
and plasma membrane, which together are equivalent to the resorption pit. In addition,
preliminary results suggest abnormal actin ring formation (data not shown). As a result,
I suggest that bone resorption functionality in the pit area is severely defective in
Rab32/38 DKO mice. It was reported that osteoclasts exist in one of two states: an active
state, involving attachment to the bone surface with subsequent bone resorption, and a
resting state, marked by detachment from the bone (51). It would be interesting to
investigate whether the transition between these two states is altered in Rab32/38 DKO
osteoclasts. The increased bone mass in Rab32/38 DKO mice indicates that bone
formation predominates over bone destruction in the balance of bone homeostasis. The

dysfunctional bone resorption in osteoclasts from Rab32/38 DKO mice is at least one of
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the critical factors underlying the increased bone mass in these animals. Since I focused
on osteoclasts in this study, I was unable to prove that Rab32 and Rab38 are associated
with bone formation by osteoblasts, although I did find that they were present in very low
numbers inside the bone matrix in situ. Further studies are needed to clarify this issue,
particularly since it has recently become evident that osteoblasts and osteoclasts are
regulated by mutual feedback (62).

It has been reported that there are no abnormalities in bone formation in
chocolate mice, which harbor a point mutation in Rab38 (54). It should be noted that there
is no difference between the coat color of Rab38 null mutant mice (Figure. 1) and that of
chocolate mice. The remarkable bone-related phenotype of our Rab32/38 DKO mice
indicates that Rab32 and Rab38 function redundantly in osteoclasts, just as they do in
melanosomes and dense granule biogenesis (42, 63). V-ATPase a3 subunit KO mouse
had an abnormal bone phenotype but a normal melanosome phenotype, even though a3
was localized on melanosomes in WT mice (31, 64, 65). Rab32/38 DKO mice
demonstrated both bone and melanosome-related phenotype abnormalities, clearly
establishing the relevance of osteoclasts and melanosomes in terms of LRO function.
Rab32 single KO mice did not show an abnormal color phenotype, suggesting that Rab38
possesses greater influence over melanosome biogenesis. Rab32 and Rab38 have similar
mRNA expression levels after osteoclast differentiation (Noda et al, submitted), so it is
reasonable that both are important in osteoclast function. Meanwhile, the lack of an
abnormal bone-related phenotype in chocolate mice suggests that Rab32 alone can fulfill
most osteoclast-related functions (54). Therefore, it remains unclear why Rab38 is acutely
induced during osteoclast differentiation, and the specific role of this protein should be

investigated.
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The paper by Noda et al. reports that Rab32 and Rab38 co-localize to a novel
osteoclast-specific LRO (Noda et al., submitted). In this study, I show that Rab32 and
Rab38 are involved in the expression of osteoclast function. Some Rab32 and Rab38
positive LROs are located in close proximity to resorption pits in osteoclasts, and CTSK
and TRAP are contained within the LROs of mononuclear osteoclasts after RANKL
stimulation (Noda et al., submitted). The Rab32 and Rab38 positive LRO is also positive
for V-ATPase. These LROs are at or near the final stage of trafficking to the ruffled border.
Based on these observations, I suggest that Rab32/38 DKO does not support the proper
function of these enzymes, leading to reduced bone resorption. Rab7 and Rab27 are
known to be involved in vesicle trafficking in osteoclasts (33, 66). In particular, V-
ATPase plays a crucial role in recruiting Rab7, together with its GEF Mon1-Ccz1, to this
LRO (31, 67), and therefore it is highly probable that Rab7 recruitment is disturbed in
Rab32/38 DKO osteoclasts. The involvement of these Rab proteins in the Rab32- and
Rab38-positive LRO should be clarified in the future.

This study revealed abnormal hyperplasia of the fibula in male mice, possibly
caused by an increase in bone mass associated with osteoclast dysfunction. Furthermore,
middle-aged male mice exhibited extreme kyphosis, which is usually observed in much
older male mice (68). Although the cause of this phenotype is not clearly understood, it
seems to share some characteristics with the phenotype known as diffuse idiopathic
skeletal hyperostosis, a disease that causes bone hyperplasia of the spine, especially in
middle-aged and older human males (69). The kyphotic phenotype that I observed may
also be caused by osteoclast dysfunction. The phenotypes characterized by fibular and
spinal abnormalities in Rab32/38 DKO mice were observed only in males and not in

females. It is conceivable that bone loss progresses with age in C57BL/6J mice just like
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in humans (70, 71), and its magnitude is influenced by gender (72). Sex hormones
probably also play a role, since they affect osteoporosis and other bone-related
phenomena as well (73). For example, it is known that bone mass is generally higher in
male mice due to the activation of osteoblasts via androgen receptors (48). This may be
the reason why only males showed an increase in bone mass, assuming that osteoclast
function was equally impaired in both male and female Rab32/38 DKO mice.

In this study, I revealed that Rab32 and Rab38 are crucial for proper bone
formation. Our results indicate that both Rab32 and Rab38 may serve as drug targets for
suppressing osteoclast function and may be developed like a bisphosphonate or like
odanacatib, a CTSK inhibitor, as a therapeutic agent for rheumatoid arthritis, osteoporosis,

and periodontitis (7, 74, 75).

33



7. Figures

Figure 1

Rab32 HE HE/Rab32 merge zoom

B Rab38 HE HE/Rab38 merge zoom

Rab32 and Rab38 are expressed in the osteoclasts of mouse bone.

(A) (B) H&E and immunofluorescence staining of mouse bones. Femurs were harvested
from 8-week-old male WT mice and processed for section preparation as described in
the materials and methods. Sections were stained with anti-Rab32 rabbit or anti-Rab38
rabbit polyclonal antibodies, with Alexa Fluor 488—conjugated anti-rabbit IgG as the
secondary antibody. After observation of Rab32 and Rab38 signals with a confocal laser
scanning microscope, the specimens were further stained with H&E. Fluorescence H&E

images were superimposed. Scale bar: 20 um.
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Figure 2
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N Target sequence PAM

WT
5' ATGGCGGGCGAGGGACTAGGGCAACAGGGCGCGTCGGCCACCGCGGCGCCGGAGACCCGAGAGCACCTCTTTAA 3'

Rab32KO
5' ATGGCGGGCGAGGGACTAGGGCAACAGG-——-~— TCGGCCACCGCGGCGCCGGAGACCCGAGAGCACCTCTTTAA 3'

5 bp deletion
WT

5' ATGCAGACACCTCACAAGGAGCACCTGTACAAGCTGCTGGTGATCGGCGACCTGGGTGTGGGCAAGACCAGCAT 3'

Rab38KO
5' ATGCAGACACCTCACAAGGAGCACCTGTACAAGCTGCTGGTGATCGGC-~~--TGGGTGTGGGCAAGACCAGCAT 3'

4 bp deletion

Generation of Rab32/38 DKO mice by CRISPR/Cas9 system.
(A) Schematic of the genome loci of Rab32 and Rab38 with the respective target sites
of CRISPR/Cas9. Guide RNAs were designed to target the exon 1 loci for both Rab32

and Rab38. Target sites are shown in blue, and protospacer adjacent motif (PAM)

sequences are shown in red. (B) Targeted genome sequences of Rab32 and Rab38 in
WT and Rab32/38DKO mice. Rab32 KO were deleted of 5 base pairs and Rab38 KO

were deleted of 4 base pairs, respectively. Initiation codons are underlined.
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Figure 3
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Establishment of Rab32/38 DKO mice.
(A) Genotyping of Rab32 and Rab38 WT and KO alleles in WT and hetero and homo
mutant mice by PCR. (B) Two WT or Rab32/38 DKO mice were sacrificed at 8 weeks of

age, and small samples of organs, including the heart, spleen, lung, liver, and kidney,

were prepared for western blotting analysis using the indicated antibodies.
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Figure 4

A B

Rab32/38 DKO

Rab32/38 DKO

Rab32/38 DKO mice are characterized by a light beige coat and red eyes.
(A) Appearance of WT and Rab32/38 DKO mice. The coat color is light beige and the
eye color is red in the Rab32/38 DKO mouse (Top view image). (B) Rab32/38 DKO mice

show red eyes in compared to WT mice (Front view image).
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Figure 5

A
DC-STAMP TRAP Cathepsin K
NS NS NS
2.0 2.0 2.5-
[ c c
o o -
3 154 B 15- a5 20
o o o
S 2 g 1.5
a5 1.0 w 1.0 w
2 H 2 107
T 054 8 54 ©
S 05 3 05 S 05-
0.0-
WT DKO WT DKO WT DKO
B C
wWT DKO
« M O M O
i Pro.—» 39 kDa E e NS
[0) = 200 -+
E= I g
©
OlCleav> W% ' 25 kDa 3 as0d e
é ) a%
' © 1004 °3°
Rab32 W s 25 kDa 2 . o
_ — Q : 4
a i
Rab38 Fe 24kDa O |x % 50
I o |
& = 3K S| B '
GAPDH - and a ,
% WT  DKO
o

Rab32/38 DKO had no effect on osteoclast differentiation marker expression,
osteoclast multinucleation, or CTSK/TRAP production.

(A) BMMs of WT and DKO mice were cultured in differentiation medium for 5-6 days.
mMRNA expression levels of each marker gene before and after cell differentiation were
analyzed by qPCR. Data were normalized using GAPDH as an internal control. The
mMRNA level of each osteoclast marker gene was normalized to its level in BMMs, and
then the fold mRNA induction was normalized to the WT value. Results were obtained
in three independent experiments with two technical replicates per PCR reaction. (B)
Cell extracts of BMMs (M) and osteoclasts (O) from WT and Rab32/38 DKO mice were
subjected to western blotting with the indicated antibodies. (C) Quantification of TRAP-
positive multinucleated cells (MNCs). After the induction of differentiation of BMMs from
WT and DKO mice for 5 days, TRAP staining was performed. TRAP-positive MNCs (>3
nuclei) in each view field of microscopic images were counted (n=8). Each data point is
indicated as mean + SD. Statistical analysis was performed using the unpaired Student’s
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Figure 6
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The resorptive capacity of Rab32/38 DKO-derived osteoclasts was suppressed.

(A) Resorption

osteoclast was

pits formed by WT and Rab32/38 DKO-derived osteoclasts. Each

cultured on a FACS-labeled calcium phosphate plate for 5 days.

Resorbed areas are indicated with triangles. Scale bar: 100 um. (B) The resorption pit

areain Fig.6 (A) was quantified using ImageJ as described in the materials and methods.
(C) The fluorescence intensity of culture supernatants of WT and Rab32/38 DKO-

derived osteoclasts cultured on the FACS-labeled calcium phosphate plate was

measured. Each data point is shown as mean + SD. Statistical analysis was performed
using the unpaired Student’s t-test (* P<0.05, ** P<0.01, and *** P<0.005).

39



Figure 7

A

The secretion of TRAP and CTSK was decreased in osteoclasts from Rab32/Rab38

Fold of TRAP remained in cells

Fold of Cathepsin K activity in cells

DKO mice.

(A) (B) TRAP activity in the intracellular fraction (A) and culture supernatant (B) of
osteoclasts derived from WT and Rab32/38 DKO mice. (C) (D) CTSK activity in the
intracellular fraction (C) and culture supernatant (D) of osteoclasts derived from WT and
Rab32/38 DKO mice using the Magic Red Cathepsin K Assay Kit. Each data point is
shown as mean + SD. The analysis included 9 of 96 wells in each condition for the TRAP
assay, and 5 of 24 wells in each condition for the CTSK assay. Statistical analysis was
performed using the unpaired Student’s t-test (* P<0.05, ** P<0.01, and *** P<0.005)
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Rab32/38 DKO significantly increased trabecular bone volume in the femur.

(A) 3D micro-CT images of femurs from 8-week-old male WT and Rab32/38 DKO mice.
The Rab32/38 DKO mouse has increased trabecular bone volume due to denser bone
trabeculae. Scale bar: 1 mm. (B) Measurement of CTX-I in the sera of 8-week-old WT
and Rab32/Rab38 DKO male mice using ELISA. Each dot represents one mouse. Each
data point is shown as mean + SD. (C) Micro-CT analysis of the trabecular bone area in
the femurs of 8-week-old male WT and Rab32/38 DKO mice. The trabecular bone
structural parameters are as follows: BV/TV (%), bone volume per tissue volume; Th. Th
(um), trabecular thickness; BMC/TV (mg/cm3), bone mineral content per trabecular
bone volume; Th. N (1/mm), trabecular number; Tb.Sp (um), trabecular separation
(n=6). (D) 3D micro-CT images of femurs from 8-week-old male WT and Rab32/38 DKO
mice. The measured femur from the top of the caput femoris to the bottom of the
condylus tibialis. Statistical analysis used the unpaired Student’s t-test (* P<0.05, **

P<0.01, and *** P<0.005)
41



Figure 9

A

Rab32/Rab38 DKO caused bone deformation.

(A) Micro-CT images of the spines of 12-month-old WT and Rab32/38 DKO male mice.
(B) The graph shows the kyphosis index (Kl), defined as the distance AB divided by the
distance CD from 8-week-old and 10 to 12-month-old WT and Rab32/38 DKO male
mice. AB is the distance between the caudal margin of the last cervical vertebra and the
caudal margin of the sixth lumbar vertebra. CD is the distance from the dorsal edge of
the vertebra at the point of greatest curvature and a line perpendicular to the line AB.
Each dot represents the Kl of one mouse. Each data point is shown as mean = SD.
Statistical analysis used the unpaired Student’s t-test (* P<0.05, ** P<0.01, and ***
P<0.005)
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